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Preface

The ever-increasing challenges regarding the security and protection of the modern
society, for example, for early detection and defence against chemical, biological,
radiological and nuclear (CBRN) agents, in information technology and cyber
defence, in biotechnology, in energy storage and conversion,, need solutions
employing the up-to-date achievements of Nanoscience and Nanotechnology.
Novel functional materials, techniques, devices and systems allowing control of
the matter on atomic and molecular levels, i.e. at the level of the matter building
blocks, have to face the new security requirements. The nanostructured materials
possess unique mechanical, electrical, optical, magnetic and biological properties,
which are entirely different from those of the conventional micro- or millimetre sized
materials, due to their distinctive sizes and shapes, and predominant surface and
quantum effects determining their behaviour. In such a sense, the Nanoscience and
Nanotechnology have a strong potential to be the main driving forces in the
development of novel concepts for security and safety. It concerns not only the
preparation and investigation of smart nanosized materials for different applications,
such as quantum dots, nanotubes, graphene, nanowires, nanoparticles and
nanocomposites, but also the combination of their performance with ICs, micro-
and nano-optics, MEMS and NEMS, leading to higher level of integration and
effective processing and transmission. Only the common efforts of scientists from
different fields of research – chemistry, physics, biology, materials science and
engineering – and from different countries can bring the complimentary expertise
in the development of reliable conceptions in the security and protection against
CBRN threats taking the advantages of the Nanoscience and Nanotechnology.

The first objective of the NATO ASI on Nanoscience and Nanotechnology in
Security and Protection against CBRN Threats was to present to the participants the
up-to-date achievements for applications of nanomaterials and nanotechnologies in
different fields related to security and protection against CBRN agents and the future
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perspectives and trends. The second objective was the teaching and training of the
participants in the scientific and technological background of nanostructured mate-
rials used in fields, such as new generation of advanced sensors and systems for early
detection of CBRN threats, efficient defence against these agents, etc. The third
objective addressed the initiation of trans-border and interdisciplinary collaborations
between young scientists towards the implementation of the recent nanotechnolog-
ical achievements to meet the emerging security challenges. The overall objective of
the ASI was the transfer of competence in the nanomaterials and nanotechnological
advances in different fields of security and the networking between young scientists
from NATO and Partner countries in order to meet one of the key priorities of the
NATO Science for Peace and Security Programme.

The ASI covered topics connected with the recent achievements in different fields
of security taking the advantages of Nanoscience and Nanotechnology – from
synthesis and characterization of nanostructures from various material systems
(carbon-based, glasses, ceramics, polymers, etc.) via their application in sensors
with different detection principles to real-time CBRN monitoring and analysis. The
lectures were given by outstanding scientists from universities and research insti-
tutes who are experts in nanoscience-related security fields. Sixteen thematic sem-
inars on specific topics, not covered by the lectures, were also included in the
programme. Three poster sessions were held in the afternoons, during which the
participants presented their results, established closer contacts and discussed in less
formal atmosphere.

Seventy eight participants from 14 NATO Countries (Bulgaria, Canada, Czech
Republic, Germany, Italy, Latvia, Poland, Portugal, Romania, Slovak Republic,
Spain, Turkey, UK, USA) and 6 Partner countries (Egypt, Jordan, Moldova,
Morocco, North Macedonia, Ukraine) insured that the overall objective of transfer
of competence and technology in the field of nanostructured materials and nano-
technologies was reached on a high level. Such events contribute to the scientific
collaborations in these advanced fields of research between NATO and Partner
countries as well as to the promotion of Nanoscience and Nanotechnology in the
Partner countries. The latter objective was successfully reached by the participation
of 26 scientists from Partner countries. More than half of the 78 attendees were
female reflecting the increased role of the women in these fields of research.

The ASI demonstrated once again the commitment of NATO to the peace and the
security by facilitating the scientific dialogue and cooperation, which was the major
outcome of the meeting. It revealed that the top-leading fields of civil science are
currently playing and will play also in the future a strategic role to address all
emerging security challenges. Furthermore, the ASI exhibited the strength and
effectiveness of modern science as a tool for international dialogue and supported
the exchange of information and ideas on the recent development of Nanoscience
and Nanotechnology directed to different security challenges.
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Chapter 1
Cyber-Physical Systems to Counter CBRN
Threats – Sensing Payload Capabilities
in Aerial Platforms for Real-Time
Monitoring and Analysis

Ashok Vaseashta, Surik Kudaverdyan, Stepan Tsaturyan, and Nimet Bölgen

Abstract In the new and transformative era, our surrounding environments are
increasingly connected through exponential growth of cyber-physical systems
(CPS) and interactive intelligent technologies. One such example includes techno-
logical innovations in Unmanned Aerial Surveillance Platforms, also known as
drones, for applications such as surveillance, real-time monitoring, emergency aug-
mentation for actionable response, security and enabler of connected communities to
bring about new levels of opportunity and growth, safety and security, health and
wellness, thus improving the overall quality of life. Based on our previous experi-
ences, we present a modality of smart and connected sensors platforms that have a
great potential to provide enhanced situational awareness for safety and security. The
objective of this investigation is to develop a mobile Unmanned Aerial Surveillance
Platform (UASP) capable of monitoring in real-time, capturing, synthesizing and
analyzing the information and allowing communication with ground-based systems
for actionable response. Several commercial off the shelf (COTS) instruments such as
hyperspectral imagers, Light Detection and Ranging (LIDAR), Laser-induced Break-
down Spectroscopy (LIBS) and Biometrics Facial Recognitions systems are
discussed along with some innovative platforms that are still in experimental stages

A. Vaseashta (*)
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and can potentially serve as payload to the unmanned aerial vehicle (UAV) sensor
platforms. The new system under development has an airborne component to capture
relevant information from a Domain of Interest (DoI). This paper summarizes the
capabilities of UASP along with several potential applications and potential risk
scenarios of such smart and connected by internet of everything (IOET) systems.

Keywords CBRN · Cyber-physical systems · Decision support tools · Stand-off
detection · UAVs · Connected systems · Safety · Security · Monitoring · Critical
infrastructure · Situational awareness · Internet of everything

1.1 Introduction

The present geo-political landscape is far more complex than ever before. Interna-
tional security remains as one of the top 10 primary global challenges [1]. Hybrid
and kinetic threat vectors, such as those arising from chemical, biological, radiolog-
ical and nuclear materials pose a wide spectrum of challenges. A paradigmatic shift
in strategy is quintessential to counter such kinetic and hybrid threat vectors. In the
new era of transformative progress using exponential growth of cyber-physical
systems and interactive-intelligent technologies, our surrounding environments are
increasingly complex and connected. Based on our previous experience, we present
a modality of smart and connected sensors-based platforms that demonstrate poten-
tial of providing enhanced situational awareness for safety and security. Our earlier
systems are capable of (a) monitoring environmental pollution using a GIS/GPS
based interconnected sensors systems, and (b) capable of spatially sensing and/or
detection of waterborne contaminants in real-time using a Contamination Identifi-
cation and Level Monitoring Electronic Display Systems (CILM-EDS) prototype.
With recent advances in cyber-physical systems, several sensing and detection
capabilities have become available in commercial off the shelf (COTS) configura-
tions and are conjoined to provide sampled and stand-off detection capability.
Furthermore, CPSs in conjunction with decision support tools provide a compre-
hensive analysis and strategies to address, mitigate, perform contamination mapping,
minimize false-positives and conduct consequence management. Such platforms can
provide a rapid response to counter hybrid and kinetic CBRN challenges. The
economic and societal potential of such systems is vastly greater than what has
been realized so far, as major investments are being made worldwide to develop the
technology. Hence, CPS field will further expand the boundaries of smart and
connected systems and communities.

The objective of this investigation is to demonstrate feasibility of a mobile UASP
that can monitor in real-time, capture, synthesize and analyze observed information
and communicate with ground-based systems for a coordinated actionable response.
Several commercial off the shelf (COTS) instruments such as hyperspectral imagers,
Light Detection and Ranging (LIDAR), Laser-induced Breakdown Spectroscopy
(LIBS) and Biometrics systems are discussed along with some innovative nano-
sensors based platforms that are still in experimental stages and have the potential to

4 A. Vaseashta et al.



serve as payloads for sample collection and on-contact detection. We also discuss the
scalability and transferability of the proposed pilot project for additional solutions
and introduce framework for promoting discovery, innovation, and entrepreneurship
in smart and connected communities’ initiatives to address infrastructure require-
ments. Notwithstanding the fact that our highly interconnected world offers great
promise for improved well-being and prosperity, the technology offers certain
societal challenges at the intersection of technology and society. Hence one of the
objectives is to discuss socio-technical issues supporting understanding of emerging
technologies, the use of data analytics to enhance individuals’ Quality of Life,
improve health and safety, economic prosperity, data-driven decisions, and policy
decisions inclusive of privacy and transparency.

1.2 Background Information

1.2.1 Cyber-Physical Systems

Cyber-physical systems conjoin the dynamics of the physical processes with those of
the software and networking, provide abstractions, modeling, design and analytical
techniques. The key technical challenge is to conjoin constructs for modeling
physical processes with abstractions in computer science that significantly vary
over timescale. The Cyber-Physical domain consists of integrated and networked
system-of-systems where physical processes are monitored or controlled by algo-
rithms. Embedded computers and networks monitor and control the physical pro-
cesses, with feedback loops where physical processes affect computations and vice
versa. The physical and software components interact with each other in ways that
change with context within a DoI. Due to its growing significance, Cyber-Physical
systems are now a multi-disciplinary technology focused engineering discipline,
with a strong foundation in mathematical abstractions. Advances in CPS have
significant applications in terms of capability, scalability, resiliency, safety, security,
flexibility and conformity to systems within a DoI, as demonstrated below in the
context of connected communities and shown in Fig. 1.1. The economic and societal
potential of such systems is vastly greater than what has been realized, and major
investments are being made worldwide to develop the technology and hence, CPSs
will further expand the boundaries of smart and connected communities. Therefore,
CPS in conjunction with decision support tools provide a comprehensive analysis
and strategy to address, mitigate, perform contamination mapping, minimize false-
positives and consequence management.

Unmanned aerial vehicles (UAVs) provide a unique platform [2] for remote data
acquisition rapidly and at a lower cost that with fixed or rotary wings piloted
aircrafts. The technology is rapidly growing, especially with respect to capabilities
due to enhanced communication and onboard sensor platforms. Albeit, UAS as a
disruptive technology is not the focus of this investigation, the research program is
being developed to recognize the need for and impact of technology especially as it
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is uniquely applied within a multi-sensor UASP with a Mobile Operations Com-
mand and Communication Center (UASP-MO3C) construct. More specifically,
applications of UASP-MO3C are directed for the global need for enhanced situa-
tional awareness. With the integration of vehicle-to-vehicle (V2V) and machine-to-
machine (M2M) communication, integration of IoET with 5G offers possible appli-
cations in safety and security, as well as a connected world to provide enhanced
situational awareness, safety and security of critical infrastructure, unmanned traffic
management (UTM), Emergency Rescue Augmentation in congested traffic corri-
dors, and Command and Control (C2) Systems for Beyond Visual Line of Sight, just
to name a few applications. Indirectly, UASP helps to reduce the global carbon
footprint. We further recognize the broader social and political context within which
UAS technology is deployed. This is briefly recognized within the context of UAS
Integration from a policy standpoint. Also, the discussion of UASP is within the
domain of civil mission space.

Several detection and sensing capabilities have been reported and are now
available in commercial off the shelf (COTS) configurations. Such COTS configu-
rations along with several experimental platforms provide stand-off and sampled
detection capability. We present an overview of several COTS capabilities, which in
conjunction with several new nanomaterials-based platforms, CPS and decision

Fig. 1.1 Cyber Physical systems – Application Space, Scalability and Feedback from interactive
intelligent systems
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support tools provide a rapid-response to counter hybrid and kinetic CBRN chal-
lenges. The economic and societal potential of such systems is vastly greater than
what has been realized, and major investments are being made worldwide to develop
the technology and hence, CPS will further expand the boundaries of smart and
connected communities.

While the rapid development of UASPs brings many opportunities for individuals
and commercial entities, it also brings numerous complex challenges and concerns.
It is important to assess the complex security challenges of UASPs. Rushing to
develop applications of drone technology without understanding the complex secu-
rity risks [3] can result in many complex challenges for which society may not be
prepared for. It is indispensable to understand the associated risks and develop
appropriate strategies. We demonstrate modality of an Unmanned Aerial Surveil-
lance Platform (UASP) for applications in surveillance, real-time monitoring, emer-
gency augmentation for actionable response, security and enabler of connected
communities to bring about new levels of opportunity and growth, safety and
security, and health and wellness. The new system under development has an
airborne component to capture relevant information from a Domain of Interest.

1.2.2 Connected Systems

Exponential growth in intelligent technologies has created new opportunities to
synergistically integrate the entire community services socially, digitally and phys-
ically. Rapid innovations in CPS around the world are in a new era of transforma-
tional change, in which people, surrounding structures and natural environments are
increasingly connected by smart technologies, leading to new opportunities for
innovation, improved services, and enhanced quality of life. Connected systems
have enhanced mobility, access and services to include performance based on
predictive planning, traffic modeling, parking solutions, geospatial services, envi-
ronmental services, emergency augmentation, scenario planning and augmented
reality, just to name a few. The connected communities’ technologies support
integrative research at the intersection of intelligent technologies and social sciences
to pilot solution pathways that support productivity, sustainability, knowledge-based
economy, data-driven decisions including scalability and transferability of the
projected solutions. In an earlier project, the concept of cyber-physical and
connected systems was demonstrated to monitor contaminants in the body of ground
and surface water in real-time. The applications described here are in the context of
smart and connected systems for real-time monitoring using an unmanned aerial
surveillance platform.
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1.2.3 Previous and Existing Capabilities

Our earlier systems were capable of (a) monitoring environmental pollution using a
GIS/GPS based interconnected sensors systems, and (b) capable of spatially sensing
and/or detection of waterborne contaminants in real-time using a Contamination
Identification and Level Monitoring Electronic Display Systems (CILM-EDS)
prototype.

For over 20 years, we have conducted several investigations to monitor, sense,
detect and identify several air-borne [4] and water-borne [5–7] contaminants using
several different platforms. We conducted monitoring of Aral Sea in early 1990s.
Simultaneously, we conducted a study of pollution monitoring in Bangkok,
Thailand, Los Angeles, CA, and Charleston, WV [8]. We monitored many pollut-
ants, such as PM2.5, PM10, VOCs, CO, SO2 and O3 through a sensor network
superimposed on satellite data. This investigation provided an overview of some
of the desired capabilities as a Segway into the current approach, viz. smart and
connected monitoring platforms. The data from the gas sensors monitoring air
pollutants was uploaded in real-time via Personal Digital Assistant (PDA) to the
air quality monitoring server as concentration values. Users can simply browse and
view the air quality data in graphical format in real-time. The data is then compared
with the satellite data and air dispersion modeling for air pollution over the area
under investigation and can assist national policymakers in establishing pollution
awareness policies and priorities.

Moderate Resolution Imaging Spectroradiometer (MODIS) was used to monitor
forest fire and biomass burning occurrence in the Northern part of Thailand. The
active fire occurrence has been monitored using the MODIS Fire Information
System, generated daily by MODIS Fire product (MOD14) from local
Geoinformatics Center. In order to understand the air quality conditions, the
MODIS aerosol product (MOD04) was used to identify the air quality status,
monitoring the ambient Aerosol Optical Thickness (AOT) over the oceans globally
and over a portion of the continents. Daily Level 2 data was produced at the spatial
resolution of a 10 � 10 km2 (at nadir) pixel array. The product was generated in and
distributed by the Level 1 and Atmosphere Archive and Distribution System
(LAADS). The aerosol product employed in this investigation contained many
scientific data sets. One of them was the AOT at 0.55 μm for both Ocean and
Land. Moreover, the key target of SCanning Imaging Absorption SpectroMeter for
Atmospheric ChartographY (SCIMACHY) was used to determine the global tropo-
sphere NO2 column. Broad spectral and fine spatial resolution allows the estimation
of NO2 emissions. SCIMACHY was launched on Environmental Satellite
(ENVISAT) observing nadir and limb viewing with spatial resolution
60 � 30 km2. The data obtained from these satellites sensors and measurements
conducted on ground using the gas sensors was used for numerical modeling and to
identify the correlation of the air quality levels, as shown in Fig. 1.2.

Another activity, as part of a North Atlantic Treaty Organization (NATO) Science
for Peace and Security project, was to monitor pollutants in water. The proposed
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activity sought to use advanced (Nano) technology based platforms to detect and
mitigate inadvertent and intentional chemical, biological, radiological, nuclear
(CBRN) contamination in water supplies, develop a stand-alone prototype to supply
clean water, and develop a Global Positioning System (GPS)/Geographical Infor-
mation System (GIS) based Contamination Identification and Level Monitoring
Electronic Display Systems (CILM-EDS) prototype to spatially monitor contami-
nants and water levels, in event of natural catastrophe. The research under this
program focused on six distinct, yet unifying areas of the project, viz. sensing and
detection of:

• Metals (As, Hg, Cr, Pb, etc.);
• Pathogenic agents (bacteria, virus, proteins, cryptosporidium etc.);
• Organic compounds (TCE, acetone, household degreasers, halogenated organics,

etc.);
• Pharmaceuticals (antibiotics, steroids-fluxoymesterone, methyl-testosterone, nan-

drolone, oxandrolone, oxymetholone, testosterone, stanozolol, acetaminophen
and ibuprofen, etc.);

• Pesticide run-off;
• Compounds with large shelf-life in water.

These sensors/detectors are intended to be capable of detecting/sensing multiple
agents simultaneously in quantities comparable to minimum allowable contamina-
tion levels in drinking water [9], using a GIS/GPS based Contamination Identifica-
tion and Level Monitoring Electronic Display Systems (CILM-EDS) prototype, as
shown in Fig. 1.3, to spatially monitor contaminants and water levels. The unit

Fig. 1.2 Industrial Source Complex Short Term (ISCST) model integrated with GIS and remote
sensing techniques employed to determine the affected areas
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required a careful selection of GIS/GPS protocol to provide precise geographical
location of sensors, user-friendly software, and accurate sensors so that they provide
accurate representation of their environment and are reliable, highly sensitive and
have high specificity.

In yet another project, the focus was centered on screening water quality in
aquafers to monitor the groundwater quality and quantity analysis in Republic of
Moldova to implement the EU Water Framework Directive (WFD) requirements.

The results [6] of groundwater monitoring can be used for:

• Assessment of quantitative and chemical status of all groundwater bodies or
groups of bodies;

Fig. 1.3 (a) Distributed sensor system using remote, wireless data transmission and data gathering,
(b) Artist’s rendition of CILM-EDS unit
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• Estimating groundwater flow direction and flow rate in transboundary bodies;
• Assessment of long-term trends in pollutant concentrations caused by both

natural and anthropogenic factors;
• Determining the chemical status of groundwater bodies that are at risk of failing

to meet WFD environmental objectives;
• Detecting upward trends in pollutant concentrations due to either natural or

human impacted causes or defining starting points for trend reversal. Reducing
trends in pollutant concentrations may be caused by the applied measures,
increasing trends may also indicate on potential new threats to groundwater status
from other human induced pressures;

• Assisting design and evaluating the effectiveness of measure program;
• Demonstrating compliance with drinking water protection areas (DWPA) and

other protected area objectives, e.g. Natura2000, Habitats and Birds
directives, etc.

Under this project, several chemical parameters of water were determined by
study of groundwater in Nistru and Prut rivers basin, which were used for the
groundwater classification. Groundwater directive lists substances for which
EU-wide standards for groundwater already exist (Table 1.1).

Evaluation of groundwater quality was made [6] based on comparison of the
parameters’ measured values with respective national standards for potable water
(sanitary norms) and for water used for irrigation.

In yet another project, we aimed at studying a viable model of a portable photo-
sensor for identification and quantitative analysis of hazardous mixtures in the
environment. The spatial selection of optical signatures is carried out by means of
a new physical principle [10]. A prototype based on the physical principle is
currently being fabricated which supports the modality, as proposed.

1.3 Multi-sensor UAV Platform Configuration
and Payloads

Multi-sensors as payload on a UAV surveillance platform is a disruptive technology.
The construct of a platform in conjunction with a ground based mobile operations
center presents tremendous opportunity and impact of technology for safety,

Table 1.1 EU-wide standards for groundwater

Name of pollutant
Quality
standard

Nitrate 50 mg/l

Active ingredients in pesticides including their relevant metabolites, degradation
and reaction products

0.5 μg/la

(total)
a
“Total” here means the sum of all individual pesticides, including their relevant metabolites,
degradation and reaction products
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security, emergency response, traffic management etc. notwithstanding having
broader social and political context. This context is recognized as UAS Integration
and associated policy within a social framework. The UASP policy is beyond the
scope of this publication but is discussed elsewhere. The UASP research for this
investigation spans a set of specific objectives, viz. Multi-UAS Mobile Operations
Center and Integration for enhancement of situational awareness. The platforms
described below are studied as diagnostic tools.

1.3.1 Hyperspectral Imaging

Hyperspectral imaging (HSI) is a spectral imaging acquisition methodology
employed to acquire a set of images within certain spectral bands where each pixel
of the image contains certain spectral information, which is added as a third
dimension of values to the two-dimensional spatial image, thus generating a three-
dimensional data cube, typically referred to as hypercube data [11]. Hyperspectral
data cubes can contain absorption, reflectance, or fluorescence spectrum data for
each image pixel. Over a short period of time, hyperspectral imaging spectroscopy
has developed from a large, complex, remote-sensing satellite- or aircraft-based
system into a rugged, compact, reasonably priced tool for a range of process control,
monitoring, diagnostic and inspection with applications ranging from colorimetry
and color matching, spectral radiometry, industrial process control and quality
assurance, pharmaceuticals preparation and packaging, forensic analysis [12],
bio-agents detection [12], camouflage detection, live-cell microscopy [12], geno-
mics/proteomics research, forestry [13] and precancerous cell detection. The
multiplexing of wavelengths is achieved either by switching sources to obtain
different wavelengths or switching band-pass filters to gate the photons in case of
broadband illumination. Historically, low-altitude data collection using
hyperspectral sensors has been very difficult to achieve due to operational complex-
ities. Recent advances in sensors and sensor system platforms when coupled with the
latest models of Near Infrared (NIR) to Very Near Infrared (VNIR) hyperspectral
imagers, provide UAVs with a capability of scanning with 154 discrete spectral
bands covering a spectral range of 400–1000 nm. Hence, the objective of this
investigation is to study feasibility of integrating a hyperspectral imager as a viable
payload for UAVs to be used for intended application. Several companies that
manufacture OTC hyperspectral imagers are BaySpec [12], LOT Quantum Design
GmbH [14], HySpex [15], SENOP [16] and XIMEA [17], among a few others.

1.3.2 Light Detection and Ranging (LIDAR)

Light detection and ranging (LIDAR) is a broadly used technique for determining
the distance to an object by transmitting a laser beam at the object and measuring the
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time of flight back to the transmitter. In conjunction with GPS and Inertial Mea-
surement Units (IMUs), the data from LIDAR provides topographical maps. With
increased miniaturization and high accuracy, UAV based LIDAR sector is growing
rapidly. Recently, several manufacturers of the best LIDAR sensor systems for
aviation payload have engineered such sensors for UAVs. Currently, there are
over 12 manufacturers of LIDAR systems with several different capabilities. Most
of the latest LIDAR for UAV systems can rotate around their own axis and offer
360-degree line of sight with very high data rates, such as over one million distance
points per second. A state-of-the-art integrated Real-Time Kinematic (RTK) GPS
and Inertial Navigation System (INS) provides accurate position, velocity, acceler-
ation and orientation under the most demanding conditions. The dual-antenna
moving baseline RTK Global Navigation Satellite System (GNSS) solution ensures
that the LIDAR can achieve the highest accuracy possible for the lowest weight. The
GPS\INS sensor combines temperature calibrated accelerometers, gyroscopes, mag-
netometers and a pressure sensor with a multi-channel RTK GNSS receiver. These
are coupled in a sophisticated fusion algorithm to deliver accurate and reliable
navigation and orientation. The resulting applications of LIDARs mounted as
payload UAVs range from agriculture & forestry [17], archaeology and cultural
heritage documentation, corridor mapping: power line, railway track, and pipeline
inspection [18], topography in open-cast mining, construction site monitoring,
building and structural inspections, surveying of urban environments [19], resource
management, collision avoidance, shoreline and storm surge modeling, hydrody-
namic modeling to Digital Elevation Models (DEMs), among others. LIDAR in
conjunction with multi/hyperspectral and photogrammetry imagery are deployed in
some sectors and situations to give a comprehensive assessment of the terrain,
vegetation or structure. Several manufacturers such as Ledder Tech [20], Velodyne
[21], Riegl [22], Routescene [23], Yellowscan [24], Leica [25], Geodetics [26], etc.
produce LIDAR for UAV applications.

1.3.3 Laser-Induced Breakdown Spectroscopy (LIBS) Scan

Laser-induced breakdown spectroscopy (LIBS) is atomic emission spectroscopy
which uses a highly energetic laser pulse as source for excitation and ablation of
target material. The formation of the plasma by the focused laser pulse achieves a
certain threshold for optical breakdown, which generally depends on the environ-
ment and the target material. LIBS makes use of optical emission spectrometry and
to this extent is very similar to arc/spark emission spectroscopy, and hence can
analyze any matter regardless of its physical state, be it solid, liquid or gas. These
analyses are inherently real-time, require no sample preparation, with true stand-off
detection capability (distance ~ 100 m, residue explosive ~ 50 m and Chem/Bio
residue ~ 25 m) and offer high sensitivity (nanograms) and specificity (typically
>95% True positives, <5% False positives). LIBS provides elemental fingerprinting
for the constituents of a material to be analyzed and hence may be used to evaluate
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the relative abundance of each constituent element, or to monitor the presence of
impurities. In practice, detection limits are a function of (a) the plasma excitation
temperature, (b) the light collection window, and (c) the line strength of the viewed
transition. LIBS provides all-in-one, universal hazardous materials detection, viz.
Chemical, Biological, Radiological, Nuclear and Explosives (CBRNE), home-made
explosives (HME), non-traditional agents (NTAs), toxic industrial chemicals (TICs),
and toxic industrial materials (TIMs). The COTS LIBS are miniaturized into a hand-
held size (HH LIBS) capable of analyzing elements for a wide range of materials,
depending on the spectrometer and range. Unlike X-ray fluorescence (XRF), LIBS
uses low-energy lasers for elemental fingerprinting without radiation concerns.
Several vendors such as Applied Photonics Ltd. [27], Applied Spectra, Inc. [28],
Bertin Technologies [29], Energy Research Co. [30]. IVEA [31], LTB Lasertechnik
Berlin [32], Marwan [33], Ocean Optics Inc. [34], Photon Machines [35], StellarNet
[36], Bruker [37], and others, produce LIBS devices. The focus for this investigation
is on UAVs as payload, however benchtop models of LIBS have extensive applica-
tions for biomedical applications [38], forensics [39], and fingerprinting of conflict
materials [40].

1.3.4 Biometric Based Facial Recognition

Due to enhanced security concerns, recently there is an accretion in demand for
facial recognition software solutions designed to recognize people from distance,
including UAVs. Face-Six’s [41] FFA6Drone software allows drones to identify
people from any range, if faces are unaltered and have a size allowing sufficient
software data. In battlefield Intelligence, Surveillance, and Reconnaissance (ISR)
capability is quintessential for technological superiority. Due to privacy concerns for
civil application, the applications of software in the US are still being investigated.
With the biometrics arms race competition in progress with the developing countries
on fingerprint/biometric payment cards, and blockchain for financial transactions,
the predictions for biometric technologies-based security for civil and personal use is
very promising.

Automated license plate readers (ALPRs) are high-speed, computer-controlled
camera systems that are typically mounted on street poles, streetlights, highway
overpasses, mobile trailers, or attached to police squad cars and now on UAVs.
ALPRs automatically capture all license plate numbers that come into its view, along
with the location, date, and time. The data, which includes photographs of the
vehicle and sometimes its driver and passengers, is then uploaded to a central server
to develop a portrait of the driver – depending upon need. Since the data already
exists in central database (Big Data), one can generate a profile to target drivers who
visit sensitive places such as health centers, immigration clinics, gun shops, union
halls, protests, bridges/dams, or centers of religious worship. UAVs based ALPR
and biometric platforms provide a quick snapshot of the required information for
traffic management in crowded corridors.
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1.3.5 Other Innovative and Disruptive Platforms

Applications of UAV based sensor platforms include precision agriculture, construc-
tion, mining, pest detection, forestry, mammal species tracking, search and rescue,
target tracking, monitoring of the atmosphere, chemical, biological, and natural
disaster phenomena, fire prevention, flood prevention, reef monitoring, volcanic
monitoring, Earth science research pollution monitoring, micro-climates, land use
precision agriculture, ecology [18], atmospheric research, bio-security [38], forestry
[11], fire monitoring, quick response measurements for emergency disaster, pollu-
tion monitoring, volcanic gas sampling, monitoring of gas pipelines [18], biological/
chemo-sensing tasks [42], and humanitarian observations [43], involving and in
addition to applications described above and shown in Table 1.2. In addition to
commercial-off the shelf (COTS) sensors, several test flights with laboratory-based
sensors are also investigated to determine additional range of capabilities.

A summary of the specifications of these capabilities is presented in Table 1.2.
Most VASP can take a payload of 3–5 kg (approx. 10 lbs.), availability of quad-
copter based drones (shown in Fig. 1.4) and helicopter configuration UAS are also
deployed for payload capacity of up to 15 kg (~33 lbs.), thus allowing multiple
capabilities with high throughput for field ready applications.

The core concept focuses on innovative technology solutions to bridge the
existing gaps in mission-ready deployability. The platform as discussed above,
offers the following mission-ready capabilities:

• Rapid Decision Making;
• Collaboration and Communication;
• Rapid and Adaptable Deployment;
• Technology Self Sufficiency;

Table 1.2 Specifications for selected sensing/detection/monitoring platforms

Platform Weight Scan rate Power source

Field of
View
(FOV)

Range (for a typical
system)

Lidar Total < 4 lbs. ~ 700 K
3D pts./
sec

Small
(nominal)

360 100 m (<20 nm
range)

Hyperspectral Total ~ 6 lbs. ~ 500 fps Nominal Depends
on mode

VNIR
(380–1000 nm),
NIR
(900–1700 nm)
SWIR
(950–2500 nm)

LIBS Total ~ 3 lbs. < 3 s Last 8–10 h Stand-off
detection

Depends upon tar-
get (1 ppm
detection)

Biometrics ~ 1.5 lbs. 4 MP
CMOS
60 fps

330 mA@12 V Y/P/R
300, 180,
170

f ¼ 4.5~135 mm,
aperture diameter
Φ16
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Fig. 1.4 (a) An integrated
UAVSP – T1 for heavier
payload and (b) T2
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• Enhanced Situational awareness;
• Emergency communication infrastructure;
• Accessibility of otherwise inaccessible proximities.

A single UASP can be equipped with sensors to capture and transmit real-time
video, image and other data for a specified coverage area, its overall performance is
limited by:

• Sensor range/camera Field of View (FOV);
• Size/weight and cost of payload supported by UASP;
• Power requirements/flight time (more power-hungry payloads compete with

flight duration);
• Operation by remote pilot in control (RPIC) (a requirement today – FAA manual

for UAVs).

Based on the considerations above, an integrated platform is being built and
tested in parts, as shown in Fig. 1.4 for two different configurations as test 1 (T1) and
test 2 (T2). The T2 platform shows a mobile operation command and control center
(MO3C) to analyze data in real-time. Both test platforms are capable of real-time
communications with ground-based systems.

Figure 1.5 shows aerial observation from UASP using a real-time video draped
and geo-registered overlay on reference imagery. (Representative figure above
displays capability).

Fig. 1.5 Aerial observations from a UASP -real-time IR video draped and geo-registered overlay
on reference imagery map of a coastline
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1.4 Conclusion and Recommendations

Given the state-of-the-art, it is demonstrated that an integrated low cost UASP,
network above ground can be assembled for an operation that supports several
integrated and complementary capabilities for monitoring and capturing data
which are analyzed at a ground based Mobile Operations Command and Commu-
nication Center (MO3C), which is capable of analyzing data using image and signal
processing software. Depending upon required capability, the MO3C needs to be
linked with several agencies for cross-confirmation of the captured data. One of the
networking design goals is to deploy multiple UASPs that form reliable flying
mobile ad-hoc WiFi-based networks, which may contain a number of diverse UAS
operating at specified altitude and carrying a pre-determined sensor suited for CBRN
capability complemented by video and telemetry sensors. Another key capability is
to relay data (e.g. video) through the Multi-UAS network to the mobile ground
stations and to first responders, where applicable. One of the applications of the
proposed platform is to detect water contaminants and levels for areas that are prone
to flash-flood, as a DOI for assistance with emergency scenarios.

The overarching capability needs fulfilled by a UAS can be succinctly stated as:

• Facilitate the conduct of emergency operations in complex or dynamic
environments.

• Reduce decision making cycle times during a response to aid recovery from
natural disasters and emergencies, including CBRN threats.

• Achieve mission situational understanding and development of a common oper-
ating picture – automated data processing system that can rapidly transform raw
FMV data into an accurate and correct geospatial image product to minimize
delays in analysis.

• Obtain clarity, context, and precision in video from UAS platforms. MU-MOCs
must generate real-time, integrated actionable intelligence, e.g., real-time assess-
ment overlays and display, with precise locations of items of interest (IoIs).

• FMV ingest, processing and exploitation from UAS platforms, providing timely
mission command and intelligence through real-time situational awareness.

• Stabilizes, mosaics, geo-registers, and drapes UAS FMV over a 3D map. Data is
displayed in a single Common Operating Picture (COP) for accurate EO/IR
sensor viewing in context and reporting of IOIs.

While the rapid democratization of UAVs or drones brings many opportunities
for individuals and entities, it also brings numerous complex challenges and con-
cerns. The question is whether individuals or entities are prepared for the rise of
drones in their operational ecosystem? Due to versatile nature of the platforms
described above, there are many considerations that need to be looked into and
some of them are briefly described here, as a detailed discussion is beyond the scope
of this publication and will be presented in a different format. These considerations
include: Detect & Avoid requirements for beyond visual line of site operations;
Human Factors design standards, certification and training; Human Factors
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Consideration of UAS procedures and controls; and Performance Analysis of UAS
Detection Technologies Operating in airfield environments. These initiatives will
enhance the co-existence of USAP with FAA. Rushing to develop applications of
drone technology without understanding the complex security risks can result in
many complex challenges for which the general society is not prepared for. It is
important that we understand the risks and privacy issues associated with the drones
or unmanned aerial vehicle (UAV) .
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Chapter 2
Application of Ionizing Irradiation
for StructureModification of Nanomaterials

Perica Paunović, Anita Grozdanov, Petre Makreski, Gennaro Gentile,
and Aleksandar T. Dimitrov

Abstract Ionizing irradiation passing through materials interacts with their building
units inducing changes in the structure. This causes modification of their properties
and alteration of their performance. Generally, the ionizing irradiation used for
material modification can be part of the electromagnetic spectrum (X-ray or γ-ray
irradiation) or can have corpuscular nature (such as irradiation of α-particles,
β-particles, electrons, and neutrons). α and β irradiations belong to low-energy
irradiations, whereas X-ray, γ-ray and neutrons are high-energy irradiations. The
subject of this chapter was the observation of the changes in structure and conse-
quently in properties of nano-dimensional materials, namely TiO2 and carbon
nanostructures (graphene and multiwalled carbon nanotubes, MWCNTs), after
treatment with X-ray irradiation.

Keywords Ionizing irradiation · X-ray · TiO2 · Graphene · MWCNTs

2.1 Introduction

In the last decades, there is a strong increment in the interest in irradiation technol-
ogies, not only in the field of energy management but also in the fields of material
research and human health. This implies more irradiation research facilities for
materials and more radiation facilities for medicine (radiation oncology and radiation
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diagnostics). Significant scientific research has been done in the fields of
nanomaterials and engineering to improve the functionalities of the materials. New
findings lead to further developments regarding sensors, electrode materials, envi-
ronment and health protection.

Irradiation technologies, which are already established in material processing,
offer possibilities that are uniquely suited for the creation and characterization of
new functional materials on the nanoscale. Namely, the ability to fabricate structures
with nanometric precision is of fundamental importance to any exploitation of
nanotechnology. Irradiation based technology using X-rays, e-beams and ion
beams is the key to a variety of different approaches for micropatterning, e.g. by
lithography. Irradiation effect on resists occurs through bond breaking (positive
resist) or cross-linking between polymer chains (negative resist) [1]. Polymer is
becoming better or less soluble in developer. This technique has already been
commercialized. Due to the small wavelength of the 30–100 keV electrons, the
resolution of electron beam nanolithography is much higher than that of optical
lithography. To improve the resolution, electron direct writing systems applying
electrons with energy as low as 2 keV are proposed to reduce the electron scattering
effects. Ion beam have also found various applications in nanotechnology. New
method to grow carbon nanotubes was reported in 1996 by Yamamoto et al. [2],
where they grew carbon nanotubes by argon ion-beam irradiation on amorphous
carbon target under high vacuum condition (5�10�8 bar). The incident angle of the
ion beam was normal to the target surface and the acceleration ion energy was 3 keV.
Nanotubes were produced outside the sputtering region on the target surface after ion
irradiation. The tubes have multilayered walls, the distance between the carbon
layers is 0.34 nm, and the wall thickness of tubes ranges from 10 to 15 sheets.
γ-ray irradiation was used to improve the thermal contact conductance of CNTs in
thermal interface materials (TIMs), especially for space applications where the
materials are exposed to high dose of gamma irradiation [3]. CNTs properties such
as their low intrinsic resistance and large compliance that enables them to conform to
rough surfaces combined with their low density and ability to withstand vacuum
environments and extreme temperatures, make CNTs-based TIMs very suitable for
space applications. Hodson et al. exposured CNTs-TIMs to γ-ray irradiation with
dosages of 50 and 100 Mrad [3]. The quality of the CNTs, based on the ID/IG band
ratio, was monitored by Raman spectroscopy and showed a moderate increase in the
graphitic order of the CNT walls. Additionally, the thermal interface resistance was
measured before and after the gamma-ray irradiation using a transient photoacoustic
method. Although the exposure to such radiation has the potential to affect signif-
icantly CNT TIMs, no degradation in the thermal performance was observed.

The most used ionizing irradiation techniques for material modification are
electron-beam and γ-ray [4–6]. Recently, X-ray irradiation has attracted much
attention [7, 8]. This chapter deals with the effects of electron-beam and X-ray
irradiation on the structure and properties of nano-dimensional TiO2 and carbon
nanostructures such as graphene (G) and multiwalled carbon nanotubes (MWCNTs).
First, basic introduction to the studied materials, some fundamental aspects of
ionizing irradiation and its interaction with solid matter will be given.
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2.2 Structure and Photocatalytic Activity of TiO2

Nanoparticles

Titania (TiO2) is known as inexpensive, non-hazardous and chemically stable
material possessing a variety of structures and consequently variety of properties.
Considering this, TiO2 nanoparticles found extensive range of technical and tech-
nological applications in: (i) paints as a white pigment or to make substances opaque;
(ii) sun blocking materials; (iii) sensor devices; (iv) chemical and photocatalysis;
(v) as reinforcement component in polymer-based nanocomposites or synergetic
additive in nano-scaled metal (Pt, Ru, Co, Ni, etc) electrocatalytic materials in
hydrogen economy; (vi) as additive to cement or ceramic tiles; (vii) as self-cleaning
glass, etc. [9–12].

Three natural polymorphs of TiO2 are generally known: anatase, rutile, and
brookite. Brookite is more difficult to be synthesized, so rarely studied [13]. Anatase
and rutile have tetragonal unit cells (Fig. 2.1, left) with different cell parameters
(a ¼ 3.782 Å, b ¼ 9.502 Å for anatase and a ¼ 4.587 Å, b ¼ 2.953 Å for rutile) and
different spatial orientation [10]. Elementary building unit in both crystal systems is
an octahedron with different distortion, where one Ti atom is surrounded by 6 oxygen
atoms. Each TiO6

2� octahedron in anatase is connected with 8 neighbouring octa-
hedra, four connected by vertices and four by corners (Fig. 2.1, right). In rutile, each
octahedron is connected with10 neighbouring octahedra, two connected by edges
and eight by vertices [13].

Rutile is thermodynamically more stable at higher temperatures having particles
larger than 35 nm, while anatase is more stable at lower temperatures having
particles of 10–20 nm [9]. The most important property of TiO2 is semiconductivity,
related to its photocatalytic activity. The photocatalytic activity is mostly used to

Fig. 2.1 Unit cells of TiO2

(anatase and rutile) and
connection between their
basic building units
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decompose toxic and heavily biodegradable organics into CO2, H2O and inorganics
or for photocatalytic production of hydrogen. TiO2 is n-type semiconductor due to
oxygen vacancies within its crystalline lattice, with relatively large energy of the
band gap (3.2 eV for anatase and 3.0 eV for rutile). But despite the larger band gap,
anatase has been proven as a more efficient photocatalyst due to the following
reasons [14]: (1) as a result of the higher Fermi level compared to rutile, anatase
shows higher adsorption affinity to hydroxyl groups and lower affinity to oxygen
adsorption; (2) due to lower temperatures of production, anatase has smaller particles
than those of rutile and consequently higher specific surface area and surface
adsorption capacity and (3) anatase has indirect band gap in contrast to rutile,
which has direct band gap. In the case of indirect band gap, the excited electron
can be stabilized at the lower level in the conduction band, which leads to its longer
life and higher mobility.

Due to these values of the energy of the band gap, the light absorption is limited
mainly to UV light (less than 5% of visible light). For this reason, modifications of
the electronic structure of TiO2 are needed to shift the response from the UV to the
visible light. There are two approaches to decrease the bang gap energy of TiO2 and
thus to extend the light absorption of TiO2 in the visible range [14]: (1) to incorporate
alien elements (doping) into the framework of the TiO2 crystals and (2) to enhance
the surface defects, namely Ti3+ and oxygen vacancies. These effects can be
achieved using ionizing irradiation such as e-beam, X-ray or γ-ray, as a result of
their interaction with TiO2 at atomic and crystalline level (see the section below).

Synthesis of TiO2 nanoparticles is based mainly on bottom-up approach, involv-
ing the formation of nanostructures atom-by-atom, molecule-by-molecule or ion-by-
ion [15]. Many bottom-up methods were developed for the synthesis of TiO2 [9]:
(1) sol-gel method, (2) hydrothermal/solvothermal synthesis, (3) microemulsion and
micelle methods, (4) pulsed laser deposition, (5) chemical/physical vapor deposition,
(6) plasma vapor deposition, (7) direct oxidation, (8) electrochemical (anodic)
deposition, (9) microwave radiation, etc. Within this chapter a research on the
influence of X-ray irradiation on the structural changes of TiO2 synthesized by
sol-gel method, and consequently on the visible light absorption will be presented.

2.3 Carbon Nanostructures (CNSs)

As a naturally occurring material, carbon could exist in two types of crystalline
lattice: (1) sp3 hybridized lattice of diamond, where each C atom is bonded with
4 others (single bonds) and (2) sp2 hybridized lattice of graphite with flat layers in
which carbon atoms are bonded in hexagons with single and double bonds. Subject
of interest in this chapter are nanostructures based on graphitic sp2 hybridized
structure.

In Fig. 2.2 different sp2 graphitic based structures are shown. The basic building
unit of all of them is graphene – a single atomic plane of graphite that is separated
enough from the other ones to be considered as independent, i.e. two-dimensional
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(2D) sheet of sp2 hybridized carbon atoms arranged in a hexagonal (honeycomb)
atomic configuration. A multitude of such layers (at least 100) arranged one above
the other form the 3D thin film of graphite [16]. The distance between two
neighbouring graphene layers is 3.35 Å, while the distance between neighbouring
C atoms within the hexagonal network is 1.42 Å. By wrapping one graphene layer in
cylindrical shape, a carbon nanotube (CNT, 1D nanostructure) is obtained, while the
wrapping to spherical shape leads to formation of fullerene (OD nanostructure). The
appearance of the mentioned carbon nanostructures goes in the opposite order.
Fullerenes (OD) were first discovered in 1985, then carbon nanotubes (1D) in
1991 and finally the basic building unit to all of them – graphene (2D) in 2004.

Because the 2D atomic crystalline structure of graphene is stable under ambient
conditions, CNSs exhibit superior physical properties, primarily electrical and
mechanical [17, 18]. In the band structure of graphene, σ-states form occupied and
empty states separated with a wide energy gap, whereas the π-states form a single
band with conical self-crossing points – Dirac points [19]. The Fermi-level corre-
sponds to the Dirac points, where both, the valence and the empty conduction band
meet with zero band gap, revealing that the graphene is a semiconductor with zero
band gap. This arrangement of the Dirac points contributes to extremely high
mobility of the charge carriers (electrons) of 20,000 cm2�V�1 for single layered
graphene.

After its discovery, graphene was recognized as the strongest material after the
confirmation of its breaking strength of 42 N m�1 and Young’s modulus of 1.0 TPa

Fig. 2.2 Different types of graphite based sp2 bonded carbon nanostructures
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[20]. Before that, diamond was considered as the strongest material. This higher
strength of graphene vs. diamond can be explained by the energies needed for
breaking the bonds within their structures. Diamond contains only single bonds
between the C atoms. The energy needed for their breaking is 345 kJ�mol�1. In the
graphene structure, one carbon atom is bonded with three neighboring C atoms by
two single bonds and one double bond. The energy needed for breaking of the
double bond is 611 kJ�mol�1. Therefore, the presence of double bonds increases the
total energy needed for breaking of bonds between the C atoms, and consequently
the mechanical strength increases.

Graphene sheets can consist of only one graphene layer (single layered
graphene), two layers (bilayered graphene) or more layers (multilayered graphene).
As the number of layers of graphene material increases, its properties decrease.
When one graphene layer is wrapped in cylindrical shape, single wall carbon
nanotube (SWCNTs) is obtained, while the nanotubes formed by wrapping of
multilayered graphene with diameter of 0.75–3 nm, are called multiwalled carbon
nanotubes (MWCNTs) with diameter in range of 2–30 nm [21]. Depending on the
orientation of the chiral vector (m, n) which corresponds to a section of the nanotube
perpendicular to the nanotube axis, and the spiral angle θ between the chiral and
lattice vector, carbon nanotubes can be distinguished in three main groups [21, 22]:
(1) armchair (m ¼ n; θ ¼ 30�), (2) zig-zag (m ¼ 0; θ ¼ 0), and (3) chiral (m 6¼ n;
0 < θ < 30�). The armchair CNTs have metallic electroconductivity, whereas the
zigzag and chiral are semiconductors of p-type.

Due to their superior properties [22–24] (Table 2.1), such as high strength, light
weight, metal or semiconductor electron conductivity, high thermal conductivity,
large surface area, etc., CNSs found a wide range of applications in modern
technology and almost in all segments of human live. The most important fields of
their application are: (1) nanoelectronics, (2) plastic electronics, (3) nanorobotics,
(4) catalysis, (5) energy storage, (6) functional nanocomposites, (7) nanosensors and
many others.

There are different techniques for synthesis of CNSs. Graphene can be produced
using the following methods [25, 26]: (1) arc discharge (used in their discovery by
Iijima [28]), (2) laser ablation, (3) chemical vapor deposition, (4) hydrothermal
synthesis, (5) molten salt electrolysis etc. Within this chapter a research of the
influence of X-ray irradiation on the structural changes of graphene and MWCNTs
synthesized by molten salt electrolysis will be given.

Table 2.1 Physical properties of carbon nanostructures (CNSs)

Graphene SWCNTs MWCNTs

Specific electrical resistance, μΩ�cm 1 5–50 5–50

Thermal conductivity, W�m�1�K�1 ~5000 400–6000 600–3000

Tensile strength, GPa 130 50–500 10–60

Young modulus, TPa 1 1 0.3–1

Specific weight, g�cm�3 0.25 0.8 1.8

Surface area, m2�g�1 2600 400–900 200–400
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2.4 Types of Ionizing Irradiations

Ionizing irradiation initiates when a unstable atom releases its excess of energy or
mass (or both), in order to achieve a stable state of minimum energy. It includes
several forms such as alpha (α), beta (β) and neutron (n) particles and X-ray and
gamma-ray (γ-ray) irradiations. It is evident that the ionizing irradiation can have a
corpuscular or wave nature [29].

α-irradiation arises when the various atom releases particles composed of two
protons and two neutrons (Fig. 2.3). α-particles are a highly ionizing form of particle
radiation but have low penetration depth. They are used mainly for synthesis or
treatment of polymer-based composites. When the originating atom releases electron
(e�) or positron (e+, particle with weight and size in the range of electron, but
positively charged), β-irradiation takes place. β-particles are mostly electrons, so it is
known also as electron-beam or e-beam irradiation. The third type of corpuscular
ionizing irradiation is neutron particles, which are released by the originating atom.
The neutron irradiation is the only type that can make other materials radioactive.
X-ray and γ-ray have wave nature and they are part of the electromagnetic wave
spectrum. X-rays originate from an electronic cloud, while γ-rays are emitted as
photon energy from an unstable nucleus. Also, their difference is in their wave-
length, frequency and energy. Compared with γ-ray, X-ray possesses longer wave-
length (λX-ray ¼ 10�9 � 10�12 m vs. λγ-ray ¼ < 10�12 m), lower frequency
(fX-ray¼ 1017� 1020 Hz vs. fγ-ray¼ 1020� 1024 Hz) and lower energy (EX-ray¼ 1.24
� 124 keV vs. Eγ-ray ¼ 124 keV � 1.24 MeV). There are many well-established
processes using γ-ray irradiation for fabrication of some nanomaterials, mainly
metals and their polymer composites [30, 31]. X-rays are very common in medicine
and in materials characterization. They are not so frequently used for production or
improvement of the properties of the materials as the γ -rays or e-beam. Neutron
irradiation is consisted of free neutrons, usually emitted by spontaneous or induced
nuclear fission. This is the only type of irradiation that is able to make other materials
radioactive, so they are not used for materials synthesis or processing.

Fig. 2.3 Illustration of the interaction between ionizing irradiations and material structure
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From the energetic point of view, the ionizing irradiations can be classified as
low-energy low penetration depth, including α-particles and e-beam irradiations.
γ-ray, X-ray and neutron particles are high-energy irradiations with greater penetra-
tion depth. Depending on the way it how ionizes the matter, the ionizing irradiation
could be direct ionizing and indirect ionizing [32]. Direct ionizing radiation corre-
sponds to the charged particles which have Coulomb interaction with an orbital
electron of a target atom. Indirect ionizing radiation occurs in two stages. In the first
stage, as a result of neutron kinetic energy or photon energy deposition, fast charged
particles, e.g. electrons or positrons, are released. In the second stage, these electrons
or positrons deposit their energy directly in the material through Coulomb interac-
tions with the orbital electrons of an atom.

2.5 Interaction Between Ionizing irradiation and Materials

When the ionizing irradiation passes through a solid matter, an interaction takes
place at atomic and crystal levels, causing different defects and disorders within the
material structure.

At the atomic level, there are several effects as result of this interaction such as
[33–35]: (1) excitation of electrons, ionizing of individual atoms and formation of
ion pairs or electron + positron pairs; (2) Compton effect, i.e. the photon collides
with the atom, being turned from its route releasing part of its energy enough to
absorb an electron from the atom; (3) collective excitation of electrons (plasmons);
(4) creation of phonons, causing the heating of the solid matter; (5) displacement of
atoms in the bulk or sputtering of atoms from the surface of the solid matter;
(6) emission of photons or secondary (Auger) electrons and (7) breaking of the
bonds or cross-linking. These interactions are illustratively shown in Fig. 2.4.

At the crystal level, these interactions can cause [36]: (1) displacement of the
atoms from their normal position, generating different types of crystal defects such
as lattice vacancies, embed in interstitial positions or interchange of dissimilar atoms
within the lattice structure and (2) production of impurities, that is, alteration of
nuclei into other ones, caused by neutrons by fission and activation.

Depending of the material nature, different types of the effects noted above are
possible [33]. In insulators, the ionization can play the dominant role. In metals
(conductors), irradiation effects are attenuated due to the presence of conduction
electrons. The damage in metal structure is limited to knock-on atom displacements.
The excitation effects are less important, so the metals are relatively stable under
irradiation, in particular at low energies. In molecules all types of destruction are
possible, in particular bond breaking.

According to the literature [37, 38], under the irradiation alteration in the TiO2

structure could be an increase of Ti3+/Ti4+ ratio or generation of oxygen vacancies.
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These structural changes can promote the decrease of band gap energy and conse-
quently, increase of the photocatalytic activity.

In the CNSs, the ionizing irradiation can cause different types of defects in their
structure [39–41] as shown in Fig. 2.5. As a result of the breaking of bonds between
the C atoms and sputtering of atoms from the surface, vacancies could be formed,
from single (1 C atom missed, Fig. 2.5a), double (2 C atoms missed, Fig. 2.5b) to
multiple (more C atoms missed, Fig. 2.5c). In Fig. 2.5d, substitution of a C atom with
another one is shown. Also, interstitial adatom could be formed (C or another,

Fig. 2.4 Illustration of the interaction between ionizing irradiation and material

Fig. 2.5 Schematic illustration of the ionizing irradiation-induced defects in graphene structure: (a)
single vacancy, (b) double vacancies, (c) multiple vacancies, (d) substitution of C atom, (e)
interstition of C or other types of atoms and (f) in-plane disorder
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Fig. 2.5e). Along the vacancies and interstitials, CNSs develop an extended recon-
struction of the atomic network forming a pentagon or heptagon (Fig. 2.5f)
[41]. These types of defects are known as in-plane disorders or Stone–Wales
(SW) defects, associated with a rotation of a bond in the CNSs atomic network.

When the ionizing irradiation passes through CNS, its energy could induce the
removal of some functional groups and an addition of other C atom on their place,
creating additional C–C or C¼C bonds [42, 43]. The addition of these carbon atoms
could be done on the same graphene plane or above it (Fig. 2.6). Because of the
newly formed carbon bonds, this phenomenon could be called graphitization. The
structural changes as a result of the graphitization lead to increased crystallinity, and
better thermal stability and electrical conductivity.

2.6 Effect of Irradiation on the Structure of TiO2

Nanoparticles

TiO2 nanoparticles were prepared by sol-gel method at ambient pressure. Titanium
tetraisopropoxide (TTIP) (Aldrich, 97%) was used as a precursor. The setup for
sol-gel synthesis is shown in Fig. 2.7a.

TTIP was dissolved in anhydrous ethanol (Merck, p.a.) in the ratio ethanol:
TTIP ¼ 8:1. To enhance hydrolysis of Ti-tetraisopropoxide to Ti(OH)4, small
amount of 1 M HNO3 was added in ratio TTIP:HNO3 ¼ 10:1. The hydrolysis of
TTIP was performed according to the following chemical reaction:

Ti OCH CH3ð Þ2
� �

4 þ 4H2O ! Ti OHð Þ4 þ 4 CH3ð Þ2CH OHð Þ

The mixture was evaporated at 60 �C with stirring of 900 rpm, until fine nano-
structured yellow-white powder was obtained. According to our previous research
[44], it was found that removal of OH�, i.e. formation of TiO2 begins at 220 �C. This
cryptocrystalline TiO2 is completely transformed to anatase at near 360 �C. At
520 �C transformation of anatase to rutile crystalline phase begins. In order to

Fig. 2.6 Schematic
illustration of the ionizing
irradiation-induced
graphitization
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produce anatase nanoparticles, the thermal treatment of Ti(OH)4 was performed at
400 �C (Fig. 2.7b). After it, a light-grey powder of TiO2 was obtained.

The produced TiO2 nanoparticles were exposed to X-ray irradiation with dose of
7 mGy. For comparison, commercial TiO2 nanoparticles Hombikat UV
100 (Sachtleben Chemie GmbH, Duisburg, Germany) were irradiated under the
same conditions. The structural changes caused by the X-ray irradiation were studied
by X-ray diffraction (XRD) and Raman spectroscopy. The characteristic peaks of the
XRD spectra of the studied samples denoted with corresponding Muller’s indices,
point out only the presence of anatase crystalline structure (Fig. 2.8).

The sol-gel produced TiO2 shows better crystallinity than the commercial
Hombikat UV, which consisted of anatase with smaller particle size [45]. Comparing
the non-irradiated and X-ray irradiated samples, one can see that the interaction
between irradiation energy and TiO2 crystals causes lower crystallinity expressed

Fig. 2.7 Sol-gel synthesis of Ti(OH)4 using TTIP as a precursor (a) and thermal treating of Ti(OH)4
(b)

Fig. 2.8 XRD spectra of
the studied TiO2

nanoparticles
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with less intensive and broader peaks. The changes of some structure parameters
such as interplanar distance, cell parameters and particle size, calculated by
corresponding equations [46], are summarized in Table 2.2. As a result of the
electronic or collective electron excitation caused by the X-ray irradiation, the
interplanar distance and the cell parameters increase, while the particle size
decreases with ~2 nm.

The Raman spectra show the same effects as those detected by XRD analysis with
Raman modes corresponding to anatase crystalline structure. The spectra of the
irradiated samples are less intensive and broader, whereas the Raman modes are
shifted to higher wave numbers (Fig. 2.9, Table 2.2). This shift can be a result of
both, the decreasing of the particle size and the presence of the oxygen vacancies
[47]. So, the ionizing irradiation (X-ray) causes a similar effect (oxygen vacancies)
as the doping with some other elements [48].

These evident changes in the structure affect the properties of the TiO2

nanoparticles. Thermal gravimetric (TG) spectra of the studied samples are shown
in Fig. 2.10.

For both sol-gel prepared TiO2 samples (non-irradiated and irradiated), at tem-
perature near 100 �C evaporation of the physically adsorbed moisture occurs, while
at about 150 �C decomposition of the chemically adsorbed moisture takes place,
i.e. removing OH� groups from Ti(OH)4. From this temperature to near 500 �C
unusual increase of the temperature can be observed for both samples. This is due to
oxidation of the residual organic functional groups with OH� groups released from
Ti(OH)4 [49]. This effect is more pronounced for the X-ray irradiated sample, which
points out that its structure is already smashed and reaction between the functional
groups occurs easily. The crossing at higher temperatures (near 550 �C and from
730 to 760 �C) points out the beginning and the end of the rutile transformation. The
end of this transformation in the irradiated samples takes place at lower temperature.
The trend of the TG curves for commercial Hombikat UV 100 is typically decreas-
ing. Due to breaking of the bonds in the structure as a result of X-ray irradiation, the
irradiated sample shows lower thermal stability with weight loss of 45%. The
corresponding weight loss of the non-irradiated sample is only 10%.

The UV-Vis spectra of the sol-gel prepared TiO2 before and after X-ray irradia-
tion are presented in Fig. 2.11. With determination of the cut off wavelength λ0 from
the spectra and using the Eq. (2.1) the energy of the band gap Eg can be calculated
[50]:

Eg ¼ 1240:82
λ0

ð2:1Þ

For non-irradiated TiO2, λ0 was determined to be 427.58 nm and the energy of the
band gap 2.90 eV. The corresponding values for X-ray irradiated TiO2 were
482.81 nm and 2.57 eV respectively. According to this analysis, one can conclude
that the changes in the structure of TiO2 as a result of X-ray irradiation cause a
decrease of the band gap energy (from 2.9 to 2.57 eV), as well as increase and shift of
its photocatalytic activity to the region of visible light.
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2.7 Irradiation of Carbon Nanostructures

In this paragraph the results from the research of the irradiation effects on the CNSs
structures will be given. The studied CNSs, such as graphene (G) and multiwalled
carbon nanotubes (MWCNTs), were produced by electrolysis of molten alkaline
metal salts at graphite electrodes. The setup for fabrication of CNSs is shown in
Fig. 2.12. Varying the electrolysis parameters (temperature, time, current density or
cell potential) [51], different kind of sp2 hybridized carbon nanostructures could be
obtained.

Fig. 2.9 Raman spectra of
the studied TiO2

nanoparticles

Fig. 2.10 TG spectra of the studied TiO2 nanoparticles
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The produced CNSs were exposed to X-ray irradiation under the same conditions
as TiO2 (dose of 7 mGy).

Scanning electron microscopy (SEM) was performed on the as-produced and
irradiated CNSs with JEOL JSM-7800F. Typical SEM images are presented in
Fig. 2.13. It is evident that as-produced graphene exhibits well-exfoliated nano-

Fig. 2.11 Absorption
spectra of the studied TiO2

nanoparticles

Fig. 2.12 Schematic view of the setup for fabrication of the studied CNSs
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sheets. The as-produced MWCNTs are entwined with diameter of 20–60 nm and
length of 1–10 μm. After irradiation, graphene shows crumpled layered structure,
restraining the aggregation of graphene nano-sheets, while MWCNTs are chopped,
shortened and wrinkled, which enlarges their specific surface area.

Very useful tool to evaluate and study the CNSs structures and to identify order/
disorder in the sp2-bonded carbon sheets is the Raman spectroscopy. Raman spectra
of the studied CNSs are shown in Fig. 2.14.

The most important Raman modes for identifying order/disorder of the CNSs are
located in the region of 1200–1800 cm�1. The first one, D mode, with a maximum of
near 1350 cm�1 indicates disordered carbon atoms, defects such as pentagons and
heptagons in graphite, edges of the graphite crystal, and amorphous carbon
[52, 53]. The second one, G mode with a maximum near 1580 cm�1 is related to
the highly oriented graphite (ordered structure) [54, 55]. The ratio of the intensities

Fig. 2.13 SEM images of CNSs: (a) as-prepared graphene, (b) as-prepared MWCNTs, (c) X-ray
irradiated graphene and (d) X-ray irradiated MWCNTs
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of the characteristic peaks (ID/IG) indicates the extent of defects and impurities, i.e. it
is a measure of order/disorder of the CNSs. The calculated ID/IG ratios (intensity
height ratio) for the studied CNSs are listed in Table 2.3.

It can be observed that the ID/IG ratio slightly decreases after the irradiation
treatment. According to the literature data, this ratio usually increased with the
total irradiation dose as a result of structural disorders (formation of defects such
as vacancies or in-plane disorder) and decreased after annealing [56]. This slight
decrease of ID/IG ratio suggests that the graphitization is the predominant mechanism
of the interaction of CNSs with the applied energy irradiation [5]. This means that
X-ray irradiation energy removes the functional groups and on their place addition of
another C atom takes place, forming additional C–C bonds. The structural changes
as result of the graphitization lead to increased crystallinity, and better thermal
stability and electrical conductivity.

The additional graphitization can be detected also in the Fourier transform
infrared (FTIR) spectra of the studied carbon nanostructures, shown in Fig. 2.15.
Namely, during the X-ray irradiation of the carbon chains in the CNSs, additional C–
C bonds are formed. The positions of all the prominent peaks remain unchanged
after the irradiation, except for the peak corresponding to C¼C. For non-irradiated
CNSs, its position is at 1576 cm�1, while after irradiation it is shifted to 1603 cm�1.

Fig. 2.14 Raman spectra of
the studied CNSs

Table 2.3 ID/IG ratios for the
studied CNSs

Carbon nanostructure ID/IG
As-prepared graphene 0.21

X-ray irradiated graphene 0.18

As-prepared MWCNTs 0.30

X-ray irradiated MWCNTs 0.28
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The measured values of the zeta potential at pH ~ 7 are presented in Table 2.4.
The negative values of the studied CNSs point out that their surface is negatively
charged. This is very appropriate for their application as catalyst support or as
reinforcement phase in nanocomposites, because the catalytic phase or the polymer
matrix have positive charge. The zeta potential after X-ray irradiation decreases
almost twice. This is due to electrical charge exchange during the graphitization,
i.e. during the formation of additional C–C bonds.

2.8 Conclusion

According to the results presented above, we can draw the following conclusions:

1. X-ray irradiation causes changes in the TiO2 structure expressed with the increase
of the interplanar distance, change of the lattice parameters and reduction of the
nanoparticle size. These changes lead to a shift of the light absorption to the
region of visible light and a decrease of the band gap energy, which indicates
increased photocatalytic activity.

2. X-ray irradiation causes structural changes of the carbon nanostructures
(graphene and MWCNTs). The predominant mechanism of interaction of the
irradiation with CNSs is graphitization, i.e. creation of additional C–C bonds.

Fig. 2.15 FTIR spectra of
the studied CNSs

Table 2.4 Zeta potentials of
the studied CNSs

Carbon nanostructure Zeta potential

As-prepared graphene �32.5

X-ray irradiated graphene �16.8

As-prepared MWCNTs �32.4

X-ray irradiated MWCNTs �20.4

40 P. Paunović et al.



This leads to increased crystallinity and better thermal stability. Also, the mor-
phology of CNSs was changed. After irradiation, graphene shows crumpled
layered structure, while MWCNTs are shortened and wrinkled, enlarging their
specific surface area.
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Chapter 3
The Corona Triode Charging/Polarization
System

Pedro Rafael dos Santos Prezas, Manuel Jorge de Araújo Pereira Soares,
Mauro Miguel Costa, and Manuel Pedro Fernandes Graça

Abstract The development and understanding of the corona triode charging tech-
nique, in the seventies and in the eighties is intimately related to Brazilian
researchers and academic institutes. Contrarily to older two-electrode systems, the
corona triode system comprises three electrodes: the discharge point electrode, the
metallic grid and the plane electrode, where the charging current can be measured
and controlled. It has been widely applied in the electrical charging of polymer foils
for electret production, in the research of the charge stability and charging/injection
processes in dielectric materials, principally in film/foil form and in electrostatic
separation processes. Corona-based electrostatic precipitators have found wide-
spread application in the treatment of contaminated gases and also in the separation
of metals and non-metal components. It has, among others, the advantages not to
require the deposition of an electrode on the sample surface exposed to the dis-
charge, allowing the reversal of the discharge polarity (positive or negative), to pole/
charge samples with complex non-planar geometries and it is well suited for large
scale film poling/charging. A new a corona triode system developed in our facilities
is presented, including some theoretical background behind this technique. This
system can operate on a more traditional method and also on a more sophisticated
principle based on a feedback circuit that continuously adjusts the voltage applied to
the metallic grid in order to maintain the charging current flowing through the
sample constant. Thus, the sample surface potential buildup can be monitored in
real-time by the metallic grid voltage. Charging results on bioactive hydroxyapatite
[Ca10(PO4)6(OH2) – Hap] pellets, prepared from commercial Hap powders, are
presented and discussed.
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Keywords Corona triode system · Corona discharge · Electrical charging ·
Hydroxyapatite

3.1 Introduction

The roots and development of the corona triode charging technique are strongly
connected to Brazilian researchers and universities, who contributed in the seventies
and the eighties decisively to its development and understanding. Consequently,
names such as R.A. Moreno, B. Gross (born in Germany) and later J.A. Giacometti
(born in Brazil) became intimately associated with the corona triode [1–3].

The corona discharge is a stable, self-sustainable, atmospheric electrical dis-
charge that occurs when a sufficiently high potential difference is applied between
two asymmetric electrodes, such as a point and plane ones. DC corona voltages in
the 10–15 kV range under a “normal” or low-humidity atmosphere environment are
frequently applied [4]. The threshold potential difference to start the corona dis-
charge depends upon the availability of free electrons which are able to ionize the
surrounding gas molecules, being around 5 kV in a “normal” atmosphere [5]. Two
different regions are defined in a corona discharge: the ionization and the drift
regions. The ionization region is confined to a region close to the point electrode
while the drift region extends to the plane electrode. Figure 3.1 schematizes both
regions, including the electric field and ion flow lines [5]. The drift region comprises
ionic species with the same polarity, and their mobility is relatively low, in the order
of a few cm2/Vs. The current magnitude in the drift region is in the range of a few μA
for potentials between 10 and 15 kV. The corona current always increases with the
increase of the corona potential (the potential applied to the point electrode), making
the discharge controllable and therefore applicable to generate thermalized ions in
order to charge dielectric samples [5].

Fig. 3.1 The corona
discharge in a point and
plane electrode system. Two
regions are defined: the
ionization region, confined
close to the point electrode,
and the drift region,
extending up to the plane
electrode

46 P. R. dos Santos Prezas et al.



Figure 3.2 displays a model of a positive corona discharge (the sample thickness
is exaggerated) [6]. The corona plasma region, containing the ionization region, is
maintained by processes such as electron and ionic collisions, and photoionization.
The drift region contains ionic species of the same polarity, which are driven towards
the surface of the sample covering the grounded electrode. The drift region may also
contain neutral species. In negative corona discharge, the electrons are generated by
photoemission at the point electrode and captured to form negative ionic species. A
very important characteristic of the corona discharge is that the thermal energy of the
ionic species in the drift region reaching the sample surface is comparable to that of
the environment. For this reason, these ions do not penetrate the sample or damage
the surface, they just transfer their excess charge to the surface of the sample [7].

The corona discharge has been widely applied in the electrical charging of
polymer foils intended to be used in electret microphones, in the investigation of
electret formation and charge stability in dielectric materials, especially in film/foil
form, in the study of polarization phenomena in dielectrics and ferroelectrics, in
electro-photographic processes, in the charging of polymer wires to be used in
electrostatic filters and electrical separation of particles from gases (corona-based
electrostatic precipitators have found widespread application in the treatment of
contaminated gases in heavy industries) [5, 8].

The first corona systems had only two electrodes, the point and plane ones, and
some information would be lost during the charging process, particularly the final

Fig. 3.2 Model of a
positive corona discharge.
The discharge comprises
two main regions: the
corona plasma and the
unipolar drift regions. The
plasma region includes the
ionization region. The
sample thickness is
exaggerated in this figure.
(Adapted from [6])
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surface potential of the sample. Considering this limitation and also the necessity of
an improved charging current radial uniformity reaching the sample, the corona
triode was developed and introduced in 1976 [1]. Three electrodes are used instead
of two, as the name suggests. The introduction of a metallic grid electrode between
the point and the plane electrodes allows to follow the surface potential buildup of
the sample during the charging process and to improve significantly the charging
current radial uniformity below the grid [1, 7]. The constant current corona triode
can be used to evaluate the phase transition in polymers as well as to evaluate the
polarization value using only the surface potential vs time curves [9].

Figure 3.3 depicts a technical scheme of a corona triode. One of the voltage
sources is connected to the point electrode, and therefore is responsible for produc-
ing the corona discharge. The other source is connected to the metallic grid,
controlling the grid potential. A picoammeter is connected to the plane electrode
(also designated as the measurement electrode) to measure the charging current that
flows through the sample. The guard copper ring prevents eventual surface currents
from reaching the measurement electrode. The sample (the thickness is exaggerated)
is placed on the top of the measurement electrode and the guard ring. Typical point/
measurement electrode and grid/measurement electrode distances reported in the
literature are in the range of 5–10 cm and 2–5 mm, respectively [2, 7].

The theory behind this technique is now going to be presented, in order to
understand the meaning of the “feedback circuit” in Fig. 3.3. Consider Fig. 3.4,
which shows the air gap between the metallic grid and the sample, as well as the
relevant physical quantities to be considered for this problem [8].

For simplicity, the physical quantities are assumed to be independent of the lateral
position coordinate in the air gap, depending only on the vertical coordinate x
perpendicular to the sample and grid surfaces [8]. The air gap conduction current
is due to the transport of a unipolar ionic charge density ρgap(x,t), and the current
density J(t) reaching the sample surface (J(t) ¼ I(t)/A, where A is the sample area) is
given by Eq. 3.1 [8, 10]:

Fig. 3.3 Scheme of a
corona triode. As the name
suggests, three electrodes
are used: the point, grid and
plane (or measurement)
electrodes
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J tð Þ ¼ vþ μEgap x, tð Þ� �
ρgap x, tð Þ þ ε0∂Egap x, tð Þ

∂t
ð3:1Þ

where the term vρgap(x,t) is the current density due to gas movements produced by the
discharge, known as corona wind and μEgap(x,t)ρgap(x,t) is the ionic conduction term,
where μ is the mobility. The corona wind term has a small influence on the magnitude
of J(t), the ionic conduction term is much more relevant. Equation 3.1 also shows that
J(t) depends on the time derivative of Egap(x,t) multiplied by ε0. This is actually what is
known as a displacement current density: a time-varying electric field in a dielectric
medium will produce a displacement current contribution. This was discovered by
Maxwell and led to the generalization of the Ampère law, producing the well-known
Maxwell-Ampère equation, which is included in the Maxwell equations. The integra-
tion of Eq. 3.1 over the air gap thickness d, yields Eq. 3.2 [8]:

JðtÞ ¼ 1
d

Z Lþd

L
½vþ μ Egapðx, tÞ� ρgapðx, tÞ dxþ ε0

d
d
dt
½VgridðtÞ � VsampleðtÞ� ð3:2Þ

where Vsample(t) is the sample surface potential. Vsample(t) can be written according
to Eq. 3.3 [7, 8]:

Vsample tð Þ ¼ Vgrid tð Þ � ΔVgap tð Þ ð3:3Þ

where ΔVgap(t) is the potential difference between the grid and the surface of the
sample. Analyzing Eqs. 3.2 and 3.3, it is reported that if the current density J
(t) flowing through the sample is controlled to be constant J(t) ¼ J0, stationary states

Fig. 3.4 The air gap between the metallic grid and the sample, with the relevant physical quantities.
ε0 is the vacuum dielectric permittivity, Egap(x,t) the gap electric field, ρgap(x,t) the gap ionic charge
density, L and d are the sample and gap thicknesses, Vgrid(t) the grid voltage and J(t) is the charging
current density flowing through the sample. During the discharge, there is a potential difference
ΔVgap(t) between the grid and the sample surface
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for the gap ionic charge density ρgap(x,t) and for the gap electric field Egap(x,t) are
reached, i.e., these quantities become independent of the time [ρgap(x) and Egap(x)].
In such a case, the second term in Eq. 3.2 is null and J0 is equal to the medium value
of the first term, the conduction current. Furthermore,ΔVgap(t) becomes independent
of the time. Equation 3.3 can be rewritten as [8, 11]:

Vsample tð Þ ¼ Vgrid tð Þ � ΔVgap ð3:4Þ

Note that in Eq. 3.4 ΔVgap is a constant. Experimentally, ΔVgap is kept constant
through the feedback circuit between the current flowing through the sample J(t) and
the voltage applied to the grid. During the discharge, as the ionic species transfer
their excess charge to the surface of the dielectric sample, its surface potential builds
up. The feedback circuit forces J(t) to be at a constant defined value J0 by increasing
the voltage applied to the grid in order to follow the potential build-up of the surface
of the sample so that ΔVgap is constant. Therefore, during the corona charging, the
potential of the surface of the sample can be directly calculated from the potential
applied to the metallic grid through Eq. 3.4, it is just required to subtract the constant
gap potential drop [7, 8].

The ΔVgap constant is determined by calibration curves, i.e., the potential drop is
determined for different experimental conditions of the system, for example,
the distances between point/measurement electrode and grid/measurement electrode,
the polarity of the discharge, the discharge potential applied to the point electrode,
the temperature and relative humidity of the system. The calibration curves consist
of J0 vs Vgrid plots, which are performed without any sample covering the measure-
ment electrode. In this situation, it is easy to see that Vgrid ¼ ΔVgap the potential
applied to the grid is exactly the gap potential drop, because there is no sample.

Another important factor is the atmosphere relative humidity, which should be a
variable to be considered in the determination of the calibration curves. Nonetheless,
if one finds a way to get a reproducible atmosphere the humidity can be ignored in
the calibration curves since it would be similar for all the experiments. As it will be
shown, in the system developed we achieve that by having a container with silica gel
placed in an adapted furnace where the corona triode is inserted, yielding a repro-
ducible low-humidity atmosphere.

Summing up, in a corona triode charging experiment the user chooses a constant
charging current density J0 (or current I0) to charge the sample. Through the
calibration curves, the user knows the constant value of ΔVgap for the defined
charging current I0 and for the particular experimental conditions. Therefore, the
user can apply Eq. 3.4 to directly calculate and follow the potential buildup of the
sample. The feedback circuit has to be programmed to maintain the charging current
approximately constant at the defined value I0.

Several advantages of the corona charging with respect to the conventional
contact polarization techniques can be mentioned: it does not require the deposition
of an electrode on the sample surface exposed to the corona charges, it allows to
polarize/charge samples up to higher surface potentials, even if localized dielectric
breakdowns occur (because of the absence of two electrodes); it is a well-suited
technique for large scale film charging/poling; it is possible to charge/pole samples
with complex, non-planar geometries (even materials with porosity) and it allows to
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control the polarity of the discharge and thus the sign of the injected charges in the
sample [4, 11]. The lack of electrode deposition on the sample surface exposed to the
corona charges is a very important advantage regarding the potential application of
this technique on the charging/ of bioactive coatings in orthopaedic implants. The
strict regulations required to be complied for the introduction of a new implant to the
medical market, as defined by the ISO and ASTM standards that regulate this
market, could cause serious complications for the acceptance of electrically polar-
ized materials where metallic electrodes had been previously deposited, even with a
posterior electrode removal step, polishing for example. In contact polarization
methods, Hap has to be heated up to considerable temperatures, typically in the
250–500 �C range. Some diffusion of metallic atoms or ions from the electrode into
the sample has to be regarded as a very likely possibility, and even if such diffusion
does not occur into the bulk of the sample, a polishing step could not be enough to
remove the contaminants, which could also interfere the bioactivity and the in vivo
cellular behavior. Such an electrically polarized Hap coated implant would certainly
face a high degree of resistance to be approved for marketing, contrarily to the
corona charged Hap coated implant. Moreover, to polarize conventionally a Hap
coated orthopaedic implant would be a daunting task, due to the simple fact that it is
not a flat surface and has a considerable surface roughness of few or dozen micro-
meters. Hence, the corona triode technique contains the requirements which confer it
a strong potentiality to be applied in the field of orthopaedics.

3.2 Experimental

A corona triode system was developed “from scratch” for new applications. The
main requirements which we defined for our experimental system were (i) to be able
to polarize materials with a planar geometry (coatings, bulk samples with planar
parallel faces, e.g. pellets, etc.); (ii) to allow the reversal of the corona discharge
polarity; (iii) to be able to follow the surface potential buildup of the samples; (iv) to
be able to change the discharge temperature. Furthermore, the system must be
contained in a reproducible atmosphere, in terms of relative humidity, so that all
the discharges occur approximately under the same conditions.

Figure 3.5 presents an overview of the corona triode individual components and
of the assembled system. A metallic ring stretches the grid so that it is parallel
relative to the measurement electrode surface. The grid is made of stainless steel and
has 40 mesh per inch (as defined by the supplier), with a wire diameter of 0.2 mm.
One of the requisites of the grid is to have a considerably higher surface area than the
sample, which is achieved by the mesh structure and the thin-diameter wire. The
distance between the grid and the measurement electrode, without a sample, is 5 mm.
Since our Ti substrates have a thickness of 1 mm, the grid/sample distance is 4 mm
(the Hap coating thicknesses are in the micrometric range, therefore negligible
compared to the Ti substrates thickness).
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The central teflon lid (Fig. 3.5), is actually a two-piece structure, allowing to
introduce the discharge point electrode and close to the lid. The point electrode is a
ceriated tungsten electrode (containing 2 wt% of cerium) with a length of 15 cm and
a diameter of 3.2 mm (except on the tip, obviously). The distance between the point
and the sample can be easily changed, by just controlling how deep the electrode is
inserted in the central teflon lid. When the total electrode length is inserted in the lid,
the distance between the point and the measurement electrodes is 7 cm. Thus, the
distance between point/sample is approximately 7 cm, disregarding the sample
thickness of 1 mm.

Figure 3.6 presents an overview of the developed experimental system. The
corona triode is inside a furnace, where the maximum controlled temperature that
can be reached is 200 �C, mostly because of the teflon components used in the

Fig. 3.5 Photographs of the developed corona triode. In the left, the single components can be
observed and, in the right, the assembled system

Fig. 3.6 Photograph of the
experimental corona triode
system
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corona triode. Inside the furnace we use thermal resistant silicone electrical cables.
Additionally, we have introduced a silica-gel container inside the furnace. We
concluded that the silica-gel container allows to obtain a low-humidity, reproducible
atmosphere so that we do not have to consider it for the calibration curves since all
the discharges are performed in essentially the same relative humidity conditions.
Measurements performed with a Fluke 971 Temperature and Humidity Meter show
that the relative humidity values of the system at 200 �C (the defined temperature to
charge our samples) are below 10%.

It was decided to perform the corona charging of the Hap samples at 200 �C, the
maximum service temperature of our experimental system. Moreover, the samples
were subjected to a discharge with negative polarity. The calibration curves of the
system obtained at 200 �C and for a negative discharge are shown in Fig. 3.7. Four
individual calibrations were performed, as the plots in the left show. Each curve is a
polynomial fit of the data points. The calibration average curve is shown in the right
plot. The average curve refers to the measurement electrode surface area (0.71 cm2),
therefore it is not a current density. The corona discharge potential was set at –
15 kV, and the point/measurement electrode and the grid/measurement electrode
distances are 7 cm and 5 mm, respectively. These values, the discharge potential and
the electrode distances, are well within the common range of values reported in the
literature, as discussed before. It is interesting to note that the information which is
requested from the calibration curve in Fig. 3.7 is essentially just a single point. To
charge our samples we have to choose a constant charging current value and through
the calibration curve, we know the approximate constant gap potential drop for that
particular current. Hence, when we charge a sample with that particular current
value, we are able to follow the surface potential buildup of the sample directly
through the grid voltage: the sample surface potential is the grid voltage minus the
constant gap potential drop. Moreover, as Fig. 3.7 shows, low charging current

Fig. 3.7 Calibration curves obtained for a negative discharge at 200 �C. In the left: four calibrations
were performed, labelled as Cal1, (. . .), Cal4. In the right: the calibration average curve obtained
from the four individual calibrations. The corona discharge potential was set at – 15 kV and the
point/measurement electrode and grid/measurement electrode distances are 7 cm and 5 mm,
respectively
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values imply lower gap potential drops. If the particular sample being charged with a
low current value reaches a high surface potential saturation value, some authors
even disregard the gap potential drop and directly assume the grid voltage to be
approximately the surface potential of the sample. Either way, the sample surface
potential buildup can be followed through the grid potential.

Control software routines were developed in order to allow the performance of
the calibration experiments and also for the constant charging current method. The
grid voltage source and the picoammeter, visible in the bottom shelf on Fig. 3.6, are
connected to a computer through a GPIB protocol. The feedback program, as
discussed, tries to maintain the charging current flowing through the sample constant
at a user-defined value by updating continuously the grid voltage.

3.3 Results and Discussion

Pellets were prepared from Hap commercial powder. The pellets with diameter of
20 mm were prepared using a hydraulic press. The mass of powder used was always
700 mg, leading to a thickness of about 1 mm when applying a tension of 9 tons for
5 min. The pellets were subsequently sintered at 1150 �C for 2 h. One of the prepared
pellets is shown in Fig. 3.8. The rationale behind the application of the corona triode
in Hap is that it was found in the middle of the nineties that electrical polarization/
charging of Hap bioceramics enables the storage of a large charge density magnitude
which significantly enhances the bioactivity level [12]. The possibility of charging
Hap materials without the necessity of applying electrodes would be very promising,
considering the in vivo orthopaedic applications and the regulations that such
materials have to comply. Thus, the corona triode technique may constitute an
excellent opportunity.

The constant current method was applied to charge the samples. Three different
charging current values were defined: �1, �3 and � 3.5 nA. Figure 3.9 shows an
example of the surface potential buildup curve for a Hap pellet charged with �3 nA.

Fig. 3.8 Photograph of one
of the Hap pellets prepared
from the Hap commercial
powder used to test this
corona system

54 P. R. dos Santos Prezas et al.



We show the raw data exactly as received through the feedback software, not
smoothened or manipulated.

All samples display surface potential buildup curves with the same characteristic
shape shown in Fig. 3.9. They start with approximately linear behaviour and
subsequently a sublinear behaviour is observed, where the surface potential
increases at a slower rate up to the saturation value. This potential buildup charac-
teristic shape is explained as follows: the first approximately linear behaviour
suggests that charge trapping is occurring essentially at a surface level; subsequently,
the sublinear behaviour, where the potential buildup rate decreases, indicates that
charge trapping is occurring predominantly at a bulk level. Finally, when the surface
potential tends to reach the saturation value, the current through is essentially purely
conductive, no charge trapping is taking place. Additional information regarding this
analysis, including some physical background, can be consulted in references [7, 8].

All samples display surface potential buildup curves with the same characteristic
shape shown in Fig. 3.9. They start with approximately linear behaviour and
subsequently a sublinear behaviour is observed, where the surface potential
increases at a slower rate up to the saturation value. This potential buildup charac-
teristic shape is explained as follows: the first approximately linear behaviour
suggests that charge trapping is occurring essentially at a surface level; subsequently,
the sublinear behaviour, where the potential buildup rate decreases, indicates that
charge trapping is occurring predominantly at a bulk level. Finally, when the surface
potential tends to reach the saturation value, the current through is essentially purely
conductive, no charge trapping is taking place. Additional information regarding this
analysis, including some physical background, can be consulted in references [7, 8].

TSDC (thermally stimulated depolarization currents) were undertaken on the
charged pellets in order to calculate the stored charge density in the samples and
to estimate the temporal stability (discharge time) of the stored charge. Theoretical
background behind the TSDC technique is provided in reference [13]. Figure 3.10

Fig. 3.9 The surface
potential buildup curve for a
Hap pellet charged with a
constant current of �3 nA.
The other samples, charged
with �1 and � 3.5 nA,
present the same
characteristic shape
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displays the TSDC spectra of the pellets charged with �1, �3 and � 3.5 nA. The
fitting curves of the spectra are also shown. The red curve, the cumulative fitting
curve, does not coincide with the experimental data because a baseline correction is
performed in order to remove the small contribution if the intrinsic exponential ionic
conductivity which starts to be significant right after the depolarization peaks (the
beginning of this exponential conductivity is visible in Fig. 3.10). While the sample
charged with �1 nA presents a spectrum with one clear depolarization process, the
samples charged with higher currents present two depolarization peaks. The peak
centered at lower temperatures seems to be especially favoured for higher charging
current values, comparing the �3 and � 3.5 nA samples.

It is interesting to note that the sample charged with the highest current presents
the lowest saturation surface potential. Consider Table 3.1, which presents the stored
charge density and the discharge time at room temperature (RT) for the pellets. The
sample charged with �3.5 nA has the highest stored charged density although it
reaches the lowest surface potential, meaning that the increase of the charging
current promotes charge trapping at a bulk level and not at a surface level. For the
pellet charged with�3 nA this behaviour is not observed, suggesting that the charge
trapping at a bulk might not be yet dominating for this particular charging current

Fig. 3.10 TSDC spectra of the Hap pellets charged with different charging current of �1, �3
and � 3.5 nA, as indicated in each individual spectrum. The surface potential values saturated at
about �326, �342 and � 294 V, respectively. The fitting curves of the spectra are also presented
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value. Observing Table 3.1, the stored charge density values for all the samples are
very encouraging. The literature demonstrates that the significant increase of the
bioactivity level of Hap is observed both in vitro and in vivo for stored charge
densities in the 10�6 C/cm2 magnitude [14]. Our samples are well above, in the
10�4 C/cm2 range. The stored charge temporal stability values, presented in
Table 3.1 as an estimate of the required time for complete discharge at RT, are
also highly encouraging providing more than enough time for the stored charge to
take its effect in vivo.

3.4 Conclusions

A functional corona triode experimental system was developed “from scratch”. The
system is able to produce a positive or negative discharge; thus, it allows the user to
define the charge polarity to be injected in the sample, an important feature and
advantage. Compared to more conventional systems, our system offers the possibil-
ity of applying the more complex constant charging current method, where the
charging current through the sample can be controlled and the sample surface
potential buildup can be followed in real-time during a charging experiment. More-
over, the temperature of the experimental system can be controlled up to 200 �C and
low humidity, reproducible atmosphere is maintained in all the charging experi-
ments, an important feature to be considered in the development of a corona triode
system. Pellets produced from commercial Hap powder were successfully charged
through the constant charging current method. The TSDC measurements of the
pellets charged with �1, �3 and � 3.5 nA revealed stored charge densities in the
10�4 C/cm2 range. These are extremely interesting values, considering that they are
well above the 10�6 C/cm2 magnitude, reported as necessary to produce significant
in vitro and in vivo bioactivity enhancements in Hap biomaterials [14]. The stored
charge temporal stability (time for complete discharge at room temperature) esti-
mates are also very encouraging, with values �13 months, providing more than
enough time for the stored charge to take its effect by in vivo orthopaedic
applications.

Table 3.1 The stored charge density and discharge time at room temperature (RT) for the Hap
pellets charged with �1, �3 and � 3.5 nA

Constant current value

�1 nA �3 nA �3.5 nA

Stored charge density (�10�4 C/cm2) 1.00 1.81 4.05

Discharge time at RT (months) ~15 ~22 ~13
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Chapter 4
Transparent Organic-Inorganic Hybrids
Obtained from Covalently Bonded
Ureasilicate Monomers: Optical
and Mechanical Properties

Vania Ilcheva, Victor Boev, Galina Zamfirova, Valentin Gaydarov,
Vanya Lilova, and Tamara Petkova

Abstract Flexible optically clear ureasil monoliths were synthesized by hydrolysis
and condensation of two hybrid organic-inorganic ureasilicate monomers (precur-
sors) with different lengths of the polymer segments. The monomer with a longer
polymer chain length was obtained by reaction of 1 mol of silicon modified alkoxyde
(ICPTES) and 2 mol of double terminated polyetheramine (Jeffamine), and that with
a shorter length by reaction of 1 mol of ICPTES and 1 mol of 3-aminopropyl
triethoxysilane (APTES), which provides stoichiometric ratio between the initial
ingredients. The obtained materials were characterized by optical UV-VIS spectros-
copy and depth-sensing indentation method (DSI). The influence of the molar ratio
between the ureasilicate monomers on the optical and mechanical properties of the
samples was investigated.
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4.1 Introduction

Nowadays, the interest in hybrid organic-inorganic nanocomposites is rapidly grow-
ing due to their improved properties and new features in comparison with the
traditional materials as metals, polymers and ceramics [1]. It has been known for a
long while that mixing organic and inorganic components at the nanometer scale
makes possible to control the basic characteristics of the final polymer (such as
optical transparency and surface hardness) through the composition and preparation
conditions [2]. Well-known representatives of organic-inorganic hybrid polymer
nanocomposites are the so-called ureasilicates: polymer/siloxane materials, in
which rigid siliceous backbone is covalently bonded to softer organic segments by
urea (-NHCONH-) linkages [3, 4]. The versatile properties of these materials make
them potential candidates for applications in medicine as biomaterials for bone
regeneration [5] and biofilms with bioactive agents [6], in lighting technologies for
fabrication of planar doped luminescent solar concentrators [7], in environmental
technology for purification of contaminated water and also biosensors for water
pollutants [8], in solid state electrochemistry for production of solid state
electrochromic devices (smart windows) [9], electrolytes for lithium batteries [10],
in optics for manufacturing of full-color displays [11], hosts for organic dyes,
semiconductor and metal nanoparticles, etc.

The aim of this work is the preparation of ureasilicate monoliths by hydrolysis
and condensation of two hybrid organic-inorganic ureasilicate monomers (precur-
sors) with different lengths of the polymer segments. We suggest that the variation of
the length of the polymer chains could influence the mechanical properties, pro-
voked by a change of the molar ratio between the two ureasilicate precursors.
Furthermore, and more importantly, the possibility to tailor chemically the compo-
sition, the structure and the functionalities of the inorganic building block and of the
polymer matrix could attribute to the wider practical application of this type of
materials.

4.2 Experimental Details

3-(Triethoxysilyl)propyl isocyanate (ICPTES), O´-bis(2-aminopropyl)- polypro-
pylene glycol-block-polyethylene glycol-block-polypropylene glycol-500,
(Jef-famine ED-600) and 3-(aminopropyl) triethoxysilane (APTES) were purchased
from Aldrich and applied without further purification. Ethanol (96%, Alfa Aesar)
and concentrated ammonia solution (25%, Alfa Aesar) were used as received.
Double distilled water was used for the preparation of ammonia solution with
appropriate concentration.

Two ureasil precursors with different lengths of the polymer segments were
chosen for the preparation of sol-gel materials that includes two moieties blended
on the molecular scale. The first monomer (Precursor 1) was obtained by reaction
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between Jeffamine ED-600 (1 mol) and ICPTES (2 mol), and the second one
(Precursor 2) – between APTES (1 mol) and ICPTES (1 mol). These molar contents
provide mixing of the components in stoichiometric amounts. Figure 4.1 shows the
structures of the resulting precursors. The length of the organic segment of the first
precursor synthesized was longer than that of the second one with the length of
POE/POP chains and a urea bridge.

The ureasil precursors were mixed at different molar ratios in presence of ethanol,
playing the role of homogenizing agent. The sol-gel transition was catalyzed by
addition of ammonia solution with appropriate concentration. The mixture was
stirred for 20 min and poured into polystyrene Petri dish, tightly sealed with
Parafilm, and pin-holed after gelling at room temperature. The duration of the
process of gelling was 24 h under these experimental conditions. During the final
step the obtained gels were kept in an oven for 24 h at 40 �C with silicagel allowing a
completion of the hydrolysis/condensation reactions and an evaporation of the
residual liquid. The molar and volume percentages of the reagents used for the
synthesis are presented in Table 4.1.

UV-visible transmission spectra of the samples were measured in the wavelength
range from 350 to 800 nm at room temperature using a double-beam computer-
controlled JASCO spectrophotometer with an accuracy of �0.5 nm.

Depth-sensing indentation method (DSI) was applied for the measurements of the
mechanical characteristics of the samples. The measurements were performed with a

Fig. 4.1 Chemical structures of Precursor 1 and Precursor 2

Table 4.1 Volume and molar ratios of the precursors used for the preparation of ureasilicate
samples

vol % Precursor 1 vol % Precursor 2 mol % Precursor 1 mol % Precursor 2

Sample 1 100 0 100 0

Sample 2 75 25 56,6 43,4

Sample 3 50 50 30,8 69,2

Sample 4 25 75 12,7 87,3

Sample 5 0 100 0 100
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Dynamic Ultra Micro Hardness Tester DUH-211S from Shimadzu (Japan)
according to ISO 14577-1. The tests were made in a “load – hold – unload” mode
with a holding time at load of 30 s, a loading speed of 0.2439 mN/s and a preset
controlled indentation depth of 10 μm. The calculated percent error is in the frame of
3%, which indicates relatively good sample homogeneity.

4.3 Results and Discussion

Pictures of the obtained ureasilicates are shown in Fig. 4.2. It is obvious that all
samples demonstrate an excellent transparency in the visible range.

Optical transmission spectra of the samples are presented in Fig. 4.3. An extended
spectral transmission window in the UV region with increase of the content of
Precursor 2 is detected. The shift of the absorption edge at T ¼ 50% as a function
of the molar percent of Precursor 2 is shown in the inset. The maximum blue shift is
established for the samples with 100 mol% content of Precursor 2. The improvement
of transmission could be explained with the absence of native pale-yellow colora-
tion, inherent to polyetheramines and diamines.

The indentation curves obtained for all measured samples are plotted in Fig. 4.4.
Examination of the experimental curves shows that the mechanical behavior of the

Fig. 4.2 Photograph of the
samples with different molar
ratios of Precursor 1 and
Precursor 2

Fig. 4.3 Optical
transmission UV-VIS
spectra of the samples. Inset:
shift of the absorption edge
at T ¼ 50% as a function of
the molar percentage of
Precursor 2

62 V. Ilcheva et al.



samples is clearly distinct. As could be seen in the inset, Samples 1 and 2 do not
demonstrate any indentation creep, which is typical for an elastic solid.

The dependences of different parameters (Dynamic hardness, Martens hardness,
Indentation hardness and Elastic part of the indentation work) that can be derived
from the depth-force curves on the molar content of Precursor 2 are shown in
Fig. 4.5. The obtained results reveal that at lower content of Precursor 2 (Sample
1 and Sample 2) the Dynamic hardness, the Martens hardness and the Indentation
hardness display a minor increment. At the same time these samples indicate very
high elasticity according to the values, obtained for the Elastic part of the indentation
work.

Fig. 4.4 Indentation curves
for all measured samples

Fig. 4.5 Dependences of
Dynamic hardness (HMV),
Martens hardness (HMs),
Indentation hardness (Hit)
and Elastic part of the
indentation work (ηit) on the
molar percentage of
Precursor 2
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Further addition of Precursor 2 leads to drastic change in the parameters. The
Dynamic hardness, the Martens hardness and the Indentation hardness increase
significantly and grow consistently for Samples 3, 4 and 5. The Elastic part of the
indentation work shows an opposite behavior. Thus, Sample 1 and Sample 2 are very
elastic and soft, whereas the other three samples are much harder. The obtained
results demonstrate that the studied mechanical parameters depend mainly on the
silica content which contributes significantly to the total hardness of the material.

4.4 Conclusions

Novel ureasil hybrid structure was obtained by co-condensation of two ureasilicate
precursors with different lengths of the organic segments. The synthesized materials
exhibit excellent transparency in the visible range. The addition of second precursor
leads to significant blue-shift of their absorption edge. It opens a prospect for
extending the light-harvesting window in device performance of light solar concen-
trators. The mechanical properties of the ureasilicate organic-inorganic hybrids,
obtained by co-condensation of two ureasilicate precursors, are easily controllable
by variation of their molar ratio.
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Chapter 5
Sol-Gel Technique to Design Hybrid
Materials and their Application in Water
Purification

Inna V. Melnyk, Veronika V. Tomina, Nataliya V. Stolyarchuk,
and Miroslava Václavíková

Abstract The reaction of hydrolytic polycondensation underlying the sol-gel
method is extensively applied in the production of inorganic and hybrid organic-
inorganic materials. Its advantages include variable synthesis conditions, the possi-
bility to use multi-component systems (considering precursors, e.g. alkoxysilanes),
multiformity of the final products (monoliths, films, coatings, or powders of different
dispersion). In our research, we focused on the design of functionalized hybrid
materials using silane with amino group. The current report presents the synthesis of
silica nano- and microparticles, magnetic core-shell particles and ceramic membranes
using the same sol containing structure-forming agent tetraethoxysilane (TEOS) or
1,2-bis(triethoxysilyl)ethane (BTESE) and 3-aminopropyltriethoxysilane (APTES).
The synthesized materials were tested for the sorption of pollutants, such as ions of
Cu, Pd, Pb, Ag, some organic dyes, as well as biomolecules of albumin and urease.
These results may be interesting for scientists and engineers from different areas, such
as materials science, nanotechnology, life sciences, medicine, and environmental
chemistry.
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5.1 Introduction

Silica-based materials with different functional groups and structures have
progressed significantly over the recent years due to their multifunctional applica-
tions in sorption technologies, catalysis, nanomedicine, ecoanalytical chemistry,
biotechnology and separation technology [1–3].

The sol-gel process based on the reaction of hydrolytic polycondensation of
alkoxysilanes is a simple and convenient method for the preparation of silica
materials. To begin with, in the presence of water the alkoxy groups in the
alkoxysilanes hydrolyze to �Si–OH silanol groups. The latter easily interact with
each other to form siloxane bonds �Si–O–Si�, thus composing oligomers. Further
condensation of these oligomers fabricates inorganic polymers of different struc-
tures. As a result of the growth of the polymers, colloidal particles appear, followed
by their enlargement and aggregation causing the sol-gel transition. The majority of
the alkoxysilanes are easily mixable fluids, and such syntheses are often conducted
in ethanol to decrease the influence of coproducts on the reaction process.

The following research summarizes the results from hydrolytic polycondensation
reactions of alkoxysilanes for the production of hybrid materials with amino groups
in their surface layers. Generally, we used two-component reaction systems regard-
ing the alkoxysilanes (Fig. 5.1). The first component acting as a structuring agent
was either tetraethoxysilane (TEOS), Si(OС2Н5)4, or 1,2-bis (triethoxysilyl)ethane
(BTESE), (Н5С2O)3Si–C2H4–Si(OС2Н5)3, while the second component was

Fig. 5.1 Sol-gel routes to prepare different types of materials from the same sols
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trifunctional silane containing functional amino group 3-aminopropyltriethoxysilane
(APTES), (Н5С2O)3Si–C3H6NH2. Applying these two types of sols we produced
spherical silica particles, magnetically sensitive materials and ceramic membranes
with amino groups on the surface.

5.2 Submicro– and Nanoscale Spherical Silica Particles

The silica spheres are promising materials for application in chromatography, drug
delivery, adsorption, and biocatalysis due to their controllable size, porosity, and
surface layer composition. There are two most commonly used techniques for
the synthesis of functionalized spherical silica particles. The first one is based on
the post-synthetic surface modification of silica spheres with trifunctional silanes.
The second technique relates to the one-pot synthesis when the structuring (TEOS or
BTESE) and the functionalizing (APTES) agents are added to the reaction solution
under some order. The latter is economically and energy-efficient technique. More-
over, the reaction is catalyzed by an “internal” catalyst, the amino groups of APTES
itself. However, there are many factors affecting the shape and size of the particles,
the content of functional groups, the hydrolytic stability of the surface layer, and
even the yield of the final product. In order to obtain spherical particles, the synthesis
must be conducted in an alkaline medium with a large amount of the solvent. As
mentioned, such a medium can be created by the amino groups of APTES, but it
leads to wide size distribution of the particles; therefore, it is necessary to add
ammonium hydroxide after the beginning of the reaction. The amount of added
ammonium hydroxide affects to a certain extent the particle size. Increasing the
ammonia concentration decreases the average size of the particles; though, it also
decreases the number of functional groups due to the destruction of siloxane and
�Si–C bonds at high pH values. Thus, the amount of ammonia and the time of
synthesis influence the yield of the final product. The size of the TEOS-based
particles is also affected by the synthesis temperature: the smallest particles of
100 nm with amino groups can be prepared in an ice bath during one-step synthesis,
while raising the temperature can increase diameter of the particles to 300 and
700 nm [4]. The hydrolytic stability of the surface amino groups is influenced by
the presence of silanol and additional organic groups. The bifunctional silica parti-
cles are characterized by faster adsorption kinetics than the monofunctional
aminosilica particles due to the fact that the additional organic groups can prevent
the formation of hydrogen bonds between the amino groups and the surface silanol
groups or water molecules [5, 6]. In addition, during the one-step synthesis, it is
possible to adjust the porosity of the particles using bissilanes and varying the ratio
between the bissilane and APTES [7]. Thus, knowing the regularities of the reaction
between TEOS (BTESE) and APTES, it is possible to program the required charac-
teristics of the final materials in a certain way. As a result, the particle size can be
50–720 nm, the content of amino groups 0.3–3.8 mmol/g, the specific surface area
from 15–543 m2/g, and additional methyl or phenyl groups can be attached
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[4, 8]. The sorption properties of such particles also vary: adsorption of copper
(II) ions can occur in the range of 19–203 mg/g, methylene blue in the range of
55–114 mg/g and acid red in the range of 81–161 mg/g. Also very interesting were
the antibacterial properties of the aminosilica particles with phenyl groups and
adsorbed copper(II) ions. The survival indexes of the bacterial cells after 120 min
contact with the 1% particle suspension were as follows for various bacterial species:
S. aureus – 1.3%, E. coli – 0.02%, P. aeruginosa – 0% [9].

5.3 Magnetite/Silica Composites

Recently, magnetic composites have been used in many areas, including sorption
[10]. In order to prevent the oxidation of the magnetite, its dissolution in the acidic
medium or aggregation, and to provide it with specificity, silica precursors can be
applied to cover the magnetite nanoparticles with polysiloxane layers. We proposed
a one-stage synthesis of magnetic functional materials (Fig. 5.1) during which it is
possible to regulate the size of the particles and the thickness of the polysiloxane
layer [11], the number of functional groups [11, 12], the porosity of the polysiloxane
shell [13], and to introduce other groups simultaneously with the complexing
[12]. According to the XRD data, the functionalized materials retain their magnetite
structure and magnetic properties.

Using TEOS as a structuring agent together with APTES and additional
trifunctional silane with methyl or propyl groups, it is possible to prepare magnetic
particles with a specific surface area of 16–180 m2/g and 0.8–2.2 mmol/g content of
amino groups. Such composites can adsorb 16.8 mg/g of palladium(IV) [14], up to
26.7 mg/g of copper(II) [15], and 32.3 mg/g of silver(I) ions [16], as well as up to
214 mg/g of albumin [12] and 95.4 mg/g of urease (while the residual activity of the
immobilized urease is up to 84%) [17]. Moreover, the attachment of additional
organic groups promotes the adsorption of biomolecules from aqueous solutions.
Interestingly, when the amino functionalized magnetic samples are prepared using
BTESE as a structuring agent, their specific surface area increases to 400–750 m2/g,
and the content of amino groups is 0.8–2.8 mmol/g. Such materials have proven to
be very powerful adsorbents of heavy metal ions and dyes, apparently due to the
well-developed porous structure and the presence of a large number of silanol groups
along with the aminopropyl ones. Thus, the adsorption of copper(II) ions reached
214 mg/g, of lead(II) 165.6 mg/g, of silver(I) 321 mg/g, of acid red 118 mg/g and of
methylene blue 62 mg/g [13].
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5.4 Functionalized Ceramic Membranes

Organosilica membranes have been increasingly applied in gases and liquids-phase
separation [18]. The functionalization of the inorganic membrane is important to
enhance the separation or the interaction with specific chemicals. Loading with
amino groups (using APTES) was shown to improve the performance of silica
membranes in gas separation [19]. Meanwhile, the deposition of NH2-functional
silica layer on ultrafiltration membranes endows them affinity to heavy metal ions
[20, 21] and better anti-fouling properties [20]. Thus, we used sol-gel method of
hydrolytic polycondensation of TEOS or BTESE with APTES to prepare amino-
silica sols for deposition of selective layers with amino groups on the surfaces of
planar ceramic alumina membranes [22] (Fig. 5.1). To prepare a continuous coating,
structuring/ functionalizing silanes with a ratio of 4/1 was applied and the sol
required additional dilution with ethanol to decrease the viscosity. TEOS-based
polysiloxane layer was about 0.35 μm thick and consisted of particles with
80–100 nm diameter and with amino group content of 2.6 mmol/g. For comparison,
the BTESE-based polysilsesquioxane layer was thicker, about 4.4 μm, and consisted
of smaller particles, 50–80 nm in diameter with lower amino groups content of
1.3 mmol/g. The hydrophilicity of the active layer is independent of the type of the
structuring agent but increases with the introduction of additional methyl group.
Such functionalized membranes are capable of retaining copper(II) ions during
filtration of diluted solutions due to the complexation of the amino groups in the
selective layer with these ions (from 10.2 to 23 mg/g) [22].

5.5 Conclusions

The current review summarizes the possibility of preparing different types of
materials from the same sol, using the sol-gel method and the one-stage approach.
Such synthesis is green and environmentally friendly. As a result of the development
of the synthesis method, the obtained silica materials with amino groups can be used
as adsorbents of heavy metals, dyes, antibacterial agents, as well as serve as pre-
cursors for materials produced by the reaction with an amino group.
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Chapter 6
BaTiO3 Structure as a Function
of the Preparation Method

Denitza Nicheva, Ruzha Harizanova, Vania Ilcheva, Irena Mihailova,
Tamara Petkova, and Plamen Petkov

Abstract Barium titanate is synthesized by sol-gel and hydrothermal methods. The
sol-gel technique allows the preparation of amorphous powders which are subse-
quently subjected to appropriate time-temperature programs and barium titanate is
precipitated. The allotropic modification of the barium titanate from the obtained
sol-gel powder depends on the temperature applied. It is cubic for heat treatment at
900 �C for 4 h, while in case of crystallization at 1100 �C for 3 h the tetragonal
modification occurs as witnessed by X-ray diffraction analyses. Barium titanate is
also successfully prepared by the hydrothermal method which results in the crystal-
lization of the cubic allotrope as observed by X-ray diffraction. The microstructure
of the formed barium titanate powders is imaged by scanning electron microscopy
and reveals the formation of large fraction of crystals which are polydispersed for the
samples prepared via sol-gel method and tend to agglomerate in case of hydrother-
mal synthesis. The infrared spectroscopy investigation of the powders obtained by
both synthesis methods shows the presence of the absorption peak characteristic for
the barium titanate phase in the range 540–580 cm�1.

Keywords Barium titanate · Sol-gel · Hydrothermal method · Crystallization ·
Allotropy
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6.1 Introduction

Nanomaterials containing metals are subject of scientific interest because they
exhibit size-dependent optical, magnetic, electronic as well as catalytic properties
which are a prerequisite for the development of next generation devices. One
promising material whose electrical and optical properties have been widely inves-
tigated in the last few decades is BaTiO3 (BT) [1]. Recently, there has been a renewal
of interest in nano- and microscale BT because of the existing strong correlation
between the physical properties and material structure. For instance, the tetragonal
structure of BaTiO3 is applicable as ferroelectric in different piezo- and pyroelectric
sensors, in detectors and high-capacity systems due to its high dielectric constant and
domain structure. The cubic BaTiO3 owing to its paraelectric properties and the
possibility also to achieve high dielectric constant is suitable for the preparation of
multilayered ceramic capacitors finding application in electronic circuits [2]. In
general, BT could exist in four allotropic modifications: orthorhombic (stability
range up to �90 �C), rhombohedral (stable between �90 and 0 �C), tetragonal
(existing between 0 and 120 �C) and cubic with stability region above 120 �C. The
occurrence of one or another allotrope of BT at room temperature depends on the
preparation technique and the size of the precipitated crystals [3]. In literature there is
a variety of different synthesis methods reported: sol-gel [4], hydrothermal method
[5], sintering [6], as well as utilizing controlled crystallization from glasses [7–
10]. Using relatively simple and inexpensive methods like sol-gel and hydrothermal
synthesis could allow the preparation of monophase BT powders or even monolith
materials with controllable sizes and size-distribution, as well as in high volume
fraction. The broad range of possible applications of BT determines the necessity to
investigate thoroughly the phase composition, thermal and physico-chemical prop-
erties of the prepared materials and also to characterize their structure and
microstructure.

The main objective of the present work is to prepare BaTiO3 by two different
techniques, namely sol-gel and hydrothermal methods, and to study the influence of
the preparation technique on the structure and phase composition of the obtained
materials. The as-prepared powders were characterized by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy
(SEM).

6.2 Experimental

6.2.1 Preparation of the Samples

BT powders with cubic and tetragonal phases were synthesized via sol-gel and
hydrothermal methods. Ti(OC4H9)4 and Ba(CH3COO)2 were used as starting mate-
rials. By the sol-gel method initially 0.1 mol Ti(C4H9O)4 was dissolved in 0.3 mol
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acetic acid and 0.3 mol absolute ethanol under continuous stirring for 30 min.
Further, 0.1 mol Ba(CH3COO)2 was added in portions in 90 ml 36% acetic acid
while stirring at room temperature. For the preparation of BaTiO3, these two
solutions were mixed with a Ba/Ti molar ratio 1:1. After stirring vigorously for
1 h, a homogenous, transparent sol was obtained. A clear gel was formed after
leaving the sol undisturbed for 48 h at room temperature. The clear gel was then
treated at 100 �C for 10 h in a drying oven to produce a dry gel. For sol-gel method
the obtained gel precursor was calcined at 900 �C for 4 hours and at 1100 �C for 3 h.
By the hydrothermal method the obtained gel precursor was introduced into 2 M
KOH to form a suspension. Then, the achieved suspension was transferred into
Teflon-lined stainless-steel autoclave at 120 �C for 8 h. After the hydrothermal
reaction, the obtained solution was vacuum-filtered and washed with distilled
water, acetic acid and absolute ethanol several times. Finally, the powder was
dried for 8 h to obtain pure BaTiO3.

6.2.2 Characterization Methods

XRD analyses were performed using X-ray diffractometer Philips APD-15. The data
were collected at ambient temperature with a constant step of 0.02 deg. from 2θ
angles in the range of 10�–90� using a СuКα tube (wavelength λ ¼ 1.54178 Å). The
infrared spectroscopy (IR) investigations were carried out with a FTIR spectropho-
tometer Tenzor27-Brucker on powdered samples pressed in KBr in the wave-
number range of 400–4000 cm�1. The morphology of the materials was determined
with a scanning electron microscope Philips 515, digitalized, with secondary elec-
trons detector at acceleration voltage 30 kV and magnification 40,000x.

6.3 Results and Discussion

The sol-gel powder subjected to heat treatment at 900 �C for 4 h and 1100 �C for 3 h
was examined by X-ray diffraction to establish the BT structure. The phases of the
powders obtained by sol-gel and hydrothermal techniques reveal the formation of
BT in large amounts (Figs. 6.1, 6.2 and 6.3). In the sample heated at 1100 �C the BT
phase occurs in its tetragonal modification, whereas in the sol-gel sample heat-
treated at 900 �C and in the hydrothermally synthesized sample cubic modification
is present. The XRD pattern of the sol-gel sample crystallized at 900 �C shows
presence of a second crystalline phase in minor quantity detected at about 28�,
whereas in the 1100 �C sol-gel sample and the hydrothermally synthesized sample
this peak is missing.

SEM images of the BT powdered materials are presented in Figs. 6.4, 6.5 and 6.6.
The microstructure of the sol-gel samples are characterized by the presence of fine
dispersed particles attributed to the BT tetragonal phase. The microstructure of the
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Fig. 6.1 XRD patterns of
barium titanate obtained
from the thermal treatment
of sol-gel powder at 900 �C
for 4 h – crystallization of
cubic phase
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Fig. 6.2 XRD patterns of
barium titanate obtained
from the thermal treatment
of sol-gel powder at 1100 �C
for 3 h – crystallization of
tetragonal phase
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Fig. 6.3 XRD patterns of
BT obtained via the
hydrothermal method
crystallized in cubic phase
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Fig. 6.4 SEM micrograph
of BT obtained after thermal
treatment at 900 �C for 4 h

Fig. 6.5 SEM micrograph
of BT obtained after thermal
treatment at 1100 �C for 3 h

Fig. 6.6 SEM micrograph
of BT obtained via the
hydrothermal method
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hydrothermally synthesized BT powder shows tendency for building of agglomer-
ates and thus, larger particles are formed which results in a coarser microstructure
(Fig. 6.7).

The IR spectroscopic investigations of BT show that in the wave number range of
400–4000 cm�1 the barium titanate phase has a single peak at about 540–580 cm�1

for both cubic and tetragonal modifications [11, 12]. This makes the identification of
the BT allotrope based solely on FTIR spectra unreliable. However, the data from the
XRD patterns, as shown in Figs. 6.1, 6.2 and 6.3, allow to conclude that in the
900 �C sol-gel and in the hydrothermal synthesized samples BT is present in its
cubic modification, whereas in the 1100 �C sol-gel sample the tetragonal modifica-
tion occurs. The peaks around 1400 cm�1 correspond to the carboxylic groups and
the absorption in the range of 1600 cm�1 should be attributed to the hydroxyl groups
present in the samples (the bending vibration of H-O-H) [13].

6.4 Conclusions

Monophase BaTiO3 particles in the form of powder are successfully prepared by
utilizing two different techniques: sol-gel and hydrothermal methods. The XRD
patterns of the powdered samples reveal that the sol-gel samples calcined at 900 �C
as well as the hydrothermally obtained barium titanate correspond to the cubic
modification while the sol-gel sample crystallized at 1100 �C is tetragonal. The
SEM imaging of the sol-gel BaTiO3 witnesses the occurrence of polydispersed
spherical particles while the hydrothermal method results in significant agglomera-
tion of the formed particles. The FTIR spectra of the barium titanate powders show
the presence of the characteristic absorption peak for BaTiO3 in the range
540–580 cm�1 but also of vibrations of the Ti-O bonds at approximately

Fig. 6.7 FTIR spectra of
BaTiO3 obtained via sol-gel
and hydrothermal methods
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850 cm�1, as well as of carboxylic and hydroxyl groups at 1400 cm�1 and
1600 cm�1, respectively.
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Chapter 7
Impedance Spectroscopy: Concepts
and Applications

Bruno M. G. Melo, Dona Blaskova-Kochnitcharova, Silvia Soreto Teixeira,
Tamara Petkova, and Luis C. Costa

Abstract Impedance spectroscopy is a technique that allows to characterize elec-
trically materials, in particular the polarization mechanisms, that is, the charge
migration and the orientation of permanent dipoles. To obtain a complete character-
ization of the dielectric response, a huge range of frequencies and temperatures must
be used. The different regimes of the dielectric function can be observed and the
dynamics of the relaxations can be found. In this chapter, different examples of using
impedance spectroscopy to characterize materials are presented, showing the capa-
bility of this technique. Grains and grain boundaries can be identified, and several
equivalent circuits are discussed. Performances that permit to investigate the funda-
mental aspects of the electrical properties are presented, yielding a wealth of
information about the molecular motions and relaxation processes present in differ-
ent materials.

Keywords Impedance spectroscopy · Dielectric relaxation · Cole-Cole plot ·
Equivalent circuits

7.1 Introduction

To obtain the dielectric response of a material, a broadband frequency of measure-
ment must be used, from a few mHz to hundreds of GHz [1–3], requiring the
applications of different methods, based on several measurement techniques. Brid-
ges [4], oscilloscopes methods [5] or lock-in amplifiers [6] are frequently used for
low frequency measurements. For radio frequencies, impedance analysers and
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transformer ratio arm bridges [7] have applicability. Resonant cavities can be used
for the microwave range, based on the small perturbation theory [8]. Several advan-
tages and limitations can be associated to these methods. Nevertheless, many
systematic studies on different materials are reported in several articles [9–12].

Petrus Debye described the simplest condition of a relaxation phenomenon [4],
based on a physical model consisting of dipoles immersed in a viscous medium, with
the assumption that they did not interact with each other. Under the action of an
electric field, those dipoles were oriented, returning to the equilibrium position after
switching off the field. Then, the depolarization function presents an exponential
decay with time,

Φ tð Þ ¼ Φ0 exp � t
τD

� �
ð7:1Þ

where Φ0 is the initial polarization and τD the relaxation time.
Fourier transform can be used to transfer from time to frequency domain. For the

Debye model, we can obtain an expression,

ε� ωð Þ ¼ ε1 þ εs � ε1
1þ iωτD

ð7:2Þ

where ε� is the complex permittivity, ε� ¼ ε0-iε00, ω the angular frequency, and ε1
and εs the dielectric constants at high and low frequencies, respectively. This
equation can be solved in order to obtain, the real and imaginary parts,

ε0 ωð Þ ¼ ε1 þ εs � ε1
1þ ω2τD2 ð7:3Þ

ε00 ωð Þ ¼ εs � ε1ð Þ ωτD
1þ ω2τD2 ð7:4Þ

To make a measurement, the general approach is to apply an electrical stimulus
and observe the response of the material. From a practical point of view, the complex
impedanceZ�(ω)¼ Z0(ω)-iZ00(ω) is measured. Based on it, other physical entities can
be calculated that can eventually be more useful to understand the reaction of the
material, e.g. macroscopic properties like the admittance, Y� ¼ (Z�)�1 ¼ Y0(ω) + iY00

(ω), or intrinsic properties, such as the dielectric permittivity, ε�(ω) ¼ ε0(ω)-iε00(ω),
and the dielectric modulus [13], M� ¼ (ε�)�1 ¼ M0(ω) + iM00(ω).

7.2 Relaxation Models

The Debye model, the simplest one, is represented in Fig. 7.1. The real and
imaginary parts of the complex permittivity are shown as a function of the frequency
in the range between 10�1 and 105 Hz.
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As it can be seen, both functions exhibit a symmetric behavior. The inflection
point of ε0 corresponds to the maximum of ε00, which can be demonstrated using the
Kramers-Kronig relations [14]. This point corresponds to the relaxation frequency fr,

fr ¼ 1
2πτD

ð7:5Þ

A mathematical development of Eqs. (7.3) and (7.4) leads to the expression,

ε0 ωð Þ � εs þ ε1
2

� �2
þ ε00 ωð Þð Þ2 ¼ εs � ε1

2

� �2
ð7:6Þ

which is an equation of a circle. Then, representing ε00 versus ε0, known as Cole-Cole
plot, we obtain a semi-circle with radius (εs � ε1)/2, and center in the point with
coordinates ((εs + ε1)/2, 0). Figure 7.2 shows the data of Fig. 7.1 in this new
representation.

Nevertheless, a great part of relaxations that are identified in materials do not
follow this behavior. Then, new empirical models were considered, in particular the
Cole-Cole, the Cole-Davidson and the Havriliak-Negami. This means that there is no
more a single relaxation time, but a distribution of relaxation times [15]. By choosing
an appropriate distribution function, it should be possible to fit the experimental
dielectric response of many different materials.

Cole-Cole model [16] is described by the expression

ε� ωð Þ ¼ ε1 þ εs � ε1
1þ iωτccð Þ1�α ð7:7Þ

where τcc is the relaxation time and α a parameter (0 < α � 1) that leads to a
broadening of the relaxation function. In this case, the curve in the Cole-Cole plot is
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Fig. 7.1 Real (left panel) and imaginary (right panel) parts of the complex permittivity for the
Debye model in a semi-logarithmic representation
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also symmetric, but the center of the semi-circle is not on the abscissa, but below it,
as shown in Fig. 7.3a. The angle of the asymptotes in the limits of high and low
frequencies is the same, namely (1-α)π/2.

Cole-Davidson model [17] is an alternative, quite often used in complex mate-
rials, expressed by

ε� ωð Þ ¼ ε1 þ εs � ε1
1þ iωτcdð Þβ ð7:8Þ
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Fig. 7.2 Cole-Cole plot for
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Fig. 7.3 (a) Cole-Cole (symmetric) and (b) Cole-Davidson (asymmetric) models
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where again the exponent β (0 < β � 1) reflects the broadening of the relaxation
function and τcd is the relaxation time. In this case, the curve in the Cole-Cole plot is
no more symmetric, as it can be seen in Fig. 7.3b. In the low frequency regime, the
asymptote has an angle of π/2, in the high frequency regime the angle is βπ/2.

An even more general model function was introduced by Havriliak and Negami
[18], which is a combination of Cole-Cole and Cole-Davidson functions:

ε� ωð Þ ¼ ε1 þ εs � ε1

1þ iωτhnð Þ1�α
� �β ð7:9Þ

This model, depending on the values of α and β can lead to one of the previous
models. If α ¼ 0 and β ¼ 1, it represents the Debye model, for α 6¼ 0 and β ¼ 1 the
Cole-Cole model, and for α ¼ 0 and β 6¼ 1 the Cole-Davidson model.

7.3 Case Study 1

Figure 7.4 shows the real part of the dielectric permittivity of lead borate glass with
the composition xGd2O3.PbO.2B2O3 (x ¼ 0.05) at a constant temperature of 300 K.
Two relaxation processes can be observed. Figure 7.5 presents the Cole-Cole plots of
these two relaxations, where it is visible that the Cole-Davidson model can be
applied to fit the experimental data. Table 7.1 summarizes the β parameter, which
is a measure of the dipole interaction, at low and high frequency relaxations, for two
different glass matrixes (lead borate and lead silicate), and two different ion dopings
(oxides of Gd and Nd). The low frequency relaxation is dependent on the matrix,
whereas the high frequency relaxation depends only on the doping oxide.
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Fig. 7.4 ε0 versus
frequency, at T ¼300 K, for
a lead borate glass
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7.4 Case Study 2

A bulk sample with composition (TiO2)10(V2O5)60 (P2O5)30 was synthesized by
melt-quenching method, and impedance spectroscopy was used to study the dielec-
tric properties. Figure 7.6 shows the Nyquist plot (Z00 versus Z0) at a constant
temperature T ¼ 120 �C.

Three relaxation processes can be observed, corresponding to the electrodes, to
the grain boundaries and to the grains (the last one seen in the inset). This morphol-
ogy was observed by scanning electron microscopy, as shown in Fig. 7.7.

The Havriliak-Negami model was used to fit the three relaxation processes.
Actually, for this model the equivalent circuit can be simulated by a series of
resistances in parallel with a constant phase element, as presented in Fig. 7.8a. The
constant phase element (CPE) is a component whose impedance is defined as

ZCPE ¼ 1

Q iwð Þ1�α ð7:10Þ

When α is 0, this impedance corresponds to a capacitor, that is the ideal Debye
model.
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Fig. 7.5 Cole-Cole plots for the two relaxations observed in Fig. 7.4

Table 7.1 β parameter (Cole-
Davidson model) for lead
borate (LB) and lead silicate
(LS) matrixes and different
doping ion oxides

LB + xGd2O3 LB + xNd2O3 LS + xGd2O3

x βLF βHF βLF βHF βLF βHF
0.00 0.45 0.89 0.45 0.88 0.65 0.90

0.01 0.51 0.88 0.45 0.87 0.65 0.88

0.05 0.51 0.86 0.50 0.83 0.66 0.86

0.10 0.51 0.85 0.48 0.78 0.66 0.85

0.20 0.50 0.84 0.48 0.77 0.66 0.84
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Fig. 7.6 Nyquist plot for a sample of the system (TiO2)10(V2O5)60 (P2O5)30 at constant temperature
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The relaxation parameters α and β were calculated for T ¼ 120 �C and the results
are summarized in Table 7.2.

As can be seen, for the grain and grain boundary relaxation processes, the
parameters indicate that they can be described by the Debye models. Then,
Eq. (7.10) corresponds to a single capacitor. For the electrode process, the results
indicate that the Cole-Cole model should be used. This behavior can be simulated by
the equivalent circuit in Fig. 7.8b. The grain and the grain boundaries are simulated
by R-C and the electrode by R-CPE parallel circuits.

Figure 7.6 gives also an important information about the conductivity of the
different components, which is related with the radius of the semi-circles. The
highest conductivity can be contributed to the grains, corresponding to the smallest
radius. The grain boundaries are more resistive, presented by the largest radius, as it
can be expected.

7.5 Conclusion

Impedance spectroscopy is a powerful technique that can be used to understand
materials, allowing the characterization of the migration of the charges and the
orientation of permanent dipoles inside them. The different regimes of the dielectric
function can be observed, and the dynamics of the relaxations processes can be
described.

Several relaxation models can be used, the simplest one, corresponding to a single
relaxation time, is the Debye model. Nevertheless, for a great part of materials, this is
not common, and an alternative empirical model must be applied, such as the Cole-
Cole, Cole-Davidson and Havriliak-Negami models.

The presentation of equivalent circuits is also useful to fit the experimental
results. However, the ambiguity of using this approach can lead to several problems
and only the implementation of other characterization techniques, such as scanning
electron microscopy (SEM), Raman spectroscopy, X-ray diffraction (XRD) and
nuclear magnetic resonance spectroscopy (NMR) can be helpful and solve them.

Fig. 7.8 Equivalent circuits for (a) Havriliak-Negami model and (b) present case study

Table 7.2 Calculated relaxa-
tion parameters α and β using
Havriliak-Negami function

α β
Electrodes 0.36 1.00

Grain boundary 0.01 1.00

Grain 0.02 1.00
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Chapter 8
Undesirable Aspects of Fatigue
on Stretchable Elastomer Sensors

Evghenii Harea, Sanjoy Datta, Martin Stěnička, and Radek Stoček

Abstract Flexible electronics is a rapidly developing branch of modern economy.
Flexing, bending and stretching of elastic components leads to inevitable changes in
the internal structures which brings undesirable variation in their electrical behav-
iors. The present work was focused on investigation of undesirable aspects of fatigue
on functionality of stretchable elastomer sensors based on natural rubber composites
containing multi-walled carbon nanotubes (MWCNT) and carbon black hybrid filler
systems at various weight combinations. Conductive elastomer containing all com-
mon additives, curatives and a fixed amount of hybrid fillers were prepared and
tested before and after 105 dynamic loading cycles at three different strain ampli-
tudes. Although the increased loading of MWCNT in the hybrid filler system
improved progressively the conductivity of the fabricated composites and tended
to prevent conductivity degradation during fatigue test, continued cyclic deformation
led to decreased conductivity of all studied samples. Besides the conductivity
degradation, other undesirable feature found were the time dependent increase of
the conductivity during measurements at a constant applied voltage and the
prolonged stress induced softening of the composites.

Keywords Conductive rubber · Fatigue · Hybrid fillers · Sensors
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8.1 Introduction

Stretchable strain sensors are usually designed for accurate detection of different
mechanical deformations or of stress necessary to achieve such deformations.
Conventional metal-based stress/strain sensors show maximum strain around 5%
[1]. This is why polymer-based stretchable sensors have attracted great interest.
Conductive particles/nanofibers/layers coated on or embedded into polymeric sub-
strate surfaces have a good sensitivity, a high gauge factor [2], well reproducible
results [3] and are easily fabricated [4]. Another group of stretchable sensors are
fabricated by blending conductive particles with insulating elastomer [5–7]. These
composites are also promising materials for transducers and flexible electrodes [8–
10] because of their ability to be elastically deformed while still providing some
degree of electrical conductivity [11].

Along with accessible, low-cost types of conductive fillers such as carbon black
(CB) [12], in the last few decades more expensive multi-walled carbon nanotubes
(MWCNT) fillers are largely used in various studies and prototype devices due to
their outstanding electrical, mechanical and thermal properties. The high aspect ratio
and intrinsic conductivity allow production of nanocomposites with enhanced bulk
electrical conductivity [13, 14].

The carbon black combined with carbon nanotubes, so called hybrid fillers, also
became a promising cost-efficient option to produce conductive elastomers. For
example, the natural rubber-based composites with MWCNT+CB hybrid fillers
encompassed noticeable enhancements in the mechanical properties such as fracture,
fatigue resistance [15], friction and wear [16]. Here, the CB particles bridge the
MWCNT, surrounded by the nonconductive polymer and contribute to the formation
of new electron pathways [8, 17, 18]. Consequently, higher conductivity of the
composite at lower percolation threshold can be obtained [8]. The electrical con-
ductivity of the filled elastomers is affected by macroscopic deformation because of
the variation of distances between the conductive particles, which is the basic
mechanism used in stretchable sensors. During long term usage the flexible elec-
trodes, sensors and transducers endure millions of fatigue cycles, which can lead to
internal micro-failure [19] and undesirable change in device accuracy.

The present work was focused on the preparation of natural rubber
(NR) composites with 30 parts per hundred rubber (phr) of various ratios of
MWCNT and CB hybrid fillers (Table 8.1) via simple mixing method [16, 20] and
the investigation of undesirable effects which may affect the proper functionality of
stretchable sensors after 105 fatigue cycles at different deformation amplitudes.

Table 8.1 Notation of sam-
ples based on hybrid filler
composition

NR0 NR1 NR3 NR5

NR, phr 100 100 100 100

MWCNT, phr 0 1 3 5

CB, phr 30 29 27 25
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8.2 Experimental

8.2.1 Materials

Natural rubber used in this research was supplied by the Astlett Rubber Inc. (type
SMR 20 CV/BP1). Sulphur used as curing agent, and zinc oxide (ZnO) and stearic
acid used as activators were supplied by Sigma-Aldrich®. The hybrid filler system
consisted of CB of type N220 supplied by Cabot Corporation and MWCNT with
average diameter of 10–20 nm provided by Chuiko Institute of Surface Chemistry,
National Academy of Sciences of Ukraine [21]. CBS (N-cyclohexyl-2-
benzothiazolesulfenamide) was employed as curing accelerator. The complete com-
position of the compounds is listed in Table 8.2 and is identical with that in Ref. [20].

8.2.2 Rubber Compounding

The rubber compounds based on NR filled with CB and hybrid CB + MWCNT
fillers were mixed in a Brabender Plastograph. The compounding was performed at
60 �C with 50 rpm and at a fill factor of 80%. The chemicals in the proportion listed
in Table 8.2 were successively added as follows: NR was masticated for 3 min
followed by mixing of ZnO and stearic acid activators both for 1 min successively.
The hybrid fillers were consecutively added and mixed for 15 min. Finally, CBS and
sulphur were added in batches, and the total mixing time in each case was 22 min.
After 24 h conditioning at ambient temperature of 20 �C and a relative humidity of
40%, the blends were molded into 125 � 125 � 2 mm3 sheets and cured in an
electrically heated hydraulic press at 160 �C under 200 kN force in accordance with
the optimum curing time obtained from a moving die rheometer.

8.2.3 Testing

The cure characteristics of the natural rubber nanocomposite were studied using a
Monsanto Moving Die Rheometer (MDR 3000 MonTec, Germany) according to

Table 8.2 Batch composition
of the studied samples
(x� ¼ 0.0, 1.0, 3.0, 5.0)

NR(MWCNTx + CB30-x) NR, phr 100

MWCNT, phr x�

Carbon Black, phr 30-x�

CBS, phr 1.0

Sulphur, phr 2.5

ZnO, phr 5.0

Stearic Acid, phr 2.0
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ISO 3417 at 160 �C. Each molded sheet of about 2 mm thickness was cut into
rectangular strips of 45 � 15 mm2.

The DC conductivity was calculated from the current passed through the sample
measured at 3 V during 300 s in the geometrical center of the strip in a two-point
setup using brass plate electrodes of 15 mm diameter (described in Ref. [20]) with a
programmable electrometer (Keithley 6517 A, USA) as:

σ ¼ I
U
� t
S

ð8:1Þ

where I is the current, U the voltage, t the sample thickness (in cm) and S – the area
of the electrodes (in cm2).

Fatigue measurements were carried out using Tear and Fatigue Analyzer
(Coesfeld GmbH, Germany). The detailed description can be found in Ref.
[22]. The analyses were done on the device with implemented 3 independent loading
engines, where 3 specimens were simultaneously analyzed at each of the engines.
Each upper part of clamp attachment of the test specimens was fixed to the load cell
and its corresponding sample clamp attachment was connected to a separate
computer-controlled stepper motor to ensure constant pre-stress during the whole
time of testing (Fig. 8.1). A set of 3 samples per compound was analyzed at each of
the three strain amplitudes using a frequency of 5 Hz and 105 cycles. Strain
amplitudes were set to 10%, 25% and 50% with an initial distance of 15 mm between
the clamps. Fatigue loading was applied using sinusoidal waveform, where the
pre-stress was set to 0 MPa.

Fig. 8.1 Sketch of the loading engine, clamping system and specimen dimensions
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8.3 Results and Discussion

8.3.1 Undesirable Long Lasting Mullins Effect

Effect of fatigue in dynamic loading on stress/strain relation of materials is a very
important parameter for the real devices based on elastomers. NR based composites
for strain sensor application is a topic of many studies and articles and, as stated in
the introduction, the goal of the present work was to study the undesirable effects of
dynamic fatigue on functionality of NR based nanocomposite materials filled with
hybrid fillers. Figure 8.2 denotes the stress magnitude applied for consequent
105 cycles to achieve 10%, 25% and 50% of the strain for the investigated samples.
The data was collected after each 100 cycles.

It is certainly observed that lower strain amplitude requires lower stress for all
samples. CNT loading increased the stress necessary to reach the fixed strain
amplitude. An undesirable and not expected result was the Mullins effect (softening
of rubber during cyclic deformation [23]) which was observed at 50% elongation up
to approximately 6000 cycles for the CNT containing samples. Properly working
device is supposed to achieve every time a similar deformation amplitude, being
subjected to comparable mechanical load and vice versa. As can be seen from
Fig. 8.2, the stabilization of stress-strain relations depends on the strain amplitude

Fig. 8.2 Stress applied to
deform samples up to the set
strain amplitude (10%, 25%
and 50%) vs. number of
fatigue cycles. (Reprinted
with permission of
eXPRESS Polymer Letters
[20])
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and the composition of the fillers. Hence, for 10% strain amplitude, stabilization was
observed from the beginning (up to 100 tensile cycles) for all studied compositions.
At 50% strain testing amplitude, rubber softening lasted up to 6000 cycles. So,
comparable stress/strain output of sensors should be expected only after suitable
dynamic strain conditioning.

8.3.2 Undesirable Electric Field Driven Conductive Path
Reorganization

Figure 8.3 shows the DC volume electrical conductivity of NR based composites
filled with different ratios of CNT + CB hybrid fillers.

Gradual replacement of predefined amount of CB with same quantity (by weight)
of MWCNT, namely 1.0, 3.0, and 5.0 phr, led to very fast increase of the conduc-
tivity, best represented by the logarithmic scale in Fig. 8.3. Current flow through
filled polymers is mainly governed by percolation threshold of matrix-filler system
and tunneling effect between conductive fillers. Since, the density of CB (~2.2 g/
cm3) is close to those of MWCNT (2.1–2.6 g/cm3, depending on manufacturing
process), the volume fraction of the hybrid fillers was considered more or less
similar. The key factors here were the difference between the conductivities of CB
and MWCNT and also the difference between their aspect ratios, which resulted in
different resistivity of the rubber composites.

A pure CB N220 exhibits moderate electrical conductivity σ � 2 S/cm. The NR
containing 30 phr of CB N220 (samples NR0) showed a conductivity of only
�10�5 S/cm. Replacing 5% of CB by MWCNT with conductivity of about
�103 S/cm increased the electrical conductivity of the nanocomposite up to
�10�3 S/cm.

Figure 8.3 reveals an increment of the conductivity as a function of time, which
reflects another undesirable factor for sensitivity and accuracy of sensors based on

Fig. 8.3 Electrical
conductivity of samples
before fatigue test.
(Reprinted with permission
of eXPRESS Polymer
Letters [20])
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CB or hybrid filled NR composites. The current passed through the sample increased
with time, initially very rapidly, then more slowly, approaching a quasi-equilibrium
value. This phenomenon is also described in [24]. According to the authors, the
carbon black particles are connected to each other by the flexible long rubber
molecules. In unstretched state, the rubber molecules are curled up, in accordance
with the kinetic theory of rubber elasticity. The flexibility of the rubber molecules
permits almost free translational kinetic (Brownian) motion of the carbon black
particles up to the limit given by the length of the rubber molecules.

In addition to the aforementioned arguments, in the present work a hypothesis
was propounded which pointed to the existence of conductive pathway segments
separated by nonconductive polymer insets. During electrical measurements, elec-
tromagnetic field charged the segments and made them to attract or repel each other,
leading to reorganization of the conductive paths and consequent increase of
conductivity.

In case of hybrid fillers, MWCNT are much more limited in their kinetic motion
inside of rubber matrix due to their much higher aspect ratio. Hence, the motion of
the carbon black particles was mostly responsible for the variation of resistivity as a
function of time.

8.3.3 Undesirable Electrical conductivity degradation After
Long Term Usage

The electrical conductivity measurements (mean value) after cyclic deformation of
the samples at different strain amplitudes are exhibited in Fig. 8.4. For all investi-
gated samples, the fatigue reduced essentially the conductivity.

Similar to the nanocomposites before the fatigue test, the conductivity was time
dependent process and it was assumed that it was influenced by the electric field
driven conductive pathway reorganization discussed above.

More informative than Fig. 8.4 and also easier to analyze is Fig. 8.5. Keeping in
mind that the resistivity ρ¼ 1/σ, this figure reflects how many times the resistivity of
the samples increased after the fatigue test. The highest change of conductivity was
observed for samples NR0 where MWCNT were absent, and the higher fatigue
stress amplitude produced higher sample resistivity. This trend was generally
revealed for all sample compositions. However, the increased quantity of
MWCNT in the hybrid fillers preserved the electrical properties of the
nanocomposites subjected to fatigue processes in a much better way.

It can be generalized that the decrease of the conductivity after cyclic stretching of
the samples is definitely caused by internal changes in the material and surely will
affect the electrical output of the sensor during long term usage. Even if there are no
visible defects in the polymer matrix at nano-level, the distribution of the fillers is
subjected to important transformations [20], which leads to significant destruction of
the conductive paths.
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Fig. 8.4 Conductivity vs. time before and after fatigue test at 10%, 25% and 50% strain amplitude
for (a) samples NR0, (b) samples NR1, (c) samples NR3 and (d) samples NR5

Fig. 8.5 Normalized
resistivity after fatigue test
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8.4 Conclusions

Natural rubber based electro-conductive composites can be conditionally accepted
for flexible electronics. Long lasting Mullins effect (especially at high deformation
amplitude) results in a change of the conductivity after the fatigue test and time
dependent conductivity should be carefully taken into consideration and some
restrictions for application of NR filled with CNT and CB hybrid fillers are to be
imposed. Addition of CNT definitely improved the volume conductivity and tended
to preserve the dramatic changes of the conductivity after cyclic deformation.
Increasing of deformation amplitude significantly enhanced the electrical resistivity
of the studied samples. Time dependent conductivity phenomenon was observed for
all investigated samples before and after the fatigue test.

Summarizing the presented work, the following suggestions are framed:

• Elastomer based active elements for stress/strain sensors should be prestrained
before calibration at strain amplitudes greater or equal to those expected to be
encountered in real life applications.

• Number of prestrain cycles is recommended to be enough to achieve the equilib-
rium of stress-strain relations.

• Electrical output of sensors should be carefully analyzed and processed only after
stabilization. For “fast” reacting sensors it is recommended to calculate the
stabilized output signals using fitting equations.
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Chapter 9
Dielectric Characterization of (Bi1-xFex)
NbO4 Ceramics Prepared by Wet-Chemical
Route

Susana Devesa, Manuel P. Graça, and Luis C. Costa

Abstract (Bi1-xFex)NbO4 powders with 0.00 � x � 0.75 were prepared by a
wet-chemical route. Pellets from these powders were made and sintered at temper-
atures between 500 and 1100 �C. The dielectric properties were analyzed as a
function of the thermally activated structural and morphologic evolution. The
structure was studied by X-ray diffraction (XPD) and the morphology by scanning
electron microscopy (SEM). The XRD results revealed that the substitution of
bismuth by iron was successful for x ¼ 0.25 and 0.50, with the formation of the
non-stoichiometric phases Bi1.34Fe0.66Nb1.34O6.35 and Bi1.721Fe1.056Nb1.134O7. The
dielectric properties were measured by impedance spectroscopy method in the
frequency range of 102–106 Hz as a function of temperature (200–330 K). For the
samples with x � 0.25 treated at 800 and 1100 �C, the dielectric constant and the
dielectric losses remain practically constant with the frequency and temperature. The
dielectric relaxation mechanisms were studied using the complex modulus
formalism.

Keywords Bismuth niobate · Iron · Impedance spectroscopy · Dielectric relaxation

9.1 Introduction

With the progress of the modern communication systems, where the wireless
equipment is indispensable, the compactness, power efficiency and affordability
are considered basic requirements for equipment that are produced by the telecom-
munication industry [1, 2]. To achieve this purpose, the development of dielectric
materials for electronic applications has been focused on reducing the size and
weight of radiofrequency (RF) and microwave (MW) components in
telecommunication [3].
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Amongst the dielectrics, the ceramic materials, in particular low temperature
co-fired ceramics (LTCC), have been extensively used in multilayer RF and MW
components [1, 3] namely the bismuth-containing oxides. They have rich structural
diversity and promising physical properties for applications in catalysis, optics,
nanophotonics and nanoelectronics [4]. There are several works that highlight the
interest in bismuth oxides, since bismuth based compounds would possess low
operating voltage, fast switching speed, negligible fatigue values up to 1012

switching cycles, excellent retention characteristics and low leakage current density
on Pt electrodes for integrated device applications in non-volatile ferroelectric
random access memories (FRAM) [5].

Even though bismuth is a relatively rare element (64th in abundance in the Earth’s
crust), large quantities of bismuth are produced every year as a by-product [6]. Fur-
thermore, in spite of its heavy metal status, bismuth is considered to be safe, due to
its non-toxic and non carcinogenic nature [6, 7].

Bismuth niobate (BiNbO4) has been evaluated to be a novel material, cofired at
low temperatures and with potential for dielectric applications [3, 5, 8]. It exists in
two polymorph structures, an orthorhombic (α) phase (space group Pnna) and a
triclinic (β) phase (space group P1) [9]. According to previous studies, the transition
of low temperature β-BiNbO4 to α-BiNbO4 occurs at temperatures between 600 and
750 �C, with the opposite, and supposed irreversible, transition occurring at 1020/
1050 �C [10, 11]. In 2007, Zhou et al. [12] reported the transformation of high
temperature β-BiNbO4 to α-BiNbO4 in bulk samples.

In 1992 Kagata et al. [13] reported the microwave dielectric properties of bismuth
niobate for the first time, using as sintering aids CuO and V2O5 to obtain higher
densification without compromising the dielectric properties. Since then, several
researchers attempted to improve the physical and the dielectric properties of
BiNbO4 ceramics, either by the addition of sintering aids (oxides), or by the
substitution of bismuth or niobium by other cations, or even by the combination of
the two techniques [14]. Most of these studies are focused on the dielectric charac-
terization in the microwave frequency range, and very few reported the dielectric
properties in the radiofrequency regime. Furthermore, the papers concerning the
stability of the dielectric permittivity with temperature are even less, despite the
importance of the temperature coefficient of capacitance (TCC) for RF components.
Some deviation in component specifications with temperature can adversely affect
the channel/frequency selection characteristics of filter/resonator circuits in an RF
module [2].

In this work, (Bi1-xFex)NbO4 (0.00 � � � 0.75) samples were prepared by sol-
gel method through the citrate route. The fine particles were pressed into pellets and
heat-treated at four different temperatures between 500 and 1100 �C, established in
accordance with the differential thermal analysis (DTA) results. The dielectric
characterization in the RF regime was performed by impedance spectroscopy in
the frequency range from 100 Hz to 1 MHz. The analysis of the results from the
electrical measurements analysis was made in agreement with the changes in the
micro-structure (XRD) and morphology (SEM) due to the content of iron and the
heating process.
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9.2 Experimental

9.2.1 Samples Preparation

(Bi1-xFex)NbO4 powders were prepared by the sol-gel method through the citrate
route. Bi(NO3)3.5H2O and Fe(NO3)3.9H2O were dissolved in a solution of previ-
ously prepared citric acid, NbCl5 was dissolved in minor amount of H2O2 (3% V/V)
and then added to the citric acid solution. The use of hydrogen peroxide in processes
with niobium chloride, even in small amounts, prevents the formation of undesirable
precipitates and removes most of the chlorine from the gel [15].

Ethylene glycol was added to the starting materials in the corresponding molar
ratio in order to promote the polymerization phase. The obtained mixtures were
stirred for 7 days to promote the solubility, until transparent colloidal suspensions
were obtained. I order to establish the period of stirring, the viscosity of the mixture
with x¼ 0.00 was monitored with an AND Vibro Viscosimeter. The viscosity varied
between 2.61 and 3.30 mPa.s and it tended to stabilize after 7 days of stirring. To
evaporate the solvent, the obtained gels were dried. The mixture with x ¼ 0.00 was
dried at 400 �C for 48 h and the mixtures with 0.25 � x � 0.75 were dried at 300 �C
for 60 h. This heating process promoted the expansion of the material with the
formation of a fragile material similar to a foam that was milled until a fine powder
was obtained. Subsequently, the obtained powders were thermally analysed by
differential thermal analysis performed with a Lynseis Apparatus type L92/095, in
the temperature range of 20–1200 �C with a heating rate of 5 �C/min and using
Al2O3 as a reference.

The DTA of the powders is shown in Fig. 9.1. For the powders with x¼ 0.00 one
can see three exothermic phenomena at 649, 1043 and 1129 �C. When x ¼ 0.25, the
thermal phenomena are also exothermic and centred at 519, 637 and 1054 �C. The
powder with x ¼ 0.50 exhibited three exothermic phenomena as well – at 489, 556

Fig. 9.1 DTA of (Bi1-xFex)
NbO4 powders heated with
rate of 5 �C/min
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and 674 �C. Finally, two exothermic phenomena were identified for x ¼ 0.75 – at
485 and 1157 �C.

The different powders were pressed into pellets and heat-treated, according to the
DTA results, at 500, 650, 800 and 1100 �C using a dwell time of 4 h with a heating
rate of 5 �C/min. The heat-treatment performed at 1200 �C promoted the fusion of
the samples.

9.2.2 Characterization Methods

The structural characterization was performed by X-ray diffraction. The patterns
were obtained with a X’Pert MPD Philips diffractometer (CuKα radiation,
λ ¼ 1.54060 Å) at 45 kV, and 40 mA, with a curved graphite monochromator, an
automatic divergence slit (irradiated length 20.00 mm), a progressive receiving slit
(height 0.05 mm) and a flat plane sample holder in a Bragg-Brentano parafocusing
optics configuration. Intensity data was collected by the step counting method (step
0.02� in 1 s) in the 2θ angle range of 10–60�.

The morphology of the obtained samples on the free and fractured surfaces was
analyzed by scanning electron microscopy using a TESCAN-Vega III. The samples
were covered with carbon before the microscopic observation.

For the electrical measurements, the opposite sides of the pellets were painted
with silver conducting paste. During the measurements, the samples were
maintained in a helium atmosphere in order to improve the heat transfer and
eliminate the moisture. The impedance spectroscopy measurements were performed
in the frequency range from 100 Hz to 1 MHz and in the temperature range from
200 to 330 K using an Agilent 4294A precision impedance analyzer in the Cp

�Rp

configuration.
The complex dielectric permittivity of the material can be written as [16]:

ε� ¼ ε0 � iε00 ð9:1Þ

The real ε0 and the imaginary ε00 parts of the complex permittivity can be
calculated from Cp and Rp [17]:

ε0 ¼ Cp
d
Aε0

ð9:2Þ

ε00 ¼ d
ω RpAε0

ð9:3Þ

where d represents the sample thickness, A the electrode area, ε0 the empty space
dielectric constant and ω the angular frequency.

The loss tangent tgδ is given by the ratio between ε00 and ε0.
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The stability of the dielectric constant with temperature can be evaluated through
the temperature coefficient of capacitance (TCC). This is a very important parameter
and can be written as [16–18]:

TCC ¼ CT2 � CT1

CT1 T2 � T1ð Þ � 106 ppm=�C ð9:4Þ

where CT1 and CT2 are the measured capacitance at temperatures T1 and T2,
respectively.

For applications demanding precise capacitance control, nearly zero TCC is
required. This can be achieved with a mixture of materials with positive and negative
TCC [18].

9.3 Results and Discussion

9.3.1 Structural Characterization

The crystalline phases presented in the sintered pellets were identified by X-ray
diffraction patterns and are shown in Fig. 9.2 and Table 9.1. In the samples with
x¼ 0.00 heat-treated at 500 �C, it is possible to identify Bi2O3 and BiOCl phases, as
well as the beginning of the formation of orthorhombic α-BiNbO4 and triclinic
bismuth niobate (β-BiNbO4). The sample treated at 650 �C has a combination of α
and β-BiNbO4. As the treatment temperature increases to 800 �C, the diffractogram
reveals the formation of pure α-BiNbO4 and, as the temperature increases further,
this phase is converted to triclinic BiNbO4. The information extracted from the X-ray
diffraction results is consistent with the differential thermal analysis showed in
Fig. 9.1.

9.3.2 Morphological Characterization

The micrographs of the samples with x ¼ 0.00 treated at 500 and 650 �C reveal
particles with spherical shape with diameters of about 0.2 μm (Fig. 9.3). Increasing
the treatment temperature to 800 �C increases the size, as well as the shape of the
particles to rod-shaped grains of about 1 μm long. However, when the treatment
temperature reaches 1100 �C more significant transformation occurs with a remark-
able grain growth. This sample shows particles with variable shapes and dimensions
and very well-defined boundaries.

The micrographs of the samples with x ¼ 0.25 show the same trend as the
reference samples (Fig. 9.4). The samples treated at 500 and 650 �C consist of
particles with spherical shape, which after heat-treatment at 800 �C tend to lengthen
and increase in size. Again, the treatment at higher temperature promotes the major
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changes with a significant grain growth. The samples with x¼ 0.50 and 0.75 showed
the same trend.

9.3.3 Dielectric Characterization

The frequency dependence of the dielectric constant at a constant temperature
(300 K) is shown in Fig. 9.5. For the samples with x ¼ 0.00, the dielectric constant
is practically constant with the frequency. The sample heat-treated at 500 �C showed
higher values of ε0. For the samples with x > 0.00, the dielectric constant of the
samples heat-treated at 800 and 1100 �C remains practically constant with the
frequency, whereas for the samples treated at lower temperatures, the dielectric
constant decreases with the frequency. For the samples with 0.25 � x � 0.75 it is
possible to analyze the cases where the same crystalline phases were identified:

• samples with x ¼ 0.25 and 0.50 treated at 500 �C: at low frequencies the sample
with the higher iron content presents higher values of ε0, however, with the
increase of the frequency, this is also the sample with the sharper decrease of
the dielectric constant;

Fig. 9.2 X-ray diffraction patterns of (Bi1-xFex)NbO4 samples treated at four different temperatures
(HT) for: (a) x ¼ 0.00; (b) x ¼ 0.25; (c) x ¼ 0.50; (d) x ¼ 0.75
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• samples with x ¼ 0.25 and 0.50 treated at 650 �C: in this case the increase of the
iron content causes a marked decrease of the dielectric constant when measured at
low frequencies. With the increase of the frequency, these values tend to stabilize;

• samples with x ¼ 0.75 treated at 650 and 800 �C: at low frequencies the sample
treated at 650 �C has much higher values of ε0, however, with the increase of the
frequency, this is also the sample with sharper decrease of these values;

• samples with x¼ 0.50 treated at 800 and 1100 �C: it can be seen that the increase
of the treatment temperature promotes a significant increase of the dielectric
constant, justified by the increased size of the grains and/or increased density.

The frequency dependence of the dielectric losses at constant temperature (300 K)
is shown in Fig. 9.6. For the samples with x¼ 0.00 the dielectric losses are relatively
low, except for the sample heat-treated at 650 �C, particularly at lower frequencies.
For the samples with x > 0.00 we can observe the same trend identified for the
dielectric constant. The dielectric losses of the samples heat-treated at 800 and
1100 �C remain practically constant with the frequency, while for the samples
treated at lower temperatures the dielectric losses decrease with the frequency.

Fig. 9.3 SEMmicrographs of (Bi1-xFex)NbO4 samples with x¼ 0.00 with magnification of 40,000
(500, 650 and 800 �C) and 5000 (1100 �C)
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Figure 9.7 shows the TCC values, obtained through the Eq. (9.4), for all studied
samples at 100 kHz, where CT1 was measured at 300 K and CT2 at 330 K. For the
samples with x ¼ 0.00 the TCC values are not significantly influenced by the
treatment temperature, a behavior that is not verified for the samples with x > 0.00.
For these samples, the lowest TCC values occur for the heat-treatments at 800 and
1100 �C, and the TCC values of the samples treated at 500 �C increase with the
increase of the iron content.

Considering the samples with x ¼ 0.25 and 0.50, we can observe that the TCC
signal changes from the samples treated at 800 �C (2548 and 102 ppm/�C) to the
samples treated at 1100 �C (�570 and �122 ppm/�C). This signal change can
indicate that an intermediate treatment temperature exists where TCC is 0 ppm/�C.
Considering now the samples treated at 1100 �C, the TCC signal changes from the
sample with x¼ 0.00 (584 ppm/�C) to the sample with x¼ 0.25 (�570 ppm/�C), and
from the sample with x ¼ 0.50 (�122 ppm/�C) to the sample with x ¼ 0.75
(182 ppm/�C). We can infer that it is possible to find x values between 0.00 and
0.25 and between 0.50 and 0.75 where TCC ¼ 0 ppm/�C, which is important for
temperature stable applications [16, 18].

Fig. 9.4 SEMmicrographs of (Bi1-xFex)NbO4 samples with x¼ 0.25 with magnification of 40,000
(500, 650 and 800 �C) and 5000 (1100 �C)
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The real and imaginary parts of the dielectric permittivity can be fitted using the
general Havriliak-Negami (HN) function (Eq. 9.5):

ε ωð Þ ¼ ε1 þ εs � ε1
1þ iωτεð Þαð Þγ ð9:5Þ

where εs and ε1 are the dielectric constant values at the limits of low and high
frequency range, respectively, τε the relaxation time, and α and γ are shape
parameters.

When space-charge relaxation phenomena are not clearly detected using the
complex permittivity formalism, the use of complex modulus formalism can be a
solution [19, 20], which is the present experimental case. It is known that the graphic
representation of M00 versus M0 is very useful for materials with similar bulk and
grain boundary capacitances [19, 21]. Using this representation, the relaxation
process, τM, appears at a higher frequency than the corresponding process in the
permittivity representation, indicating that τM is, in general, faster than τε. In a simple
Debye-like relaxation τM/τε � ε1/εs [22, 23]. However, in non-Debye systems the
difference between τM and τε becomes more pronounced, but the ratio τM/τε should
remain constant.

Figure 9.8a presents the real part of the dielectric modulusM0 as a function of the
frequency and temperature for the sample with x ¼ 0.25 treated at 650 �C. Typical

Fig. 9.5 Frequency dependence of the dielectric constant ε0 at T ¼ 300 K
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dispersion behavior for polarizations in the relaxation regime is distinguished in this
representation. Figure 9.8b shows the imaginary part of the dielectric modulusM00 as
a function of the frequency and temperature for the same sample. The existence of
two relaxation processes can be observed.

Figure 9.9 shows the frequency dependence of the imaginary parts of the permit-
tivity and dielectric modulus for the sample with x ¼ 0.25 sintered at 800 �C. It can
be seen that the frequency of the M00 maximum is shifted to higher values in

Fig. 9.6 Frequency dependence of the dielectric losses ε00 at T ¼ 300 K

Fig. 9.7 TCC of the (Bi1-
xFex)NbO4 samples as
function of x
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comparison with the frequency of the ε00 maximum. This behavior was expected
since τM < τε, like it is predicted in the literature [23].

9.4 Conclusion

In this work, the structural, morphological and dielectric properties of (Bi1-xFex)
NbO4 powders sintered at different temperatures were investigated. The obtained
results suggest that the addition of iron inhibits the formation of low temperature
triclinic bismuth niobate and retards, or even inhibits the formation of the high
temperature triclinic bismuth niobate. Also, the addition of iron leads to an increase
of the ε0 values and, despite the increase of the dielectric losses, the obtained values
are still acceptable for electronic applications. The dielectric relaxation mechanisms
were studied using the complex modulus formalism, with all iron-containing sam-
ples presenting at least one relaxation process in the frequency range studied.

Fig. 9.8 (a) Real part of the complex modulus M0; (b) imaginary part of the complex modulus M00

for the sample with x ¼ 0.25 treated at 650 �C

Fig. 9.9 (a) Imaginary part of the permittivity and (b) imaginary part of the modulus for the sample
with x ¼ 0.25 treated at 800 �C
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Thin Films



Chapter 10
Study of In2O3 Thin Films Doped with As
as Active Layer in Position Sensitive
Structures

Veselin Zhelev, Plamen Petkov, Georgi Avdeev, Vanya Lilova,
and Tamara Petkova

Abstract Transparent and conductive thin films of As-doped In2O3 have been
deposited on glass and silicon substrates by spray pyrolysis technique using InCl3
and 3As2O5.5H2O as starting materials. The films obtained were characterized by
X-ray diffraction, UV-VIS spectroscopy, scanning electron microscopy and atomic
force microscopy. The effects of As concentration on the resistivity and optical
transmission of the films have been investigated. The application of the films in
position sensitive structures Si-SiO2-In2O3 acting on the base of lateral photoeffect
has been examined.

Keywords Thin films · Metal oxide layers · Spray pyrolysis · Position sensitive
photodetector

10.1 Introduction

Transparent and conductive In2O3 thin films are suitable for various applications,
such as transparent electrodes in solar cells, flat panel displays, heat reflecting
mirrors, anodes for solar cell structures and elements in optoelectronic devices [1–
7], due to their high optical transmission in the visible region, high reflection in the
near-infrared region and good electrical conductivity. Transparent conducting metal
oxide thin films can be prepared by different methods: reactive evaporation [8], DC
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and RF sputtering [9], pulsed laser ablation [10], chemical vapor deposition [11],
and recently by sol-gel [12] and spray pyrolysis technique [13, 14]. A major
advantage of the spray pyrolysis method is the simple and inexpensive experimental
arrangement, high growth rate and capability of uniform large area coatings.

Pure stoichiometric In2O3 is n-type semiconductor with poor electrical conduc-
tivity. To obtain thin films with high conductivity and transparency it can be doped
with donor impurities. In our recent paper [15] we have established that As-doped
SnO2 thin films deposited on monocrystalline silicon substrates are transparent and
conductive making them suitable for preparation of large area position sensitive
photodetectors acting on the base of lateral photoeffect [16, 17].

In the present study we focused on arsenic (As) as a dopant in In2O3 films. The
information about films doped with As is very rare, covered mainly by chemical
vapor deposition (CVD) method for preparation of the films [18]. The idea is that the
substitution of In+3 with As+5 in the lattice of In2O3 films would affect the film
behaviors. The aim of the work is to study how the As doping revises the physical
properties (transmission, conductivity) of the films and to investigate the possibility
to apply these coatings as an active layer in two dimensional position sensitive
n-Si-SiO2-In2O3 photodetectors acting on the base of lateral photoeffect.

10.2 Experimental Details

The In2O3 thin films were prepared using a conventional spray pyrolysis set-up
consisting of a reactor, a nozzle giving droplets with very small size and good
distribution, a heating substrate holder with electronic control of the substrate
temperature and a system for control of the solution and carrier gas flow rates. The
doped films were deposited on Corning glass or n-Si (111) (1.61 Ω.cm) substrates
heated at 450 �C by spraying 0.25 M water-alcoholic solutions of InCl3, containing
As2O5 as a source of As dopant. The concentration of As2O5 in the solutions of InCl3
was varied between 0.5 and 5 mol%.

The properties of the films are dependent on the technological parameters:
substrate temperature, concentration of the ingredients in the solutions, distance
between the nozzle and the substrate, spraying rate and angle of spraying. The
parameters were varied in a wide range to achieve films with the lowest resistivity
and the highest transparency in the visible and near infrared spectrum. UV-visible
transmission spectra of the samples were measured in the wavelength range from
300 nm to 1400 nm at room temperature using a double-beam computer-controlled
JASCO spectrophotometer with an accuracy of�0.5 nm. The structure, morphology
and microstructure of the films were examined by X-ray diffraction (XRD, Philips
APD-15), by scanning electron microscopy (SEM, Philips 515, digitalized, with
secondary electrons detector, acceleration voltage 30 kV, magnification 40,000�)
and by atomic force microscopy (AFM, scanning probe microscope Multimode V,
Bruker, ex Veeco Santa Barbara CA). The film thickness was measured by the
gravimetric method and from the cross-section SEM images. The measurements of
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the electrical resistivity were carried out by the standard four-probe method, using
silver paste as electrical contact to the films.

10.3 Results and Discussion

When the aerosol of the solution reaches the heated substrate two processes take
place on the surface: hydrolysis (1) and pyrolysis (2):

InCl3 þ 3H2O ¼ In OHð Þ3 þ 3HCl ð10:1Þ
2In OHð Þ3 ¼ In2O3 þ 3H2O ð10:2Þ

Тhe estimated optimal technological conditions were as follows: substrate tem-
perature 450 �C, concentration of In2O3 0.25 M, concentration of As2O5 in the
solution 0.5–5 mol% and flow rate 6–8 ml/min. These conditions allowed the
deposition of uniform, highly adherent and homogeneous films over the entire
surface (Si wafer with diameter of 76.2 mm and glass plates 40 � 40 mm), with
film thickness in the range 90–300 nm.

The sheet resistance of the films decreases with the concentration of As2O5 in the
spray solution till certain amount and increases after that (Fig. 10.1).

The trend in the resistivity can be explained as follows: at low arsenic concen-
tration (< 5 mol% As2O5) the As

5+ ions can substitute indium (In3+) ions in the In2O3

lattice leading to generation of additional electrons responsible for the sheet resis-
tance decrease. At higher concentrations as the arsenic ion radius is larger than that
of indium the doping produces electrical and structural defects, creating traps in the
band gap of In2O3, hindering consequently the conductivity. When the concentration
of As in the solution increases, the number of defects arises and As atoms act as traps

Fig. 10.1 Dependence of
the sheet resistance on the
molar concentration of
As2O5 in the solution
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rather than donors. The lowest resistance of about 70 Ω/sq. is obtained for the film
deposited from a solution with 1.5 mol% As2O5. Therefore, this film composition is
used in our further study.

Figure 10.2 presents optical transmittance spectra of undoped and doped In2O3

films recorded in the spectral range 300–1400 nm.
The undoped film of In2O3 shows high transparency (>90%) in the visible and

near infrared range of the spectra; however, this film possesses very high resistivity.
The doping with As decreases considerably the permeability of the film in the visible
spectrum. In the near infrared region of the spectrum the transparency reaches values
of 80%.

The optical absorption coefficient α and the optical band gap of the In2O3 films Eg

are determined from the transmission spectra by the relations:

α ¼ � ln Tð Þ=t ð10:3Þ
αhν ¼ A hν� Eg

� �1=2 ð10:4Þ

where α is the optical absorption coefficient, T – the transmission, t – the thickness of
the film, A is a constant, (hν) – the photon energy and Eg – the optical band gap.

Figure 10.3 shows the plot of (αhν)2 ¼ f(hν) for pure and doped with In2O3 As
films. The value of the optical band gap obtained by extrapolation of the linear part
of the curve to zero absorption value (α ¼ 0) is 3.6 eV for the doped and 3.8 eV for
pure In2O3. The smaller band gap is attributed to the creation of levels in the band
gap due to the doping.

The XRD spectrum of doped In2O3 thin film deposited on silicon substrates
shown on Fig. 10.4 reveals that the film is polycrystalline. All diffraction peaks
belong to In2O3 cubic structure (JCPDS 41–1445). The diffraction peaks at 21.5,
30.5, 35.5, 50.9 and 60.8 match with the diffraction lines due to the (211), (222),
(400), (440) and (622) planes of the In2O3 cubic phase.

The SEM image of the In2O3 thin film deposited at 450 �C and doped with
1.5 mol% As2O5 in the solution reveals a smooth and homogeneous surface
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morphology. The nanocrystalline particles are identical in size and shape and are
densely packed in a uniform structure (Fig. 10.5).

The microstructure and surface roughness of the films were examined by atomic
force microscopy (two dimensional and 3D topographic views) as shown in
Fig. 10.6. They revealed granular uniform microstructure with average size of the
particles about 50–70 nm, determined from the AFM from 1 μm2

film area.
The results from the microscopic study demonstrate that the films prepared by

spray pyrolysis are smooth and uniform which is an important prerequisite for their
practical application. The optical and electrical behaviors of In2O3 film deposited at
450 �C from a solution with 1.5 mol% As2O5 are appropriate to explore the film as
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an active layer in position sensitive structures. The lateral photoeffect is examined
over two dimensional position sensitive structure Si-SiO2-In2O3:As. The samples
were cut into rectangles and silver (Ag) was used as contact metal. The distance
between the contacts was 5–7 mm. The samples are scanned by laser with 5 mW
power and 532 nm wavelength. The diameter of the spot focused on the surface of
the metal oxide was 100 μm. The induced lateral photovoltage (LPV) as a function of
the laser beam position is shown in Fig. 10.7.

A symmetric curve for the In2O3 film with 1.5 mol% As2O5 deposited on silicon
substrates is obtained for film thickness of 210 nm. The LPV sensitivity is about
17 mV/mm. The good linearity of the curve demonstrates the uniformity of the metal
oxide films and the opportunity of practical application.

Fig. 10.5 SEMmicrographs of As-doped In2O3 with 1.5 mol% As2O5 and thickness of 210 nm: (a)
surface morphology and (b) cross-section at 45� tilt

Fig. 10.6 Two dimensional (a) and 3D (b) topographic views of As-doped In2O3 film deposited at
450 �C and 1.5 mol% As2O5 in the solution
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10.4 Conclusions

Thin film Si-SiO2-In2O3:As structures have been prepared by spray pyrolysis tech-
nique. The films were doped with As included into the spray solution as 0.25 M
As2O5. The doping with As significantly reduces the sheet resistance of the layers
but adversely affects their optical transmission in the visible region of the spectrum.
High optical transmission (about 80%) is observed in the near infrared region
demonstrating that these thin films could be used in position sensitive structures
acting on the base of lateral photoeffect.
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Chapter 11
Design of Mesoscopic Ordered Titania
and Silica Hybrid Sol-Gel Films as Planar
Waveguide

Yevhen Leonenko, German Telbiz, Vasil Yashchuk, Taras Kavetskyy,
Nickolay Kukhtarev, and Anatoliy Glushchenko

Abstract We report of the successful design of waveguide based on formed on a
glass substrate mesoscopic ordered organic-inorganic SiO2 and TiO2 films doped
with Rhodamine 6G formed on a glass substrate that allowed mode lasing. The
designed films had a refractive index lower (1.499) and higher (1.565) than the index
of the glass substrate. The laser oscillation was observed on the quasi modes of the
waveguide which possess radiative losses in a substrate and was accompanied by
radiation of substrate radiative mode.

Keywords Mesoscopic · Sol-gel · Hybrid films · Titania and silica · Planar
waveguide
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11.1 Introduction

Recently, there has been growing interest in optically transparent film materials with
embedded luminescent dyes, which are promising for recording and processing
information, for solar concentrators and especially as laser optics materials, and
which represent a new class of solid-state active media for waveguide (WG) lasers
[1–4]. The advantages of solid state laser active media over dye solutions in liquid
systems can significantly expand the field of the practical applications of dye lasers
that have the ability to tune the radiation frequency and have found a practical
application for laser separation of isotopes, in spectroscopy, forensics, medicine, etc.
At the same time, solid state hybrids are significantly superior to polymer analogs
and crystals in laser strength and stability under the influence of powerful optical
radiation (laser pumping). Therefore, the realization of all the possibilities for
application of dye lasers in solid-state matrices is associated with an improvement
of the characteristics of the hybrid films, and primarily, of their photochemical
stability. With a selected laser dye, the efficiency of laser-active media is determined
by the chemical structure and composition of the solid-state matrix. Major advances
of integrated optoelectronics now are related to preparation of light sources with
submicron dimensions. Most appropriative for this purpose are waveguide
(WG) lasers which confine lasing emission in the host medium resulting in increased
optical gain and decreased lasing threshold. These lasers may be easily assembled on
the same chip with other optoelectronic devices such as transmission lines, modu-
lators, filters, etc. The organic/inorganic hybrid films prepared by the sol-gel
approach have become a new field of research in materials for WG laser [4]. This
method allows the deposition of a film of some hundreds of nanometers thickness as
a result of self-organization and allows managing independently the two most
important parameters of planar WG laser: gain value and the refractive index of
the matrix material. In the formed hybrid film, the inorganic component determines
the refractive index and the dye incorporated in micelles specifies the value and
contour of the gain. In this way, the film will act as a waveguide, if its refractive
index is higher than that of the substrate. Therefore, one should use high refractive
dielectric materials such as dioxides of titanium or zirconium. The hybrid film may
be significantly thinner than the other ones because the dye cross-section is four
orders higher. Fabrication of ultra-thin WG laser based on hybrid films requires to
solve two principal problems. The first one is ensuring of high concentration of dye
molecules, without concentration quenching of luminescence, in order to provide
sufficient absorbance of the pumping radiation in thin and hence the gain. The
second one is to provide a higher refractive index of the film relative to the substrate
to ensure waveguide conditions at film/substrate interface. These problems have
been solved by the fabrication of hybrid organic-inorganic mesostructured films
doped with Rhodamine 6G (Rh6G) by sol-gel approach using triblock copolymer
Pluronic P123 and tetraethoxysilane or tetra isopropoxide as a precursor of the
inorganic matrix. The sol solution was deposited on a glass substrate by
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spin-coating technique. The common details of preparation of the films are described
previously in papers [5–7].

11.2 Experimental

The films formatted on the substrate by spin coating procedure represent a
mesoscopic ordered inorganic matrix of silicon or titanium dioxide with oriented
channels with a diameter of 12 nm filled with hybrid micelles surfactant (P123)
containing Rh6G molecules [5]. The mean thickness of the films was 200–300 nm
and the value of the refractive index varied in the range of 1.499–1.68, depending on
the type of the inorganic precursor and the conditions of formation. For laser
experiments, we have chosen the films with refractive indexes nf1 ¼ 1.499 (SiO2

film) and nf2¼ 1.565 (TiO2 film). The concentration of Rh6G in films was 1 mmol/l.
The problem of luminescence quenching in the hybrid was thus overcome by
elaborated methods of confining of Rh6G in P123 micelles situated in the channels
of the matrix pores that prevent planar packing of the dye molecules in H-type
dimers [8]. The fabricated films on the glass substrate together with air as cover
material form asymmetric waveguides having the order of interlacing layers with
refractive indices of 1/nf/ns, where nf ¼ 1.499 (1.565) is the refractive index of the
SiO2 (TiO2) films and ns ¼ 1.515 the refractive index of the glass substrate.

Lasing of the films was excited by the second-harmonic radiation of a Q-switched
YAG-Nd3+ laser (wavelength of 532 nm, pulse duration of 12 ns). The pumping
radiation was focused on the film plane in the strip with two cylindrical lenses. The
intensity was varied with grey glass filters. Spatial distribution of the emitted
radiation was observed on a screen spaced 80 mm from edge of the film. The spectra
of this radiation were single-shot registered by a spectrograph and a CCD camera
with a total spectral resolution of 0.3 nm.

11.3 Results and Discussion

The emitted radiation of the hybrid films was visualized on a screen as two
hyperbolic-like bright arcs. They are formed by the radiation emitted from the film
edge which propagates under angle of 26�. The intensity of the arcs depends
non-linearly on the pumping intensity; they become visible only when its value
overcomes 0.04 MW/mm2. In this case, the main power is concentrated in the last
arc, as the brightness of the radiation spectrum in 26� direction is much higher than
in the other directions. Considering the substantial difference of the divergence, we
can assume that these components are emitted from different parts of the sample
edge. The first component should be attributed to radiation just from the film edge
which strongly diverged due to diffraction on small (200 nm) aperture of this edge.
The other one may be related to radiation from the edge of the glass substrate which
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diffraction must be much less because of the greater aperture (h ¼ 1.1 mm) of the
edge. The radiation power of the substrate is significantly higher than that emerging
from the film. Considering that the condition of total internal reflection (TIR) on the
film-substrate interface is not fulfillment (nf < ns) one should consider the second arc
as the radiative substrate mode of the WG formed by the SiO2 film on the glass. So,
the radiation coming out from the film edge may be attributed to a waveguide mode
which takes place due to partial reflection at this interface as a result of the indexes
difference. It is not a true waveguide mode but may be called conditionally quasi
WGmode – a waveguide mode with energy loss owing to the radiative mode coming
out of the substrate. This quasi mode is able to survive only due to light amplification
in the WG core (film) that compensates its radiative loss and therefore may arise only
under high intensity of pumping.

In the case of SiO2 film two radiations may really arise: quasi WG mode and
radiative mode of the substrate. These radiations have equal angles of incidence,
which we evaluated. For the main mode, m ¼ 0 the evaluated angle of propagation
outer the SiO2 film with taking into account refraction on the film-substrate interface
is about 28� which is rather close to experimentally observed angle of 26�. The
spectrum components of the radiation show quite different behavior. The spectrum
of the first component (Fig. 11.1a) narrows sharply from 31 nm to 4.5 nm width
under pumping intensity above 0.04 MW/mm2. This spectrum contains a narrow
lasing component of 4.5 nm FWHM and a component of amplified spontaneous
emission (ASE) of 16 nm FWHM which disappears under higher pumping. The
spectrum of the second component narrows much less in the same pumping range
(Fig. 11.1b) from 32 to 23 nm. The different spectral behavior of these components
is caused by their different origin. The sharp spectral narrowing of the first compo-
nent appears since the radiation of the quasi WG mode is confined in the film, where
the optical gain is high and therefore, it may develop as lasing. The radiation of the
second component spreads over the substrate, where there is no gain and therefore
the effective gain of it is much less. As a result, this radiation develops as ASE.

One should note that this radiation consists of many parallel plane waves coming
out from the film to the substrate and undergoes TIR (Fig. 11.1b). The radiative
mode of the substrate which appears under lasing onset in the film may be called
Lummer-Gehrke mode [4]. Thus, the present radiation mode of the substrate is not
just a part of the radiation that is lost by the quasi WG mode, but it is created as a
result of interference. These modes are situated in the common area (hybrid film) of
their propagation but they may take place independently. The lasing quasi mode can
develop independently of the radiative mode of the substrate owing to amplification
in the core of WG. The radiative mode of the substrate exists alone but under lasing
the WG core originates from ASE.

Figure 11.2 shows the spectra of radiation from the film edge (quasi WG mode)
depending on the direction of propagation relative to the track. In this case, the
spectrum of radiation from track edge is independent of the angle of propagation at
least in the range �26�, where this radiation does not overlap with a lateral beam of
the radiative mode of the substrate. This property fits well with the strong diffraction
divergence of the radiation of the quasi WG mode on the small-size aperture of the

134 Y. Leonenko et al.



530 540 550 560 570 580 590 600

0,0

0,5

1,0

530 540 550 560 570 580 590 600

0,0

0,5

1,0

In
te

n
si

ty
, a

rb
.u

n

b

l,nm

l,nm

 

   

1

2

In
te

n
si

ty
, a

rb
.u

n

1

2

3
a

Fig. 11.1 Emission spectra
of the radiation from the
track edge in the SiO2 film
(a) and of the lateral beam at
26� to this track (b) under
pumping intensity Ip ¼ 0.03
(1) and 0.3 (2) MW/mm2;
3 – lasing component of the
emission from the track edge

Fig. 11.2 Spectra of the
lasing component of the
emission propagated at
0� (1) and 12� (2) to the
track under pumping
(Ip ¼ 0.3 MW/mm2); 3 –

emission spectrum of lateral
emission at 26� to the track
under 0.3 MW/mm2

pumping; 4 – luminescence
spectrum of Rh6G in
SiO2 film

11 Design of Mesoscopic Ordered Titania and Silica Hybrid Sol-Gel Films as Planar. . . 135



film edge. The latter can be considered as an important proof of the occurrence of
this radiation. Its lasing nature was apparent from the comparison of the spectra with
a luminescence spectrum of Rh6G confined in the film. The FWHM (4.5 nm) of the
radiation is about one order narrower than the FWHM of the luminescence (46.5 nm)
and as noted above, this narrowing is more sharply. In TiO2 film with refractive
index n ¼ 1.565, the necessary condition for TIR is available. The thickness of the
film of 200 nm is smaller than the cut-off thickness of the lowest mode m ¼ 0
(300 nm). Therefore, in this film true WGmodes cannot exist. For their existence the
refractive index of the film or its thickness must be higher. However, lasing radiation
in this film arises as well. Moreover, in this film lasing arose under pumping with
intensity of one order less and its radiation brightness was nearly one order higher.
The radiation spectrum had the same width with FWHM of 5 nm.

According to the above mentioned conception, the lower threshold of lasing and
the higher brightness of emitted radiation from TiO2 film in comparison with the
SiO2 film can be as a result of physicochemical design explained by higher reflec-
tivity on the film-substrate interface conditioned by the higher refractive index of the
first one. Therefore, it should be expected that the formation of the TiO2 film of
higher refractive index and the optimal thickness will provide lasing in a true WG
mode in which all emitted radiation will be confined in the WG core. This can be a
starting point for further decrease of the threshold and increase of radiation
brightness.

11.4 Conclusion

The possibility of lasing from Rhodamine 6G confined in smart designed
mesostructured hybrid sol-gel film waveguides has been shown. It was established
that lasing true waveguide mode in SiO2 and TiO2 films with refractive indexes
lower (1.499) or higher (1.565) than the index of the glass substrate under these
conditions cannot be implemented because of low refractive index or high cut-off
thickness. The lasing in these films arises in quasi waveguide modes due to radiative
losses in the substrate. Lasing radiations emerge from the film edge and are high
diverged due to diffraction. This lasing is accompanied by substrate radiative mode
which forms a low diverge lateral beam at direction about 26� related to the film
plane. Lasing in the film with higher refractive index has by order lower threshold
accompanied by an increase of the radiation brightness.
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Chapter 12
CVD Diamond and Nanodiamond:
Versatile Materials for Countering a Wide
Range of CBRN Threats

Paul W. May

Abstract Fabrication of thin films of diamond by chemical vapour deposition
(CVD) has now developed into a mature technology, with high-quality diamond
readily available from multiple vendors at relatively low cost. As such, scientists and
engineers now have access to the wide range of outstanding mechanical, thermal,
optical and electronic properties that diamond has to offer. In this review, we shall
discuss a range of applications in which CVD diamond films and nanodiamond
particles can help to reduce, remove or mitigate the threats from chemical, biolog-
ical, radiological and nuclear (CBRN) incidents or attacks. Some of these applica-
tions are commercially available today, others may require further research or
modification of existing diamond-based devices for the unusual requirements of
CBRN events, while others are currently only ideas which have yet to be developed.

Keywords Diamond · Nanodiamond · CBRN threats · Water purification ·
Chemical reagent detection and analysis · Antimicrobial surfaces · Bioimplants ·
Radiation detectors · Radiation dosimeters · Radiation-hard electronics · Targeted
‘magic bullet’ treatments · Telecommunications · Reliable power supplies · Nuclear
batteries

12.1 Introduction

Diamond has a unique set of extreme properties (Table 12.1) that make it useful for a
wide range of thermal, electronic, optical and mechanical applications [1]. However,
for much of recent history, diamond was available only in the form of single-crystal
natural stones which limited its use to expensive jewellery. The situation began to
change in the 1950s, when the high-pressure high-temperature (HPHT) method of
synthesising diamond in a laboratory was developed and commercialised by the
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General Electric Company. This HPHT process originally produced mm-sized
stones which were yellowy-brown in colour due to unwanted nitrogen incorporation,
making them unsuitable for gemstones. The ready availability and low cost of these
so-called ‘industrial diamonds’ led to a number of applications that exploited
diamond’s hardness, such as drilling, sawing or milling, and prompted the beginning
of a multi-million-dollar industry which continues to this day [2]. Since ~2015,
advances in the HPHT process have allowed colourless gemstone-quality HPHT
diamonds to be manufactured which are now good enough for the jewellery market.
However, HPHT diamond is only produced in the form of stones or particles,
meaning that a large contingent of diamond’s exceptional properties still cannot be
exploited.

This problem was finally solved with the advent of diamond grown by chemical
vapour deposition (CVD) in the 1980s, because this method produces diamond in
the form of a thin coating or layer conformally attached to a surface (or as a
freestanding diamond plate if removed from the substrate) [3]. Diamond coatings
such as these allow almost all of the superlative properties of diamond to be
accessed, and as a result, the number of applications for CVD diamond has increased
hugely over the past few years. Advances in deposition technology, driven by the
burgeoning market in CVD diamond gemstones [4], have allowed thicker diamond
films to be deposited at faster rates, and therefore more cheaply. Another factor has
been the large increase in the number of companies producing lab-grown diamond
(both for gems and as coatings), increasing the availability and supply of diamond
material. Nowadays, the previous commonly held perception that diamond is a rare
and expensive product only useful for gems or niche applications is rapidly being
dispelled, and finally diamond is becoming regarded as a truly useful, affordable,
engineering material.

Table 12.1 A selection of some of the outstanding properties of diamond

Extreme mechanical hardness (~90 GPa) and wear resistance

Highest bulk modulus (1.2 � 1012 N m�2)

Lowest compressibility (8.3 � 10�13 m2 N�1)

Highest room temperature thermal conductivity (2 � 103 W m�1 K�1)

Very low thermal expansion coefficient at room temperature (1 � 10�6 K�1)

Optical transparency from the deep ultraviolet to the far infrared

Highest sound propagation velocity (17.5 km s�1)

Very good electrical insulator (room temperature resistivity is ~1013 Ω cm)

Doped diamond is a semiconductor with a wide bad gap of 5.4 eV

Very resistant to chemical corrosion

Biologically compatible

Some surfaces exhibit very low or ‘negative’ electron affinity

The NV centre defect acts as a single-photon source
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12.2 The CVD Process

In the CVD process [3], a diamond coating is deposited onto the surface of a suitable
substrate, such as a smaller diamond seed in the case of gemstone growth, a Si wafer
for electronics, a quartz window for optics, or an engine component for mechanical-
wear applications. The substrate is placed onto a heated stage inside a vacuum
chamber. The substrate is heated to 700–1000 �C while process gases (a carbon
source such as methane diluted to just a few percent input mole fraction in hydrogen)
are passed over the substrate at a pressure of 20–200 torr. The gases are typically
energised using either a heated metal (W, Ta, or Re) filament placed a few mm above
the substrate surface, or by application of a microwave discharge in the form of a
stable ‘plasma ball’ which sits above the substrate surface. In either case, the thermal
or electrical energy deposited into the process gases causes the molecules to frag-
ment and form a chemical ‘soup’ of atoms, radicals, ions and clusters near to the
substrate surface. Reactive species (mainly H atoms and CH3 radicals) from this hot
gas mixture diffuse to the surface, and if the conditions are optimal, they deposit onto
the surface as a continuous layer of diamond [5]. The diamond coating can remain on
the surface after growth and be utilised in situ, or the substrate can be removed by a
suitable etch process (e.g. conc. nitric acid to dissolve a Si wafer) to create a
freestanding diamond ‘wafer’.

12.3 Types of CVD Diamond

If diamond is grown homoepitaxially [6] onto an existing HPHT or natural diamond
seed crystal, then the enlarged single-crystal diamond (SCD) that results can either
be cut and polished into a gemstone (which is the basis for the flourishing CVD
diamond gemstone market [4]) or laser cut into flat SCD substrates usually a few mm
in size, suitable for advanced applications.

In contrast, heteroepitaxial diamond growth on a non-diamond substrate begins
from numerous individual, isolated nucleation sites, e.g. from micro- or
nanodiamond seed crystals scattered on the surface, or surface defects such as
scratches, impurities or dislocations [7]. The individual diamond nuclei grow and
fuse with their immediate neighbours to form a coalesced (or closed)
two-dimensional film that then continues to grow normal to the surface. The
resulting material will usually be polycrystalline, composed of almost pure diamond
crystallites (or grains) joined together by grain boundaries that contain varying
amounts of impurities and non-diamond carbon. By choosing the appropriate pro-
cess conditions [8], the morphology and the average crystallite size can be tuned [9],
as shown in Fig. 12.1. Diamond films are usually grouped into categories depending
upon their crystallite size and morphology.
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• Microcrystalline diamond (MCD) films [3] exhibit faceted crystallites of size
0.5 μm to a few 100 μm, with a columnar growth structure that produces
anisotropic properties which vary with film thickness.

• Nanocrystalline diamond (NCD) films [10] contain more rounded crystallites
(sometimes referred to as ‘cauliflower’ diamond) ranging in size from
~10–100 nm.

• Ultrananocrystalline diamond (UNCD) films [11, 12] have crystallite sizes
<10 nm embedded in a sp2 carbon matrix, and although their properties are
somewhat degraded compared to MCD and NCD, they have the advantage of
being smooth on the nm scale.

12.4 Doping

Undoped CVD diamond of any grain size is highly electrically insulating. However,
doping by incorporation of a suitable impurity atom, can increase the conductivity of
the film in a controllable manner. The dopant atoms are usually added to the input
gas mixture in gaseous form, e.g. B2H6 for boron, NH3 or N2 for nitrogen and PH3

for phosphorus. Adding boron into diamond at low-to-medium concentrations
creates a p-type semiconductor [13], while at high concentrations
(>1 � 1020 cm�3) the conductivity becomes near-metallic, and even
superconducting at temperatures <10 K [14]. B-doped diamond (BDD) can, there-
fore, be used in a variety of simple electronic devices, sensors, and especially as

Fig. 12.1 Schematic
representation of various
forms of diamond film
growth. (a) SCD film grown
epitaxially on a SCD
substrate. (b) MCD
columnar growth from
randomly sited nuclei,
where the slowest growth
face determines the overall
film texture, in this case
(100). (c) Highly oriented
‘textured’ MCD obtained
following special nucleation
procedures. (d) Faceted
NCD, which is really just
thin MCD with high
nucleation density. (e)
Cauliflower NCD before it
has coalesced into a
continuous film. (f)
Cauliflower NCD film.
(g) UNCD
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electrochemical electrodes [15] (see Sect. 12.8). In contrast, n-type semiconductivity
is much harder to achieve, because most potential n-type dopants (P, As, Li) are too
large to easily replace a small C atom in the diamond lattice, and thus have a low
solid-state solubility in diamond [16]. Some degree of success has been achieved
with phosphorus doping [17], but a reliable n-type dopant with useful electronic
properties remains the ‘Holy Grail’ of diamond semiconductor research.

12.5 The NV Centre

Nitrogen atoms, however, are small enough to substitute for carbon [18], however
the energy levels of the N donor in diamond are too deep and so the material
is electrically useless for most applications. Nevertheless, N in diamond, when
situated next to a vacancy, forms the so-called ‘NV centre’ [19], as shown in
Fig. 12.2. This defect is causing a great deal of excitement in the scientific commu-
nity because NV centres located within a diamond lattice behave as isolated ‘chro-
mophores’, with a set of energy levels distinct from those of the surrounding
diamond. When exposed to a stream of photons from a laser, each NV defect will
absorb only one photon.

When they subsequently relax, each NV centre will re-emit only a single photon
(with reduced energy), and each photon emerges with a specific optically readable
spin [20]. The photons can then be individually collected in suitable optical wave-
guides and transported where required. After a suitable delay, the NV resets, and can
absorb and re-emit another photon. Thus, NV centres act as excellent single-photon
sources [21], underpinning a host of applications involving quantum computing and
quantum information processing [22–24].

Fig. 12.2 Schematic
diagram of the NV defect
centre in the diamond lattice
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12.6 CVD Reactors and Systems

Turning now to the practicalities of deposition, hot filament (HF) CVD reactors can
usually only deposit diamond at rates of ~0.5–1 μm h�1, but they can be scaled up to
coat large areas (such as 12-inch-diameter wafers) and can coat non-flat shapes such
as wires and substrates with complex 3D morphology [3]. In contrast, microwave
(MW) plasma CVD reactors can deposit diamond at rates as high as a few
100 μm h�1 depending on the MW power used, but only over smaller areas
(typically 3-inch-diameter samples) and predominantly flat substrates. However,
these limitations to growth rates and substrate area are rapidly being overcome,
with continuing improvements in reactor technology and more widespread use of
CVD diamond in various applications. Currently, there are over 200 research groups
worldwide studying growth or applications of CVD diamond, and perhaps 100 com-
mercial companies either making diamond (for gemstone or other applications) or
utilising CVD diamond in high-tech devices. As a result, the cost of diamond has
fallen rapidly over the past decade; at the time of writing, the typical costs for a
freestanding single-crystal diamond sample (4 � 4� 0.5 mm) from a company such
as Element Six is ~$1700, while that for a larger (10� 10� 0.5 mm) polycrystalline
sample is only ~$50–200 depending on quality, while the number of suppliers has
increased accordingly (see Table 12.2).

12.7 Nanodiamond

Together with diamond in the form of single-crystal gemstones or thin films,
diamond particles of different sizes are another area of considerable current scientific
interest [26]. Here, we shall focus only upon nanodiamond (ND) particles, which
typically have sizes 2–10 nm [27]. The most common ND production method is via
detonation of explosives (such as TNT and hexogen) in an inert atmosphere or in
water/ice, inside a steel chamber [28]. The detonation produces a shockwave which
propagates through the reaction mixture at supersonic speeds. In the transient
shockwave, the prevailing pressure and temperature can be p ~ 10–20 GPa and
T ~ 2000–4000 K. Under these conditions diamond is the thermodynamically
favoured phase of carbon, while at all other times, the pressure and temperature
conditions favour other forms of carbon. Thus, the explosion produces a mixture of
diamond particles, soot and other sp2 carbon material.

The powdery mixture of products from the detonation is cleaned with various
acids and reagents to remove unwanted metallic impurities and soot, and the
diamond component extracted. The resulting material, often called ‘detonation
nanodiamond’ (DND) is commercially available from many suppliers worldwide
(see Table 12.2) as a powder (see Fig. 12.3) or as a suspension in water, and is
currently produced at a rate of several tons per year and sold for as little as $100/kg.
Unfortunately, the DND particles tend to fuse into aggregates ~100 nm in size, and
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Table 12.2 Selected suppliers of diamond gems, HPHT grit, CVD diamond substrates and
nanodiamond powders

Supplier Diamond product Country Refs.

Element Six, Ltd CVD substrates, HPHT UK, USA [36]

DiamFab CVD diamond films France [37]

Ceratonia Diamond grit, CVD substrates Germany [38]

Yorkshire Bioscience Nanodiamond UK [39]

Carbodeon Nanodiamond Finland [40]

Diamond Materials CVD substrates Germany [41]

Microdiamant Nanodiamond Switzerland [42]

Nanodiamond.com Nanodiamond Switzerland [43]

Ray Techniques, Ltd Nanodiamond Israel [44]

Advanced Diamond Technologies UNCD substrates USA [45]

Applied Diamond, Inc. CVD substrates USA [46]

Crystallume CVD substrates USA [47]

Diamond Foundry Gems USA [48]

Gemesis Gems USA [49]

SCIO diamond Gems USA [50]

EDP Corporation CVD substrates Japan [51]

NanoCarbon Research Institute,
Co., Ltd.

Nanodiamond Japan [52]

Crysdiam Technology Gems, CVD substrates and
nanodiamond

China [53]

Pam-Xiamen CVD wafers China [54]

WEC Superabrasives Gems Taiwan [55]

New Diamond Technology Gems, CVD substrates Russia [56]

2a Technologies Gems, CVD substrates Singapore [57]

Diamond Elements Gems, substrates India [58]

A more comprehensive and continually updated list of diamond suppliers can be found in Ref. [35]

Fig. 12.3 Left: DND powder. Right: transmission electron microscopy image of DND [25]. (Copy-
right © R. Hamers research group, University of Wisconsin, used with permission)
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thus the as-supplied material usually requires de-aggregation before subsequent
processing. This can be achieved in many ways, including ball milling,
pulverisation, high-power sonication, acid treatments, controlled heating in O2 or
H2, or combinations of these methods [29]. The resulting DND particles are best
described as having a diamond core surrounded by a (partially) graphitic or
fullerene-like shell – and are sometimes described as ‘bucky-diamonds’ [30].

As a result of the various cleaning processes applied following detonation
synthesis, the surfaces of DND particles are usually terminated with oxygen-
containing groups like carboxyl, hydroxyl or bridging-ether groups. DND particles
are therefore usually hydrophilic, which helps their stability when in aqueous
suspensions. This oxygenated surface can be modified by standard chemical
methods, replacing the O-groups with H (producing a mildly hydrophobic surface),
with F (which is superhydrophobic), or with NH2. Both O-terminated and NH2-
terminated ND are of particular interest because they enable the subsequent binding
of a large variety of functional molecules, such as bioactive compounds (proteins,
enzymes, antibodies, DNA), catalysts, drug molecules, or polymer building-blocks
by amide bond formation or other standard chemical procedures [31].

ND particles containing fluorescent NV centres exhibit bright luminescence,
which, combined with a readily modifiable surface and biocompatibility, make
them extremely promising for biomedical applications [32], and, in particular, for
use as a biomarker to ‘tag’ biomolecules of interest as they travel around within
living organisms [33, 34].

In this short review we shall concentrate on applications of CVD diamond and
nanodiamond that may help to mitigate the effects of a chemical, biological,
radiological or nuclear (CBRN) threat. The aim is to identify potential applications
where CVD diamond is a key component that counter a diverse range of CBRN
threats. In some cases, these applications may reduce the likelihood of a particular
threat happening, or even prevent it altogether. In others, they may simply help to
mitigate the damage following a successful CBRN attack. However, the number of
applications involving diamond that could be brought to bear on CBRN issues is
huge, so we limit ourselves here to a few examples from each threat type. In some
cases, the technology is already being developed, although perhaps only on a small
scale; in others it hasn’t yet been invented.

12.8 Chemical Threats

Although there are many potential chemical threat scenarios, we shall only consider
two here: poisoning of a water supply, such as a reservoir or river, and detection of
chemical agents in smuggled items.
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12.8.1 Poisoning of a Water Supply

The drinking-water supply to a city or region may become contaminated by toxic
chemicals, either accidentally as the result of, say, an industrial leak, or deliberately
due to a terrorist attack. In the latter case, there are two scenarios. In the first option,
the perpetrator could seek to cause maximum casualties as quickly as possible. In
this case, the attack might take the form of dumping a large volume of a highly toxic
chemical into a river, reservoir or aquifer, with the aim that by the time it is detected
the damage would have already been done. This is quite a challenge, however,
because most developed counties have detectors that continuous monitor the water
supply, and any sudden spike in toxin concentration would automatically shut down
the supply. This strategy might work in less-developed countries without sophisti-
cated monitoring systems, but the perpetrators still have the problems of how to
obtain large amounts (perhaps 100 s of litres) of toxic chemicals without alerting the
authorities, and then how to transport them undetected to the dump site.

A more subtle approach might be to go for ‘little and often’; use much smaller
amounts of a toxic substance such that it falls below the detection limit of most
current sensors, and add it to the reservoir repeatedly over a long period. A systemic
poison like dimethylmercury or thallium, which accumulate in the body, might be
piped to a population for many weeks or months, undetected, before the first
symptoms of poisoning started to appear – and by then it may be too late.

For the authorities, the challenge here, is in detecting minute concentrations of the
toxin, and identifying it unambiguously amongst many other chemicals also present
in the water [59]. One possible solution is to use boron-doped diamond (BDD)
electrodes to detect the electrochemical oxidation and/or reduction peaks character-
istic of known poisons. BDD has a number of advantages over conventional
electrodes made from silver, platinum or glassy carbon [15]. It has a wide potential
window, from �1 to +1.8 V, allowing detection of redox species that would
normally fall outside the operating range of conventional electrodes, including
heavy metals (mercury [60], cadmium, lead, nickel [61], arsenic [62]), polycyclic
aromatics (PCAs) and pesticides [63], hormones and estrogenic compounds, explo-
sives [64], neurotransmitters such as dopamine [65], drugs (paracetamol, cyanides,
narcotics, pharmaceuticals) [66], and water-soluble nerve agents [64]. Within this
operating window, the response is flat, so there is no background, making the BDD
electrodes highly sensitive. This enables them to detect some compounds at
nanomolar (ppb) levels, even in the presence of similar chemical species (see
Fig. 12.4a). Furthermore, the BDD electrodes can be nanostructured into needle
shapes (‘black diamond’), increasing the available surface area by many 100-fold,
along with a concomitant increase in sensitivity [65] (see Fig. 12.4b, c). BDD
electrodes are robust, have far less tendency to foul than other electrodes, and can
be electrochemically cleaned in situ.

Although there are perhaps 50 research groups worldwide studying BDD elec-
trochemistry, there are few, if any, commercially available BDD water monitors on
the market, although a number of companies (e.g. Element Six (UK), Windsor
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Scientific (UK), Adamant Technologies (Switzerland), Condias (Germany),
Sumitomo (Japan) and sp3 Diamond Technologies (USA)) sell BDD electrode
material for use in detectors.

Whether the water-supply was contaminated by accident or deliberately, the next
issue would be to clean up the water as quickly and efficiently as possible. One
method that would be particularly effective for removal of organic toxins (chemical
agents or bacteria/viruses) is electrolytic destruction. This is an electrochemical
technique which involves passing a high current (often many tens of amps) through
the contaminated water via a series of electrodes. The current fragments any
dissolved or suspended molecules, converting the organic components to CO2 and
rendering the toxin harmless. Unfortunately, the high currents sustained for long
periods of time cause degradation and erosion of the electrodes, which must be
replaced periodically at high cost in money and time. BDD electrodes have proven to
be more robust than most alterative materials, allowing higher currents to be used for
longer periods between replacements [67].

Fig. 12.4 An example of
the sensitivity and
selectivity of BDD
electrodes used for
electrochemical trace
analysis in water. (a)
Differential pulse
voltammograms recorded
for different dopamine
concentrations
(1–9 ¼ 0.0�5.0 � 10�6 M)
in the presence of a
chemically similar analyte
(uric acid 3.0 � 10�5 M).
Inset: Current density j
(μA cm�2) vs. concentration
of dopamine (μM) showing
a linear response with
concentration. (b) and (c)
SEM images of ‘black
diamond’, nanostructured
BDD needles on the surface
of an electrode.
Figures reprinted under CC
BY 4.0 licence from Ref.
[65]. (Published by The
Royal Society of Chemistry)
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A number of commercial companies offer water purification systems based on
BDD electrode technology, such as Proaqua (Austria), CSEM (Switzerland), and
WaterDiam (France). These systems may be suitable for household supplies, or
perhaps a small factory, but not for emergency rapid clean-up of an entire reservoir
following an attack. However, in principle, to do so, this technology just needs to be
scaled up and made portable. One might imagine an emergency response team
composed of a fleet of trucks, each carrying a BDD water-purification system, that
could drive rapidly to the site of a reservoir-poisoning event to begin clean-up within
hours.

12.8.2 Detection of Chemical Reagents

Many chemical reagents, such as nerve agents or poison gases, that might be used in
an attack upon a military or civilian population are very difficult to detect, and even
tiny amounts can be devastating. The Novichok attack in Salisbury in 2018 used
only ~2–10 mL of Novichok A234, smuggled into the UK in a modified perfume
bottle [68]. It killed 1 person and severely injured 4 others – but caused an estimated
£10–30 M in clean-up costs, plus untold economic damage to this major commercial
city, devastating their tourist industry for nearly a year [69]. Most airports use
random swab tests to spectroscopically detect chemical residues on the clothes or
baggage of travellers. But determined terrorists or government agents can defeat
these measures easily. The failure to detect the disguised perfume bottle containing
Novichok when it passed through Gatwick Airport border highlights the urgent need
to develop new and more sensitive methods to selectively detect these types of
reagents at very low levels (ppb).

One solution is a so-called ‘electronic nose’ (EN), which can ‘sniff’ out illicit
substances. Some airports have these fitted as full body scanners, but they are often
large, and create extra queueing time for passengers. A better answer would be an
EN that is inexpensive, portable, lightweight, and highly sensitive – but only to the
molecules of interest. Many competing gas-sensor technologies are candidates for
the next generation of EN [70], including those based on semiconductor-metal-
oxides, conducting polymers, surface acoustic waves, QCM, and optical-fibres, but
CVD diamond ENs offer a number of advantages. They can use smaller gas
volumes, have smaller detection surfaces, and offer shorter detection times.

An example of a diamond-based EN developed by CEA (France) is shown in
Fig. 12.5 [71]. It uses microelectromechanical systems (MEMS) technology in
the form of freestanding diamond cantilevers etched onto a silicon substrate. The
cantilevers can be made to resonate using an attached piezo-electric layer. The
resonant frequency, f, depends upon the dimensions of the cantilever, the material
it is made from, and its mass. Because the cantilever is made from diamond, the
resonant frequency is very high (20–150 kHz), making it extremely sensitive to
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changes in mass. When gas molecules adsorb onto the cantilever, its total mass
changes, which lowers the resonant frequency. This frequency change Δf provides
an indication of the gas concentration. Selectivity for different gas molecules is
achieved by chemically functionalising the diamond electrode surface using a
specific binding molecule (protein, antibody, inorganic reagent) which is covalently
bonded to the diamond surface. The French group reported successful trials of an
8-cantilever array sensor, each one functionalised to detect a different molecule.
Such systems are still in development, but the next stage would be to scale these up
to detect simultaneously perhaps 100 different molecules of interest. They could
then be deployed at train stations, airports and other critical buildings.

12.9 Biological Threats

Although there are many types of threats posed by different biological incidents,
accidental or otherwise, here we shall concentrate only upon two – the first applica-
tion is preventative, while the second aims to help victims after the event.

12.9.1 Antimicrobial Surfaces

Bioweapons can spread harmful bacteria over large areas; as well as the immediate
infection problem and risk of epidemics, the infectious agent may coat the surfaces,

Fig. 12.5 Left: Three-dimensional drawing of an EN gas sensor showing the 8 MEMS cantilevers
inside. Right: Photograph of the sensor. (Figure reproduced from Ref. [71] under CC BY 4.0
licence)
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walls, floors, etc. for km around the initial site. These areas may remain infectious
until the pathogen finally dies, which maybe days or even weeks. Moreover, surfaces
which were clean can become contaminated by contact with people that have been
exposed to the bacteria, or via the air. Thus, along with the immediate casualties, a
bioweapon attack might also deliver a ‘denial of services’ effect, because military or
emergency services cannot enter the affected areas without special protective cloth-
ing and equipment. Furthermore, in an emergency situation, disinfectants or other
antibacterial chemical agents might run out or be in short supply, making decon-
tamination even more of a problem.

So, the question is: Can we equip critical equipment (e.g. those used by hospitals,
Emergency services, military, etc.) with antimicrobial coatings that kill bacteria
mechanically rather than chemically? One possible answer comes from the study
of the microstructure of the wings of dragonflies and cicadas [72]. The wings are
covered with micropillars a few 100 nm tall, which biologists believe act as a
protective antimicrobial surface. A surface with properties similar to these was
fabricated using black silicon – a synthetic nanostructured material that contains
high-aspect-ratio nanoprotrusions, such as nanospikes or nanoneedles, on its surface
produced through plasma etching. Black Si acts as an effective bactericidal surface
for both Gram-negative and Gram-positive bacteria [72], but the nanostructured
surface is rather delicate and easily damaged or scratched – even a human fingernail
dragged across the surface breaks and dislodges the needles. A solution to this is to
coat the needles with a conformal layer of diamond, 50–100 nm thick (see
Fig. 12.4b, c). The advantage of the diamond coating is that the structures become
far more robust and less likely to become damaged. As well as having excellent
electrochemical properties (see Sect. 12.4), the diamond-coated spikey surface
(called ‘black diamond’), generated a mechanical bactericidal effect, killing bacteria
efficiently and effectively [65, 73], see Fig. 12.6. When the surfaces of the

Fig. 12.6 SEM images of E. coli bacteria, showing (a) healthy, turgid bacterial cells on MCD
control samples, but (b) deformed and flaccid dead bacteria on a black diamond surface.
(Figures reprint from Ref. [74] under CC BY 4.0 licence)
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black-diamond needles were fluorinated by exposure to an SF6 plasma, they became
superhydrophobic, further increasing their antimicrobial properties, as well as hin-
dering the growth of biofilm [74].

For applications in the real world, bioresistant surfaces will realistically never be
coated with exotic materials, such as black diamond. Instead, similar nanostructured
surfaces could be fabricated from more conventional materials like stainless steel,
titanium, or polymers such as medical-grade rubber or PTFE. Nevertheless, the
general findings from studies such as those on black diamond, optimising biocidal
activity in terms of types, shapes and densities of surface morphology and chemical
nature, will provide important information for the development of next-generation
antibacterial surfaces made from more practical materials.

12.9.2 Diamond-Based Bioimplants

One of the long-term after-effects of a CBRN incident may be a large number of
civilian and military personnel with chronic medical conditions that might require
treatment for years. Neurological conditions and/or nerve damage can be brought
about by mechanical trauma, or by exposure to chemicals such as nerve agents, but
whatever the cause, there would be a requirement to treat these victims as effectively
as possible.

Diamond may again become the material of choice for studying and achieving
these treatments [75, 76], mainly because it is bioinert, i.e. it does not provoke an
immune response when implanted inside the body. This advantage means that
diamond-based implants produce less or even zero inflammation, and can therefore
survive and function for years, or even decades, within the body, with no need for the
cost and trauma of surgical replacement, probably within the patient’s lifetime.
Diamond is also corrosion resistant, so is not chemically attacked by the body’s
fluids. Thus, it can be used to protect non-biologically inert components (such as Si
microprocessor circuitry) within hermetically sealed diamond boxes. An example of
this is the ‘bionic eye’ project from Melbourne University [77, 78], that uses an
artificial retina chip sealed inside a protective diamond shell, implanted into the eye,
to provide some degree of sight for patients with a malfunctioning retina.

Diamond can be heavily doped with boron to increase its electrical conductivity
to near-metallic, and this makes it useful as biosensor, allowing signals to be
transferred to and from cells. This is especially useful for neurons situated in the
brain, the central nervous system, or in the periphery such as arms and legs. There
have recently been two major EU-funded research consortia (DREAMS [79] and
NEUROCARE [80]) to study the function of diamond-based implants that interface
with living human neurons, with the aim of finding treatments for neurological
disorders, such as Alzheimer’s, Parkinson’s, stroke, epilepsy, paralysis due to
trauma, and many others. An example is artificial retinas that use a conducting
diamond film grown onto a flexible polyimide substrate that can wrap around the
back of the eyeball and transfer signals from the retina to the optic nerve [81]. Other
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examples currently being researched are diamond sensors embedded into the spinal
cord of paraplegic patients, which pick up signals from the brain and transfer them
wirelessly to an external computer. Interpretation of these signals using special
software may allow robotic legs to be moved at will by the patient. Such treatments
for paralysis have already been demonstrated using multiple external sensors placed
on the scalp [82], but with a diamond implant, the sensor would be portable and
remain in situ for perhaps 30 years.

Such two-way communication opens up other possibilities too, such as direct
brain-computer interfaces (BCIs) [82]. Here, the diamond sensors would be perma-
nently implanted into the brain, picking up the neural impulses and transferring them
wirelessly to an external computer. With suitable software to interpret the signals
(a difficult problem in itself), it may, in time, be possible to develop thought-
controlled equipment (TVs, cars, drones, etc.), or mind-to-mind communication
(‘telepathy’) to other people with BCI implants linked via the internet. Although
this may seem rather far away, the implications of BCI technology for medical
applications, military applications, and society as a whole, are huge.

Another approach for using diamond medicinally is as a bioinert culture plate
upon which to grow human cells [76]. These cells are then available as in vitro test
subjects for determining the efficacy of new drug treatments, or for studying the
toxic effects of chemical or neurological agents –- without the cost and controversy
of using in vivo tests or animal experiments. Cells cultured on diamond plates can
survive for many months, unlike those on traditional glass or plastic substrates which
typically die after a few weeks. This means that long-term testing is possible, as are
inheritance tests that require multiple generations of cells. Studies at University
College London [83] and Bristol University [84] have demonstrated that human
stem cells thrive on diamond culture-plates, and that they can later be transformed
into other cell types (kidney, liver, and especially neurons) using suitable chemical
treatments. When BDD is used as the substrate, then the cells growing on its surface
can be electrically interrogated or stimulated via the conducting substrate. The
substrate can be patterned or treated such that areas of the surface are amenable to
cell growth, while other areas are not. In this way cells, such as neurons, can be
persuaded to grow only in certain areas, allowing two-dimensional neuron networks
to be fabricated [85], as shown in Fig. 12.7. These ‘brains-on-a-plate’ act as models
that mimic to some degree the behaviour of a real 3D brain, allowing neuroscientists
to study how different types of stimuli propagate through the neural network. Such
studies pave the way for future development of organic computers. Diamond is also
being used as a scaffold upon which to grow human bone cells or cartilage tissue for
subsequent transplant procedures [86, 87].
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12.10 Radiological/Nuclear Threats

12.10.1 Radiation Detectors

One way to prevent a CBRN nuclear incident is to detect the presence of nuclear
material before it enters the country or crosses a city threshold. Thousands of passive
radiation detectors may need to be employed as screening devices at ports, airports,
and on highways entering cities, and as air-flow meters in hospitals, or in waste
incineration. Such detectors need to be cheap, portable and reliable.

Diamond has a number of advantages compared to competing materials and
technologies in relation to detecting and measuring radiation levels [88]. First,
diamond radiation detectors can be designed to detect and analyse most forms of
ionising and non-ionising radiation, including neutrons, protons, alpha, beta, and
gamma radiation, and X-rays, so long as the energies involved are greater than the
band gap of diamond (5.4 eV). Diamond-based detectors are very robust and
therefore have no need for frequent replacements. They have a high mobility of
free charges (~4500 cm2 V�1 s�1 for electrons, 3800 cm2 V�1 s�1 for holes [89])
which gives a very fast response (<100 ps) and they can be operated at room
temperature with no need for cooling. They have a resistivity several orders of
magnitude greater than Si-based detectors, with extremely low leakage currents
which makes them highly sensitive. Unlike Si detectors, diamond detectors do not
require p-type or n-type junctions to connect the detector to the control electronics.
Because such junctions are often a point of failure, the diamond detectors are more
robust, allowing them to be used in extreme environmental conditions, e.g. high
temperature, high humidity, very high radiation, and highly corrosive environments.

These features, combined with the intrinsic properties of diamond, give diamond
detectors perhaps their most important advantage over other materials – they are
resistant to extremely high radiation levels – values at which most other detectors
stop functioning. Indeed, the main Atlas detector used on the Large Hadron Collider
at CERN is made from diamond, as no other material could survive the huge
radiation levels in the beam (proton fluences of 1 � 1015 cm�2 and instantaneous

Fig. 12.7 Ordered growth of mice neurons on a patterned laminin-coated hydrophilic CVD
diamond surface. The neurons only grow along the patterned areas, and then form connections at
the crossing points. (Figures reprinted with permission from Ref. [85])
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rates of at least 1� 109 cm2 s�1 [90]). The intense beams of X-rays from synchrotron
sources at ESRF (Grenoble) and the Diamond Light Source (Harwell, UK) are
monitored using diamond detectors and focused using diamond compound refractive
lenses [91], while the Joint European Torus nuclear fusion facility at Culham
(UK) uses diamond detectors for UV and neutron detection.

The diamond research group at CEA Saclay in France have developed a number
of different diamond-based radiation detectors [92], and there are several companies
worldwide that produce them commercially, including PTW-Freiburg (Germany),
St. Gobain/Norton Diamond Film (Northboro, MA, USA), and Element Six, Ltd.
(Harwell, UK). An example of such a detector is shown in Fig. 12.8.

12.10.2 Radiation Dosimeters

Similarly, diamond can also be used as a radiation dosimeter, to detect and monitor
the total radiation dosage of humans exposed to a radiation incident [94, 95]. Most
dosimeters are designed for medical and therapeutic use (X-rays, CAT scans), but
these often only work at low radiation levels. Moreover, many existing technologies
have limitations: Si dosimeters suffer from radiation damage and low lifetime,
whereas ionisation chambers have low spatial resolution and low sensitivity. To
overcome these, dosimeters that utilise natural diamond have been developed
recently, but these tend to be expensive. Therefore, multiple research groups world-
wide are actively developing dosimeters that instead use cheap CVD diamond.
Examples include the EU project MAESTRO (Methods & Advanced Equipment
for Simulation & Treatment in Radiation Oncology) [96] and two projects funded by
the Italian National Institute of Nuclear Physics called CANDIDO and CONRAD, on
natural and synthetic diamond-based dosimeters for clinical radiotherapy [97].

Fig. 12.8 Photograph of a
large area (46 mm diameter
by 100 μm thick) diamond
radiation detector. (Image
reprint under CC BY 3.0
license from Ref. [93])
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However, in the event of widespread contamination, e.g. following a dirty bomb
or nuclear accident (such as those that occurred at Chernobyl and Fukushima), clean-
up crews, emergency services and the general population will need to wear portable
dosimeters to monitor their radiation exposure. These dosimeters may need to be far
more sensitive than standard medical devices, and also be able to withstand far
higher radiation dosage than might be expected clinically.

Diamond has a low atomic number (Z¼ 6) while the mean value for soft tissue is
Z ~ 6.5–7.5, thus, diamond is described as being ‘tissue equivalent’. This means
diamond dosimeters have fewer calibration errors or offsets than, say, Si (Z ¼ 14)
detectors, and do not over-estimate the dosage at lower energies [98]. The CVD
diamond detectors that are in development for therapeutic use could easily be
adapted to the more extreme conditions of a CBRN incident. Because diamond
detectors are highly sensitive, the dosimeters could be made very small, and thus
cheap, portable and even disposable. Moreover, they would work at low and high
radiation levels, with a long lifetime, and with little/no damage or deterioration of
performance over time – which is vital, as clean-up operations following a CBRN
incident may take months or even years.

12.10.3 Radiation-Hard Electronics

Ever since the loss of the Telstar 1 satellite in 1962 after a high-altitude nuclear test,
scientists have been aware that delicate electronic circuits can be damaged or
destroyed by exposure to radiation. Unfortunately, most electronics based on Si,
GaAs, GaN or similar semiconductor materials, are not radiation hard [99]. Ionising
radiation (alpha and beta) is a particular problem with semiconductor substrates;
even a single high-energy particle can create thousands of electron-hole pairs as it
passes through the substrate. The resulting large transient currents can disperse
through the conducting substrate, damaging circuit components and transistors
over a large area, leading to irreversible failure of the device. Some devices can be
improved by clever design (e.g. by adding extra error-correcting circuitry) or by
using insulating substrates (e.g. silicon-on-sapphire (SoS) and silicon-on-insulator
(SoI) wafers). Devices can also be shielded (often by encapsulating the circuitry
inside metal boxes), but shielding is large, heavy, and not always viable, for instance,
in aerospace applications. Generally, due to the extra cost, complexity and time
required for extra testing, radiation-hard devices usually perform poorly compared to
standard devices [100].

Diamond can play a vital role, here, too. A variation of SoI technology involves
depositing the active semiconductor layer (e.g. Si or GaN) on top of an insulating
CVD diamond substrate. Silicon-on-diamond (SoD) [101] or GaN-on-Diamond
(GoD) [102] technologies are currently being developed for thermal management
in high-power devices (see Sect. 12.11). Studies have shown that SoD devices
outperform their SoI equivalents, while being significantly more radiation
hard [103].
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One promising new avenue of research involves a new type of field-effect
transistor (FET) design based on an unusual property of the diamond surface called
‘surface transfer doping’ [105]. Hydrogen-terminated diamond exhibits a surface
dipole due to the difference in electronegativity between the carbon atoms in the bulk
and the H atoms on the surface. Electron-accepting molecules from the ambient air
adsorb onto this polar surface and electrons are transferred from the bulk to the
adsorbates. As a result, the adsorbates become negatively charged, and a stable
two-dimensional hole-gas (2DHG) layer a few nm thick is formed just below the
surface [106]. This thin layer is electrically conducting, with both a high hole
mobility (100–200 cm2 V�1 s�1) and high hole concentration (1012–1013 cm�2),
but the conductivity can be altered or even destroyed simply by changing the
atmosphere (pressure, humidity, etc.) above the surface. To stabilise this conductive
layer, the diamond can be capped with a protective layer of V2O3, MoO3 or Al2O3,
which hermetically seals the surface as well as providing additional surface accep-
tors helping to generate the 2DHG layer.

Many research groups, such as those at Glasgow University [107] and Waseda
University (Tokyo) [108], have been exploiting these ideas to produce novel FET
devices in which the conduction from source to drain, moderated via a gate electrode
as usual, is through this conductive layer, rather than through the semiconducting
substrate (see Fig. 12.9). Not only do these 2DHG FETs exhibit excellent device
performance, but because they are fabricated directly onto an insulating diamond
substrate, they should be considerably radiation more hard compared to standard
Si-based devices. If this is proven experimentally, such 2DHG diamond FETs may
herald a new paradigm in radiation-hard electronics for space, military, and CBRN
applications.

Fig. 12.9 Schematic cross-sectional view of a diamond-based MOSFET device utilising the 2DHG
conduction channel in H-terminated diamond protected by a MoO3 capping layer, based on the
design proposed in Ref. [104]. S, G, and D refer to source, gate and drain, respectively
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12.10.4 Targeted ‘Magic Bullet’ Treatments

The aftermath of any successful CBRN incident may require hundreds, thousands, or
even millions of people requiring medical attention. As well as short-term injures
and trauma, there may well be much longer-term treatments required for chronic
problems such as different forms of cancer induced by radiation exposure. More-
over, bulk medicines to treat these chronic ailments may be in short supply, or
insufficient to treat the potentially large number of patients that require them. One
solution is to use targeted treatments that affect only the afflicted part of the body,
such as an organ or a tumour. So-called ‘magic bullet’ treatments require far fewer
drugs and have fewer side-effects – but most are still under development.

Targeted treatments use a delivery vehicle, which is usually some sort of nano-
particle, which has had its surface chemically functionalised to allow other mole-
cules to attach to it. Many different nanoparticles have been used for this purpose
(metals, carbon nanotubes, lipids, polymers, etc.), but 4–10 nm nanodiamond (see
Sect. 12.7) is particularly suitable for this purpose [109] because (a) it is cheap, and
readily available as a suspension in water (recall Table 12.2), (b) its surface can be
readily functionalised with a wide range of chemical groups, (c) many studies have
shown that nanodiamond is bioinert and non-toxic [76], and (d) after its job is done,
the nanodiamond will simply be excreted harmlessly from the body.

To make the nanodiamond specific to only the chosen cell type, a molecule (e.g. a
reagent, protein, antibody, DNA strand, etc.) known to be a specific binding agent
for the chosen cell type is chemically bonded to the ND surface [110]. When the
functionalised ND particles are administered into the patient, often intravenously,
they travel around the bloodstream until they meet the targeted cell type, at which
point they recognise the cell and attach to it.

What happens next depends upon what extra functionalisation the ND has
experienced. As mentioned previously, NDs can be treated so that they contain
fluorescent NV centres which emit light when illuminated with a laser. These then
act as fluorescent biolabels or biotags, revealing the location of the ND along with
the cell to which it is attached, thus identifying the regions of interest, such as
cancerous cells, within the living organism [32]. Recently, real-time tracking of
single florescent ND particles inside a cell has been reported [112]. Such studies are
starting to provide valuable insights into the movement of fluids within cells, as well
as the mechanisms by which metabolic products are transported around living
cells [113].

To convert a ND into a ‘magic bullet’ requires bonding a second molecule to the
ND surface alongside the binding agent. This second molecule interacts with the
chosen cell, either killing it in the case of a cancer cell (see Fig. 12.10), or curing/
treating it in the case of malfunctioning cells. This drug molecule is usually bound
weakly to the ND in such a way that it detaches when activated by an external
stimulus such as UV light, or falls off automatically after a few hours to be excreted
from the body. Although these sorts of treatments are still under development, they
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may be a realistic method to treat the mass casualties that may result from a large-
scale successful CBRN attack.

12.11 General Infrastructure

In this section we shall discuss applications that don’t counter a specific CBRN
threat type, but instead sustain or improve the response of emergency services to a
CBRN incident, and in particular maintain the country’s power grid, telecommuni-
cations network, transport links, and the general infrastructure. We shall focus on
two of these aspects: power and telecommunication.

12.11.1 Reliable Fast Communications

In a major CBRN incident the communication networks often fail due to overload,
with people frantically trying to use the mobile-phone network to contact family
members who may have been caught up in the attack. Failure of these networks due
to lack of bandwidth capacity helps to spread fear and panic among the general
population. During the 9/11 attacks in New York in 2001 the mobile phone networks
in both the US and UK jammed for several hours, while during the London Bridge
attacks in June 2017, ‘communication issues’ between emergency services meant

Fig. 12.10 Schematic diagram showing 5 nm nanodiamond (ND) being functionalised using the
anti-cancer drug epirubicin (Epi) which then aggregate to form an epirubicin-ND complex (EPND).
The photo on the right shows a tumour-bearing mouse following treatment with either Epi or
EPND. The tumour treated with the EPND was significantly reduced compared to that treated with
the Epi control. (Figure reproduced with permission from the ACS, taken from Ref. [111]. Further
permissions related to reproducing this figure should be directed to the ACS)
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that paramedics did not know which areas were safe and which areas were hot zones,
and so were not allowed into these areas to help injured people for up to 1 h [114].

One solution to this problem would be to develop telecom networks that are many
times faster than those currently in use (4G & 5G), and which could cope easily with
excess demands in an emergency. Current RF power amplifiers and microwave
transmitters use GaN as the device material in high electron-mobility transistors
(HEMTs). But these devices can only be operated at ~50% max power due to
overheating and reduced lifetimes [115]. The next generation transmitters, either
HEMTs or monolithic microwave integrated circuits (MMICs), being developed for
beyond 5G will be even more power-hungry. In order for these to work effectively,
efficient heat extraction is essential. Studies have shown that most of the thermal
resistance occurs at the interface between the active GaN device layer and the
substrate, which is usually made from Si or SiC [115]. Manufacturers have tried to
lower this thermal barrier using thin interface layers, made of materials such as SiC
or SiN, between the GaN and substrate, but the results are not ideal.

Diamond has one of the highest thermal conductivity values known (see
Table 12.1) and so is ideal for use as a heat spreader. Placing a thin (few μm)
layer of CVD diamond between the GaN and Si/SiC substrate should allow the
localised heat to be rapidly transported away from the hot device and into the
substrate. This heat could then be removed using a suitable heat sink, radiator or
microfluidic cooling pipes (see Fig. 12.11). A number of research groups and
commercial companies are actively studying this approach, one of the largest of
which is a project called GaN-DAME [116], a UK six-university consortium based at
the University of Bristol funded by a £4.3 M grant in 2017. However, the technical
problems are not easy. The CVD conditions for diamond growth (Sect. 12.2) are not
compatible with GaN [117], so it is tricky to achieve an adherent diamond coating
with good thermal contact. One possible solution is to use a thin ‘glue’ layer between
the diamond and the Si substrate [118]. A promising option for the layer is AlN
[119]. Although it has a smaller thermal conductivity (400 W m�1 K�1) than

Fig. 12.11 Concept for a
GaN-on-Diamond device.
The heat flows from the hot
device into the diamond
(in this case with no
interface layer between
them), which then spreads it
rapidly into the underlying
substrate cooled by
microfluidic channels.
(Copyright © University of
Bristol 2017)
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diamond, so long as the AlN layer is thin (200 nm) the thermal resistance at this
interface is acceptable.

Another problem, which is exacerbated with larger wafer sizes, is the mismatch in
thermal expansion coefficients between diamond and the Si substrate, which results
in the wafers bowing.

Despite these problems, the ultimate aim is to develop HEMTs with a spectacular
>5 times increase in RF power compared to the current commercially available GaN-
on-SiC devices. Equally valuably, a dramatic shrinkage in MMIC or power-
amplifier size should be possible, delivering an increase in efficiency through the
removal of combining networks as well as a reduction in cost. This would be a
disruptive change in capability allowing the realisation of new system architectures
and thus enabling the bandwidths needed to deliver 5G and beyond. This would
deliver a telecom network that works reliably both for day-to-day activities and
during emergency situations.

12.11.2 Emergency Power for Critical Equipment – Nuclear
Batteries

In a CBRN incident the power grid may fail, either locally or city-wide, depending
on the type of attack. It is vital that some power is maintained for critical services,
e.g. hospitals, police, communications, etc, or for essential equipment, such as
radiation detectors, gas sniffers, lighting, and so on. Some of these pieces of
equipment are battery operated, but most batteries won’t last more than a day or so
of continual operation without being recharged. Others may have a generator back-
up, but these, too, may only work for as long as the fuel lasts, perhaps a few days.

What is required is a power source which does not require charging from the
mains supply, and which has a very long lifetime – such as a ‘nuclear battery’ or
‘betavoltaic battery’. In simple terms, a nuclear battery turns radioactivity into
electricity. Many different types of nuclear battery exist, developed mainly for
powering spacecraft as they travel to distant planets over periods of many years.
However, a new type of nuclear battery based on 14C diamond is currently gaining a
lot of interest [120] (see Fig. 12.12). In these proposed devices, radioactive graphite

Fig. 12.12 Schematic
diagram of a concept for a
diamond-based nuclear
battery
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(a waste product from many nuclear power stations) containing 14C is converted into
14CH4 by burning in hydrogen gas. This methane is then used as the carbon source in
a CVD reactor, which deposits a layer of 14C diamond onto a conducting substrate.
14C is a beta emitter, so it emits high-energy electrons with a half-life of ~8000 years.
A second ‘collector’ electrode is placed a few 100 μm away from the diamond layer,
with a vacuum gap between the two. The electrons emitted from the 14C-diamond
layer travel ballistically across the gap and are absorbed by the collector. Thus, the
collector gradually becomes more negative while the emitting electrode more pos-
itive, and a self-bias develops between the two electrodes. Connecting the two
electrodes with a wire allows current to flow back to the emitter, driving an external
load, if required. Other designs based on layers of alternating p- or n-doped diamond
sandwiched between 14C diamond emitting layers [121], that utilise 63Ni or tritium
as the radioactive sources [122], or which combine beta radiation and thermionic
emission [123], have also been proposed.

Such devices would produce electrical power almost indefinitely (thousands of
years), and can be made into small, portable, sealed solid-state packages, with no
moving parts and which require zero maintenance. The output power per device
would be tiny, perhaps only a few μW, but hundreds or thousands of devices could
be joined together in series to produce higher powers if required. Because the battery
is always on, it could continuously trickle-charge a capacitor ready for intermittent
high-power use, e.g. a burst transmitter on a spacecraft that sends all its data back to
Earth in a short high-frequency pulse once a day. As well as spacecraft and satellites,
other uses include areas where changing a battery is difficult, costly or impossible,
such as military applications (e.g. remote surveillance), aerospace applications
(e.g. sensors inside jet engines) or medical applications (perpetual pacemakers).
There are numerous commercial applications, such as for domestic use (watches,
calculators, mobile phone chargers, etc.), and powering ‘smart’ devices for the
‘Internet of Things’ [124]. A great many household devices, from kettles to fridges,
may soon be connected to the internet, and these will require a small but continual
supply of power. It would be impractical for all these appliances to be mains-
powered, whilst normal batteries would need changing continually, but a nuclear
battery could supply the small power levels required indefinitely.

In terms of CBRN applications, diamond-based nuclear batteries might provide
the power for a maintenance-free network of radiation detectors or biosensors
distributed around a city or country. They might also provide a back-up power
supply for emergency-service equipment, portable detectors, phones, torches,
defibrillators, etc.

12.12 Summary

In this short review, we have attempted to think the unthinkable – if a CBRN attack
were to succeed, what might be some of the consequences, and how could advanced
materials, and in particular, the new technological applications involving CVD
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diamond, be used to mitigate the damage? Although we have covered a rather
diverse range of threat scenarios, there are still a multitude of applications for
diamond which have been omitted. Examples include: diamond NV centres for
quantum computing and quantum information processing (unbreakable codes)
[125], spintronics and magnetic field sensing [126], thermionic emission from
diamond (cheap solar power) [127], high-power electronics [128], field emission
displays (radiation-hard displays) [129], radiation-hard optics (windows, lenses,
prisms) and laser windows [130], diamond-fibre reinforced composite materials
(lightweight, very stiff materials for aerospace) [131, 132], diamond microplasma
arrays (large area UV sources, chemical reactors) [133], secondary electron emission
detectors (night-vision goggles, photomultiplier tubes) [134], to name but a few.
Although CVD diamond technology is only just over 30 years old, the range of
applications made possible by this remarkable material is truly astonishing, many of
which may hopefully help to make the world a safer place.
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Chapter 13
Fabrication of Diamond AFM Tips
for Quantum Sensing

Alexander Schmidt, Tzach Jaffe, Meir Orenstein, Johann Peter Reithmaier,
and Cyril Popov

Abstract Diamond attracts an ever-increasing scientific interest not only due to its
outstanding properties, but also as host material for the so-called color centers. In
particular, the nitrogen-vacancy (NV) center is a promising candidate for applica-
tions in quantum sensing on a nanoscale. Incorporating such centers in sharp
diamond tips, allows the fabrication of a controllable sensor for magnetic and electric
fields. In this regard, we present two different ways to fabricate diamond atomic
force microscope (AFM) probes. One approach is based on a bottom-up method, first
structuring a silicon substrate by photolithography and anisotropic wet etching and
subsequently depositing a nanocrystalline diamond (NCD) film onto the
pre-patterned silicon substrate. The second approach is based on electron beam
lithography (EBL) and reactive ion etching (RIE), which is also applicable to
monocrystalline diamond (MCD). To this end we show our first results in fabricating
NV-containing MCD tips by He+ ion implantation and annealing. We demonstrate
the fabrication of bottom-up NCD probes with tip radii in the range of ca. 25 nm, and
top-down fabricated NCD AFM probes with tip radii even below 10 nm.
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13.1 Introduction

Over the last decade diamond has attracted an ever-increasing scientific interest as
platform for components in quantum information technology (QIT), like single
photon sources, quantum repeaters, quantum memories, but also in quantum sensing
applications. Therefore, distinct quantum mechanical properties of certain defects in
the diamond lattice are utilized. The so-called color centers in diamond are based on
e.g. vacancies and impurity atoms. One promising candidate among these lumines-
cent defects is the nitrogen-vacancy (NV) center, showing outstanding properties
even at room temperature like high photostability, easy electron spin initialization,
manipulation and readout, high sensitivity to magnetic and electric fields at the
nanoscale and many more. In order to develop new QIT components and devices,
those colors centers should be incorporated in photonic structures, allowing for
better control of light – matter interactions. Especially in the case of quantum
sensing, it is also important to bring the color center in close proximity to the sample
surface, which can be accomplished by integrating the color center in the apex of a
diamond nanotip. Realizing such a NV-based scanning probe magnetometer is of
significant technological and scientific interest, because of its broad spectrum of
possible applications [1, 2].

13.2 Nanoscale Sensing with Nitrogen-Vacancy
(NV) Centers in Diamond Scanning Probes

The utilization of single NV centers in nanoscale scanning-probe magnetometry was
first demonstrated in 2008, showing initial proof-of-principle experiments [3]. The
main idea of realizing a NV-based magnetometer is illustrated in Fig. 13.1a, showing
a combination of an atomic force microscope (AFM) with a single NV center within
the end of a diamond tip and a confocal microscope on top of it. Figure 13.1b
exhibits an electron scanning microscope (SEM) image of a fabricated monocrys-
talline diamond (MCD) cantilever with an integrated nanopillar as a probe, glued on
a quartz tip [4].

Optically detected magnetic resonance (ODMR) can be monitored when the NV
center is scanned over the surface of a magnetic target by applying a resonant
microwave driving field, as illustrated in Fig. 13.1c. An additional scheme of the
electronic ground state spin configuration of the NV� center indicates the spin-
dependent fluorescence intensities, which allows for an easy optical read out. Since
only the negatively charged state of the NV center possesses the fundamental
properties suitable for magnetometry applications, it will be simply denoted as NV
center henceforward. In addition to its single photon source characteristics, which
can be demonstrated with the photon autocorrelation curve in Fig. 13.1d, the NV
center shows high photostability and does not suffer from photobleaching or
blinking, which is also an important property for the implementation as a sensor.
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Furthermore, depending on the coherence time T2, a sensitivity to ac magnetic fields
of up to 4 nT Hz–1/2 can be reached [5], which is high enough to image the magnetic
field from a single electron spin [6] at room temperature, using a single-NV
magnetometer. The coherence time can be derived from Hahn echo measurements,
as indicated in Fig. 13.1e [4].

An exemplary application of single NV-magnetometry is depicted in Fig. 13.1f,
imaging the stray field of a single Ni nanorod. A SEM image of such a typical
nanorod can be seen in the inset of Fig. 13.1f (ca. 24 nm in diameter and 230 nm in

Fig. 13.1 (a) Schematic model of a NV-based magnetometer: A single NV center is incorporated
close to the end of a monocrystalline diamond nanopillar, combined with a confocal setup on top of
it. (b) SEM image of the monocrystalline diamond AFM probe glued to the end of a quartz tip. (c)
Optically detected magnetic resonance and schematic illustration of the electronic ground state spin
configuration, showing spin-dependent fluorescence intensities, since the spin triplet ground state |
0i exhibits a higher fluorescence rate compared to | � 1i. (d) Photon autocorrelation curve and (e)
Hahn echo measurement for a single NV at the apex of the AFM probe. (f) Iso-magnetic-field image
and SEM image (inset) of a single Ni nanorod. (g) Full field map of the Ni nanorod and (h)
simulation of the magnetic field from a point dipole (m ¼ 3.75 � 10�17 A m�2) projected onto the
NV axis for an NV center located 80 nm above the dipole. Single images reprinted with permission
from [4]. Copyright 2016, AIP Publishing LLC
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length). Imaging an isomagnetic field, when the MW frequency is fixed to the NV
spin transition frequency in the absence of a sample and in the presence of a
magnetic field the NV spin transition frequency gets detuned from the MW fre-
quency leading to an increased NV fluorescence, is a fast way to probe magnetic
structures and their dynamics on a nanoscale. A completely quantitative magnetic
stray field map is depicted in Fig. 13.1g. Therefore, the Zeeman shift needs to be
measured, which can be achieved by using a feedback loop to lock the MW
frequency to the NV spin transition frequency. A simulation for the expected stray
field map for a single dipole is calculated onto the NV axis and presented in
Fig. 13.1h.

13.3 Fabrication of Diamond AFM Probes

Many fabrication techniques are used implementing a bottom-up or top-down
approach to structure diamond atomic force microscope (AFM) tips. The bottom-
up approach usually utilizes selective growth of diamond on a pre-patterned sub-
strate, [7–15] whereas the top-down approach relies on lithographic techniques to
structure a hard mask on top of diamond, followed by its transfer into the diamond
via reactive ion etching (RIE) [4, 16–21]. Recently, first proof-of-principle experi-
ments have been demonstrated in 2019 by Jaffe et al., using a combination of both
approaches. In this hybrid approach, initially nanopillars are structured in a typical
top-down manner into monocrystalline diamond which are overgrown afterwards to
form nanopyramids along the crystal facets [22].

In our group a bottom-up approach for nanocrystalline diamond (NCD) AFM
probes and a top-down approach, which is also applicable on monocrystalline
diamond, are currently investigated and will be presented in the following sections.
Subsequently, a brief overview of the combined top-down and bottom-up approach
for monocrystalline diamond pyramids will be given.

13.3.1 Bottom-Up Fabrication Method

For the fabrication of ready-to-mount diamond AFM probes, we apply a bottom-up
method based on photolithography and growth of nanocrystalline diamond (NCD)
films via hot filament chemical vapor deposition (HFCVD) [12]. The advantages of
this method are the easy and cheap accessibility for mass production of sharp
diamond AFM probes with radii in the range of 20–30 nm (approximated from the
SEM images). The fabrication process is schematically shown in Fig. 13.2.

Starting from a standard three-inch (100) silicon wafer, covered with a 2 μm
thermal silicon dioxide layer, a photoresist (AZ1518) is spin-coated on top of the
oxide. Conventional photolithography is used to open a square window (width
d ¼ 20 μm) into the resist, which defines the basis of the future tip.
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This window is transferred into the oxide layer by wet chemical etching in
buffered hydrofluoric acid 7:1 (HF:NH4F ¼ 12.5:87.5%) for 19 min at room
temperature. Afterwards, a hollow pyramid with a depth of ca. 0.7 d and a top
angle of 70.6� is etched into the opened window by anisotropic wet etching in
potassium hydroxide (44% KOH at 85 �C). Subsequently, a window for the future
cantilever (150 μm width and 650 μm length) is opened in a second photolithogra-
phy in a similar way. Then the exposed silicon surface is pretreated ultrasonically in
a suspension of diamond powders of different sizes in n-pentane to achieve a
nucleation density of ca. 1 � 1010 cm�2 according to [23]. The main growth
parameters applied in our self-built HFCVD are as following: 1% CH4 in H2 with
a total gas flow of 505 sccm, a working pressure of 25 mbar, seven tungsten
filaments heated to a temperature of ca. 2000 �C and a substrate temperature of
890 �C. Further details and full investigations of the resulting NCD films can be
found in the literature [23]. After 8 h deposition the film thickness was around 3 μm
and the average crystallite size on the order of 700 nm, exceeding typical length
scales of NCD, more approaching to polycrystalline nature. An overview of the final
device can be seen in the scanning electron microscope (SEM) images in Fig. 13.3.

Fig. 13.2 Scheme of the bottom-up fabrication process of NCD AFM probes

Fig. 13.3 SEM micrographs showing the NCD AFM probe (left) and a magnification (right) of the
integrated pyramidal tip

13 Fabrication of Diamond AFM Tips for Quantum Sensing 175



A magnification of the pyramid is shown in Fig. 13.4, revealing a fully closed
diamond film up to the very apex of the tip. The radius of the tip can be approximated
from the SEM image to be on the order of 20–30 nm. Further examination and first
mechanical measurements of those NCD AFM probes are still under investigation.
For easier operability of the cantilevers the film thickness can be increased by longer
deposition times and for convenient probe handling a holder chip (e.g. Si holder
chips) can be glued on the cantilever basis [11, 14, 20].

In order to incorporate NV centers in the apex of the tip, NV-containing
nanocrystallites, which are commercially available, can be used for the ultrasonic
pretreatment prior the growth. It has been shown that the pretreatment step has a
crucial role in growing fully filled apex pyramids and that a seed directly at the apex
mold could influence the pyramid properties [13], i.e. in our case incorporating NV
centers in the apex of the tip. Another approach for incorporating NV centers in the
apex, which we will investigate, is the addition of nitrogen gas into the reaction
chamber at the first moments of the diamond growth.

13.3.2 Top-Down Fabrication Method

For the top-down fabrication of full diamond AFM probes we rely on electron beam
lithography (EBL) and reactive ion etching (RIE). Integrating the structures on NCD
membranes via anisotropic etching of the Si substrate in KOH, as shown in one of
our previous studies [24], makes the AFM probes also easily accessible for further
processing and mounting. The process is schematically depicted in Fig. 13.5. Using
a Raith EBL system, cantilever structures (3 μm width, 20 μm length, connected by
small 500 nm bridges) and a supporting scaffold are defined into a negative e-beam
resist (ARN 7520.18), followed by a hard mask deposition (5 nm of titanium as
adhesive layer and 200 nm of gold). The structures are opened in a following lift-off
process and transferred into the diamond by an inductively coupled O2 plasma (ICP)
RIE step.

Fig. 13.4 Magnified SEM
view of a NCD pyramid
(AFM tip)
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The main parameters of our standard O2 ICP RIE recipe can be found in [24],
which can be summarized as follows: 1000 W ICP power, 200 W RF power,
10 sccm O2 flow, 5 mTorr working pressure, 30 �C substrate temperature, which
was kept constant by He-backing and an etch duration of 25 min with a typical etch
rate of ~110 nm min�1. An overview of the resulting cantilever structures can be
seen in Fig. 13.6.

Afterwards, a second EBL with a positive e-beam resist (ARP 617.08) is
performed in alignment to the first one, in order to structure the future tip on top
of the cantilevers. Therefore, small circles with a diameter of 200 nm are defined into
the resist. Subsequently, mask deposition, lift-off and RIE as described above lead to
the formation of sharp diamond tips on top of the cantilever structures. For this
purpose, it is beneficial if the mask shape for the future tip already exhibits a tip-like
shape, which will then lead preferentially to the formation of sharp tips rather than
pillars. Therefore, typical overexposure of the resist was used to create tip-like mask
shapes, as can be seen in Fig. 13.7. Please note that the wave-like shape of the apices
of the tips in the right column of Fig. 13.7 appears from SEM distortions due to a
charging effect. The images were taken at an acceleration voltage of 10 kV and a

Fig. 13.5 Scheme of the top-down fabrication process of NCD AFM probes

Fig. 13.6 Overview of suspended NCD cantilevers (left) and magnification of a tip (right)
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Fig. 13.7 SEM images of the tip mask before etching (first column with indicated exposure dose
μC cm�2 in EBL, scale bar 300 nm); the resulting tip shape after differential dry etching (middle
column, scale bar 1 μm) and a magnification of the apex (right column, scale bar 200 nm)
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tilting angle of 65�. The tips are shown directly after differential dry etching (DDE)
including the remaining mask material.

The first column exhibits the resulting tip mask shape with increasing exposure
doses in the EBL step from top to bottom. Starting from an exposure dose of 42 μC
cm�2 (Fig. 13.7a), the resulting mask possesses a conical shape and is broadened
(ca. 300 nm) compared to the initially defined 200 nm. This effect increases with
increasing the exposure dose as revealed by the SEM images, reaching the mask
depicted in Fig. 13.7f, which was defined with an exposure dose of 2100 μC cm�2.
The second column in Fig. 13.7 shows the resulting diamond tip after 11 min of ICP
RIE with the parameters described above. Such an etching process purposely makes
use of mask erosion and removal in order to dry etch differentially the mask material
and the diamond beneath it, as illustrated in Fig. 13.5 [17]. This leads to the
formation of long and sharp diamond tips, either with completely etched off tip
masks or residual mask material on top of the tip, which will be important for a future
application for the incorporation of shallow NV centers.

It is possible to fabricate diamond AFM probes with tips of various diameters,
ranging from ca. 200–400 nm (measured at the half of the original tip length). The
tips are shown without any further processing, so possible mask material may remain
on top of the tips, which can be indicated by the slight contrast difference at the apex
of the tip (e.g. Figure 13.7c). This will be advantageous for further processing of the
tips, because usually shallow NV centers are created by ion implantation and
annealing before structuring [4, 16]. Consequently, the initial surface is kept intact,
which ensures the presence of the implanted NV centers. Furthermore, it is possible
to fine-tune the tip sharpness via the etch duration and the exposure dose in EBL.
Additionally, other parameters can be adjusted and fine-tuned for tip shape and size,
like the ICP and RF powers, as shown in the literature [18]. Figure 13.8 shows slope
amplification and tip sharpening by further dry etching of a tip and therefore the
ultimate limit of this fabrication approach.

After the fabrication of the AFM probes, the backside of the silicon wafer is
structured as shown in Fig. 13.5. The NCD film with the AFM probes is suspended
in air by anisotropic wet etching (44% KOH at 85 �C) of the silicon wafer in a

Fig. 13.8 Magnified SEM
image of an overetched
NCD AFM tip, revealing
slope amplification and
sharpening
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defined window below the structures. Further details can be found in Ref. [24]. A
typical sample with two opened membranes, which contain the structured AFM
probe areas, is shown in Fig. 13.9. Integrating the AFM probes on membranes makes
them easily accessible for further processing and mounting. They can be transferred
to an AFM head by ion assisted metal deposition and focused ion beam (FIB) milling
[16] or with a UV curable glue applied through a quartz micropipette and microma-
nipulators under ambient conditions [4].

Another advantage of the shown fabrication method is the possibility to transfer it
as well on monocrystalline diamond (MCD) samples. Therefore, the main steps of
the process can be transferred directly on MCD. To that end we show our initial
results in regard to fabrication of NV-containing MCD tips. The fabrication method
has been applied on a typical nitrogen-rich Ib MCD sample. In order to create
vacancies, He+ ion implantation with an acceleration voltage of 10 kV and a dose
of 1014 cm�2 has been performed before structuring of the tips. Thus, shallow
vacancies should be formed by the crystal damage during the implantation process,
which can be demonstrated with the SRIM simulations in Fig. 13.10. During an

Fig. 13.9 Photo of an
exemplary sample with
nanostructured suspended
NCD membranes

Fig. 13.10 SRIM simulations for the creation of vacancies by He+ ion implantation, showing a
typical depth profile for the implanted ion tracks (left) and a bar chart (right) with the statistical
formation of vacancies along the depth profile
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annealing step, vacancies will able to migrate to the inherently present nitrogen
impurities and form NV centers [25–27].

A fluorescence map of the resulting structures after a top-down fabrication
process, as described above, can be seen in Fig. 13.11a, which shows well-aligned
bright spots from the diamond tips and some bright marker structures for better
orientation.

Since the tips can be clearly distinguished from the background signal and
preliminary photoluminescence measurements confirm a peak at the zero-phonon
line of the NV center at 637 nm, we assume the successful formation of NV centers
within a depth of 80 nm and a maximal density around 30–50 nm according to the
SRIM simulations in Fig. 13.10. Usually very shallow NV centers (�10 nm from the
surface) are desired for magnetometry applications, since the NV-to-sample distance
is one of the most important factors for high quality measurements. Thus, the depth
profile of NV centers in our case may be even advantageous, because the tips can be
subjected to further DDE for sharpening and slope amplification, which would also
further remove some material from the surface. This would not only lead to sharper
tips, but also possibly to NV centers closer to the surface, if one does not overetch the
tips. As shown before, different parameters in the fabrication process have been used
to fabricate various tip shapes and diameters. One exemplary tip can be seen in
Fig. 13.11b. Further processing of those NV-containing tips is still under investiga-
tions. Compared to our fabrication method for NCD AFM probes shown in
Fig. 13.5, the last step integrating the nanostructured areas on a membrane for better
accessibility can be achieved by thinning down the MCD plates from the unstruc-
tured backside with extensive RIE [4, 16].

Fig. 13.11 (a) Fluorescence mapping of an array of MCD AFM tips; (b) exemplary SEM image of
a tip from the sample (10 kV acceleration voltage, 75� tilting angle)
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General routes to incorporate NV centers in such top-down fabrication methods,
beside the shown He+ ion implantation in nitrogen-rich Ib diamond, would be
nitrogen ion implantation in high purity IIa diamond, also followed by an annealing
step. This process can either be performed before structuring of the tips [4, 16, 28] or
afterwards [28].

13.3.3 Combined Top-Down and Bottom-Up Fabrication
Method

This method is capable of producing monocrystalline diamond pyramids with tip
radii on the order of 10 nm, as demonstrated in [29]. One major advantage of this
fabrication technique could be the high quality of the overgrown monocrystalline
diamond [22], which is usually degraded by crystal damage in a top-down RIE
approach. Additionally, the process of overgrowth allows for incorporation of color
centers in situ during the growth, which has been demonstrated for silicon-vacancy
centers in our former study [22]. In a similar way NV centers could also be
incorporated in situ during the overgrowth, e.g. as delta-doped layer close to the
surface. Compared to the inherent crystal damage during typical ion implantation for
the creation of color centers, this could also be advantageous leading to high crystal
quality up to the very apex of the tip.

This combined top-down and bottom-up fabrication method applies typical EBL
and RIE to structure nanopillars into monocrystalline diamond. Subsequently, the
nanopillars are subjected to chemical vapor deposition (CVD) to allow diamond
growth along the crystal facets. The fabrication is schematically summarized in
Fig. 13.12 (left). A typical overgrown nanopillar after CVD overgrowth can be
seen in Fig. 13.12 (right), showing a faceted nanopyramid at the top. Since the
growth rates of the different crystal planes not only depend on the growth conditions

Fig. 13.12 Scheme of the combined top-down & bottom-up fabrication method (left) and an
exemplary SEM image of a resulting, faceted monocrystalline diamond nanotip (right)
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(e.g. methane concentration and substrate temperature) but also on the substrate
orientation, different shaped diamond nanostructures can be formed. Further infor-
mation regarding the overgrowth process and the quality of the overgrown diamond
can be found in Ref. [22]. Integrating such a monocrystalline diamond nanopyramid
as a NV-based AFM probe can be achieved by the methods mentioned in the
sections above. In a recent publication we have demonstrated a novel approach for
delta-doping resulting in a deterministic and nanometer-thin layer of negatively
charged NV centers in diamond [30]. The pristine quality of diamond was preserved
after the incorporation of NV delta layer with the highest reported nitrogen content.
The exhibited possibility for NV topographic patterning and the large measured
ODMR contrast can pave the pathway for the realization of NV-based nano-mag-
netometers with very high sensitivity [30].

13.4 Summary

We presented three different methods for the fabrication of diamond AFM probes
with potential routes of incorporating NV centers in the apices of the tips. Such
devices are promising candidates for quantum sensing magnetic fields at a nano-
scale. The bottom-up approach for NCD AFM probes is based on conventional
photolithography and anisotropic wet etching of the Si substrate in KOH to create
inverted pyramid molds into silicon wafers, which are subjected afterwards to
HFCVD diamond growth. Relying on EBL and RIE, we demonstrate a top-down
fabrication approach suitable for both NCD and monocrystalline diamond. We
implemented such NCD AFM probes on suspended NCD membrane windows for
better accessibility via anisotropic wet etching of Si substrate in KOH. In the case of
monocrystalline diamond (MCD), we demonstrate our first results regarding
NV-containing tips via He+ ion implantation in nitrogen-rich Ib diamond and
annealing. The fabricated MCD AFM tips can be integrated also on membranes by
extensive RIE from the backside. Estimated from the SEM images, our bottom-up
fabricated NCD tips show radii in the range of 20–30 nm and in the case of the
top-down approach 10–40 nm, which can be even further decreased by fine-tuning
the process parameters, leading to tip radii in the range of ca. 5 nm. Finally, we
described a hybrid top-down & bottom-up approach, which combines the advan-
tages of both methods.
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Chapter 14
Nanostructured Biochar: Production
Pathways and Applications

Abderrahman Mellalou, Abdelkader Outzourhit, and Abdelaziz Bacaoui

Abstract Hydrochar/biochar represents the solid yield of the hydrothermal carbon-
ization and the pyrolysis processes of biomass. It is a nanostructured carbon-rich
material with a high specific energy and density, high hydrophobicity and high
friability. This coal-like material might appear like a very low-tech product. How-
ever, its physicochemical properties make it potentially useful in variety of fields
such as energy storage, in environmental field as a sustainable way to mitigate
anthropogenic CO2 by CO2 sorption and sequestration, in waste-water pollution
remediation, as soil amendment, as a precursor for activated carbon, in the advanced
material field as a primary material for nano-structured material generation
(nanocomposites), in building insulation and bioenergy production. Biochar has
H/O and O/C ratios similar to those of coal and a comparable caloric value with
low ash and oxygen content. The production of hydrochar/biochar using either
hydrothermal carbonization or pyrolysis techniques will be fully described. The
potential applications of biochar and hydrochar will be presented and discussed.

Keywords Biochar · Hydrochar · Biomass · Pyrolysis · Hydrothermal
carbonization · Biofuel · Supercapacitors · Environmental applications

14.1 Introduction

Biomass and its derivates represent a sustainable alternative to fossil fuels [1, 2]. The
valorization of this form of energy requires adequate conversion technologies and
techniques, in order to benefit the most from this environmentally friendly renewable
feedstock. Several processing methods exist, such as biological (fermentation,
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esterification and anaerobic digestion), thermochemical (pyrolysis, liquefaction and
gasification) and hydrothermal (hydrothermal carbonization, hydrothermal liquefac-
tion and hydrothermal gasification) conversion technologies. Biomass can be
processed into an array of valuable products via these conversion methods.

Thermochemical conversion process received a lot of attention in the last decade
as an alternative to treat and upgrade biomass waste to produce valuable products
[3]. Biomass wastes such as sewage sludge, municipal, industrial and pharmaceuti-
cal wastes present a threat to the environment and have a dangerous impact on soil
and life with all its forms if they are not well stored or treated [2]. Heavy metals,
pathogens and a range of toxic compound represent the biggest part of biomass
wastes composition. Thermochemical conversion is recommended as the appropri-
ate treatment methods due to the benefits of heat used to kill and dissociate the toxic
compound; by far it is an environmentally friendly and safe method of biomass
waste conversion [3].

Pyrolysis and hydrothermal carbonization, among the other thermochemical
conversion technologies, have attracted a great interest as a valuable biomass
waste management methods, due to their yield in biochar and hydrochar respectively
[1–3]. These products might seem to be low-tech components; however, their
physicochemical and structural properties enhance their potential use in a variety
of fields. Different studies have comprehensively characterized biochar and
hydrochar produced from diverse raw biomass feeds under different process condi-
tions [4–6].

14.2 Pyrolysis

Pyrolysis represents one of the most studied technologies in the last decades and it is
a promising conversion method to reduce pollution and recover materials from
biomass waste [3, 7–9]. It is one of the efficient and effective techniques to get
energy from biomass in the form of charcoal. Pyrolysis refers to the deterioration of
biomass waste and the cleavage of its chemical bonds in an inert medium, free from
oxygen or with an oxygen percentage that avoids biomass combustion, under
temperatures ranging from 400 �C to 1200 �C [5, 8–11]. Oxygen free atmosphere
has the advantage of heating the biomass to a high temperature over its limit of
thermal stability resulting in valuable compounds and solid residues of high stability
[9]. A large number of reactions taking place during the pyrolysis conversion have
been identified either in series or in parallel, such as depolymerization, dehydration,
decarboxylation, aromatization isomerization and charring [9, 12].

The temperature, the heating rate, the pressure, the residence time and the heating
route determine the types and the modes of pyrolysis [8]. Depending on those
parameters the pyrolysis can be categorized into 5 types or modes: slow pyrolysis,
intermediate pyrolysis, fast or flash pyrolysis, microwave pyrolysis and vacuum
pyrolysis [8, 9]. Each one of these modes leads to different product distribution.
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Figure 14.1 illustrates the different types of pyrolysis, their operation conditions and
biochar yield.

The pyrolysis has the advantage to be optimized to get the desired products. Slow
pyrolysis comes in the first place for high biochar production. It is characterized by
its slow heating rates and long residence times which provide the adequate and
suitable environment for secondary reactions to complete and as a consequence
maximize the biochar yield [8, 9]. This biochar is a carbonaceous compound with a
high potential for application in a variety of fields. Its hydrogen and oxygen contents
are reduced by dehydration and decarboxylation, respectively, which enhances the
formation of a porous structure on its surface that can be used as adsorbent
[13]. Moreover soil treatment, water improvement, water decontamination and
carbon sequestration represent the most and powerful applications of this biochar
[13–16].

14.3 Hydrothermal Carbonization (HTC)

Hydrothermal carbonization (HTC) is a thermochemical process for high moisture
biomass treatment and upgrade. It converts the biomass waste into viable products
dedicated to several applications. HTC is carried out in a temperature range between
180 �C and 350 �C [2, 5, 6]. During this process, the biomass is totally submerged in
water and heated under pressure of 2–6 MPa for a period varying between 5 min and

Fig. 14.1 Types of pyrolysis, their operation conditions and biochar yield

14 Nanostructured Biochar: Production Pathways and Applications 189



240 min [2, 5]. The main product of HTC is a solid substance named hydrochar. It
also produces liquid (water-soluble) and gaseous (mainly CO2) by-products. The
hydrothermal carbonization is an efficient conversion method, capable of converting
up to 80% of the raw biomass into hydrochar [5].

The hydrothermal carbonization has several advantages, starting by processing in
aqueous medium, which makes it suitable for biomass with high moisture content,
without need of pre-drying, which consequently reduces the thermal cost of the
overall process [1, 2]. This option offers the possibility of processing a large variety
of biomass feedstocks of different types and characteristics. The HTC process takes
place in the subcritical region as shown in Fig. 14.2. Subcritical water refers to liquid
water with a temperature between 100 �C and 374 �C and a pressure higher than the
corresponding saturation pressure [17]. In this region, the properties of water
(miscibility, density, dielectric constant, ionic product, viscosity and diffusion coef-
ficients) change in a significant positive way, therefore enhancing the conversion
process and increasing its efficiency [17].

Several reactions occur during the hydrothermal carbonization process, the
detailed nature of the reaction pathways and the kinetics are not yet fully understood.
Based on several studies [6, 12, 15, 18–20], it can be stated that hydrochar can be
obtained by three main reaction pathways: (1) direct solid-solid conversion of
biomass waste through the reactions of hydrolysis, dehydration, decarboxylation,
devolatilization and condensation; (2) polymerization of dissolved by-products of
the initial feedstocks to a variety of polyfuranes; (3) direct carbonization of lignin
and formation of aromatic stable structures.

Fig. 14.2 Water phase diagram highlighting its subcritical and supercritical region
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14.4 Properties of Hydrochar and Biochar

The characteristics of biochar and hydrochar differ from each other. Biochar is
produced at temperatures ranging between 400–600 �C in an inert medium, whereas
the hydrochar production occurs in an aqueous medium at moderate temperatures
(180–250 �C). Gascó et al. [10] performed both hydrothermal carbonization and
pyrolysis process of pig manure, and characterized the char produced. They found
that the pyrolysis led to biochar characterized by high thermal stability and high
amount of aromatic structures, whereas the hydrochar contained more aliphatic
structures. The oxygen content of the hydrochar was the highest, and its surface
had micropores with size ranging from 200 to 30,000 nm. The ash content of the
biochar is much higher than that of the hydrochar, due to the processing medium.
The majority of the ash during the HTC process is dissolved in water, while during
the pyrolysis the ash remains in the feedstock. The higher heating values (HHVs) of
both hydrochar and biochar were found to be almost similar with value of 12.03 and
9.98 MJ/kg, respectively. On the other hand, Al Afif et al. [12] found that the HHV
value of biochar produced by pyrolysis process of cotton stalks was 5.845 MJ/kg,
while Zhu et al. [21] found that the HHV of hydrochar of cotton stalks was in the
range from 19.66 to 25.68 MJ/kg. Table 14.1 illustrates the characteristics of biochar
and hydrochar produced from various raw biomass types under different process
parameters.

Table 14.1 Properties of biochar and hydrochar obtained from different initial biomass feeds under
distinct process parameters

Conversion
technics Raw biomass

Processing
conditions Biochar/Hydrochar References

Pyrolysis Pig manure 600 �C High content of aromatic
structures
High thermal stability
High ash content

[10]

Apple tree
branches

400–
600 �C

High surface area
Large pore volume

[11]

Hydrothermal
carbonization

Pig manure 200–
240 �C 2 h

High amount of aliphatic
structures leading to more
labile carbon structures
Low porous structure

[10]

Lignocellulosic
and
non-lignocellulosic

300 �C
5 �C/min
30 min

High aromatization degree
High hydrophobicity
Low H/C and O/C ratios
Good combustion quality

[18]

Waste eucalyptus
bark

220–
300 �C 2 h

Low oxygen containing
functional groups
Low H/C and O/C ratios
HHV of hydrochar is in the
range of 20.2–29.2 MJ/kg

[20]

14 Nanostructured Biochar: Production Pathways and Applications 191



14.5 Potential Applications of Hydrochar

14.5.1 Energy Field

14.5.1.1 Solid Biofuel

Biomass waste is a valuable and renewable source of energy. Its physicochemical
properties make it suitable for direct use as a fuel. However, its ash, metal and
moisture contents limit such applications. HTC and pyrolysis process lower these
contents, and further increase the fixed carbon, decrease the oxygen and hydrogen
contents, and as a consequence produce a char with upgraded properties that is
suitable for direct combustion. Kim et al. [4] performed thermogravimetric analysis
to characterize the hydrochar produced from cellulose. The fuel properties of the
cellulose have been enhanced by increasing the fixed carbon value, and by the
increase of the HHV of the hydrochar produced. Moreover, the external structure
of the hydrochar was full of fissures, which facilitates its combustion. He et al. [22]
evaluated the fuel characteristics and the combustion behavior of hydrochar pro-
duced by the conversion of sewage sludge. The fuel ratio (fixed carbon/volatile
matter), which ranks the hydrochar as an alternative to coal, has increased. More-
over, the ignition temperature has increased, which minimizes the explosion of the
hydrochar during combustion. Furthermore, the maximum combustion temperature
also increased, thus improving the efficiency of the biofuel.

In summary, both hydrochar and biochar are characterized by low O/C and H/C
ratios, low volatile matter and high heating value similar to that of coal, a high fixed
carbon value and a low metal and inorganic compound contents. These properties fit
exactly the requirements of a highly efficient, environmental, eco-friendly source of
energy, which makes both materials very competitive with coal and fossil fuels.

14.5.1.2 Building Insulation

Biochar has been found to be an eco-friendly building material and an environmental
solution to pollution problems caused by fossil fuels. This nanostructured material is
considered as a novel bio-compound, which can be mixed with other products and be
useful for building applications. Several studies have shown that the mechanical
strength of the biochar is increased by about 20% compared to the raw biomass.
Yang et al. [23] tried to produce an eco-friendly material with improved thermal and
mechanical performances by mixing biochar and red clay. In this study, the authors
found that the biochar integration lowers the thermal conductivity of the composite.
Moreover, the compressive strength of the mixture increased. Biochar is also a
cheaper filler material which has good effect on the properties of bio-composite
materials, due to its high carbon content and relatively high surface area, allowing
the matrix to transmit readily load to the reinforcement. Dahal et al. [24] studied the
effect of biochar integration in glass fiber on the fire retardancy. They reported that
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the use of biochar as a filler in glass fiber had significant impact on its stiffness and
fire retardancy properties. Moreover, the thermal stability of the composite has
increased with higher biochar contents. The acoustic and thermal properties of
standard concrete modified by biochar were studied by Cuthberson et al.
[25]. They found that the biochar addition creates pore networks within the concrete,
which increases the sound adsorption coefficient of the concrete in the range of
200–2000 Hz. Furthermore, the thermal conductivity of the concrete decreased upon
addition of biochar.

14.5.1.3 Supercapacitor

Capacitor applications represent also one of the other potential uses of biochar and
hydrochar. Due to the number of functional groups, their wettability and the pres-
ence of high surface area with porous structure, hydrochar and biochar are attractive
carbon materials for fabricating sustainable and eco-friendly electrodes. Moreover,
these properties enhance their capacitance and energy density and improve their
pseudo-capacitance. Pontiroli et al. [19] used super-activated biochar derived from
purity litter, and evaluated its performance as electrode material for supercapacitors.
The authors reported that this porous compound allows to reach high specific
capacitance up to 229 F/g, and to supply high current density of 10 A/g without
the need of using any conducting additive. In another study [26], activated carbon
derived from Cucumis melo fruit peel showed almost the same properties in
supercapacitors, with an excellent specific capacitance value of 404 F/g at 1 A/g
and a good cycle life performance, as the specific capacitance decreased only 9%
after 8000 charge and discharge cycles. On the other hand, hydrochar was evaluated
as a novel anode material for supercapacitors. Ding et al. [27] combined hydrochar
with nickel and studied its performances. The degree of graphitization of hydrochar
has dramatically changed due to the fact that the nickel acted as a graphitization
catalyst. Moreover, the specific capacity of the couple hydrochar/nickel has signif-
icantly increased by 149% revealing a value of 174.5 F/g.

14.5.2 Environmental and Agricultural Field

14.5.2.1 Soil Amendment, Remediation and Amelioration

Several studies have introduced biochar and hydrochar as multi-functional soil
amendments. They have great impact on both the physical and the chemical prop-
erties of the soil. They are also a sustainable way to mitigate anthropogenic CO2 and
are used for long-term carbon storage. Heikkinen et al. [28] studied the impact of
both biochar and hydrochar on the clay soil aggregate stability. The hydrochar had a
significant impact on the wettability of the clay soil. Its high hydrophobicity reduces
the wetting rate and aggregate slaking of the soil, thus reducing the soil erosion and
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maintaining its porous structure. The soil remediation is achieved by the adsorption
property of the biochar, which is provided by its morphological structure, rich in
micropores, its pH, specific surface area, active functional groups, organic carbon
and mineral contents. The adsorption mechanism of heavy metals by the biochar
relies on the surface complexation, electrostatic interaction, precipitation, cation
exchange, chemical reduction and electrostatic attraction. Incorporating biochar as
a high porous material not only improves the soil quality but can also boost the
remediation efficiency of contaminated soil, thus allowing land reclamation. Zeng
et al. [29] evaluated the effect of the biochar on the remediation efficiency and the
reduction of the ecological risk in the wetland soils. The results showed that the
biochar integration reduces the bioavailability and the mobility of Cd, Cu, Zn and Pb
in the soil. Moreover, it improved the soil microbial biomass. On the other hand,
Gasco et al. [30] evaluated the effect of the combination of biochar and
phytoextraction by Brassica napus on the remediation of mining soils in Spain.
They found that the mixture of those two materials reduced the amount of As, Cu,
Co, Cr, Se and Pb in the soil, thus improving the soil quality.

In addition to amendment and remediation, biochar and hydrochar can also
increase the soil fertility. Both hydrochar and biochar are rich in carbon and
nutrients. Bento et al. [15] evaluated the nutrient and carbon release from hydrochar
derived from sugarcane bagasse and vinasse, and its impact on the soil fertility and
quality. Their results clearly revealed the role of the soil type on the behavior of
hydrochar, and also the impact of hydrochar on the soil. The addition of 4%
hydrochar in the soil provided the greatest release of nutrients and organic carbon.
Moreover, sandy soils tend to release high concentration of nutrients, while clay
soils tend to retain more nutrients and organic carbon. On the other hand, Abel et al.
[14] studied the impact of hydrochar and biochar on water retention characteristics
and on the wettability of sand soils. The addition of biochar and hydrochar leads to a
decrease of the bulk density and an increase of the total porosity. In addition, the
variation of available water capacity (AWC) depends on the soil characteristics. The
AWC increases for all sandy soils, while it does not change for highly humic sands.
Furthermore, the biochar and hydrochar particle size had impacts on the pore size
distribution of the soil matrix.

14.5.2.2 Water and Waste Water Treatment

Hydrochar and biochar have been tested for their ability to adsorb a range of organic
and inorganic pollutants, such as dyes, pesticides, pharmaceutical compounds and
pathogens. Several parameters are involved during the waste water treatment with
char. The physicochemical properties of biochar and hydrochar, their surface struc-
ture, pore size, in addition to the type and characteristics of the targeted pollutants,
play a fundamental role in waste water decontamination. Activated biochar was the
subject of a study on the removal of phenols, petroleum based compounds and
polyaromatic hydrocarbons (PAHs) from contaminated liquids [16]. The activated
biochar is able to remove carcinogenic PAHs, gasoline and diesel from water. This
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offers an effective way to treat and clean up water from petroleum spills, thus
preventing the pollution of the environment. Jiang et al. [13] modified corn straw
hydrochar (HC) with H3PO4 (H3PO4-HC) and with polyethyleneimine (PEI)
(PEI-HC) and tested their abilities to adsorb Pb (II) from aqueous solution. Both
materials demonstrated high performance for Pb (II) adsorption with an adsorption
capacity of 353.4 mg/g and 214.0 mg/g for H3PO4-HC and PEI-HC respectively,
which are higher than the initial adsorption capacity of the original hydrochar
(32.67 mg/g).

14.6 Conclusion

In summary, hydrochar, biochar and their derivatives are promising materials which
have a huge potential of use in a variety of fields. From the above discussed
applications, it is important to know the targeted field for biochar and hydrochar
use. Moreover, upgrade and modification of their physicochemical characteristics
and surface structure may be required for an efficient and effective implementation.
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Chapter 15
Nanowires for NEMS Switches

Jelena Kosmaca, Liga Jasulaneca, Raimonds Meija, Raitis Sondors,
and Donats Erts

Abstract Nanoelectromechanical systems (NEMS) are a promising novel technol-
ogy for operation in extreme conditions (e.g. high temperature and radiation levels),
where complementary semiconductor technology devices might fail due to elec-
tronic instability. An example for a NEMS device is a nanowire-based switch, which
employs mechanical deflection of a nanowire to open and close an electrical circuit.
To date, assembly and operation of individual nanowire based NEMS switches have
been successfully demonstrated at laboratory level, but their further technological
development remains a challenge. This chapter gives an insight into the current
advances in applications of nanowires for NEMS switches. Synthesis, electrical and
mechanical tests of the nanowires, their assembly in nanodevices, investigation of
nanocontacts and optimization of switching parameters are discussed. Particular
attention is devoted to characterization of mechanical properties of various semi-
conductor, such as germanium (Ge), bismuth selenide (Bi2Se3) and copper oxide
(CuO) nanowires, and their operation as NEMS switches.

Keywords Nanowires · Nanodevice · NEMS · Switch · Mechanical resonance · In-
Situ SEM

15.1 Introduction

In NEMS nanodevices, flexible and electrically conductive nanomaterials act as
sensors and transducers. In contrast to semiconductor devices which operate purely
electrically, a NEMS utilizes electrical and mechanical functionality of the material.
This can give an advantage for operation under extreme conditions [1, 2]. For
example, reliable NEMS switch operation at temperatures up to 500 �C has been
demonstrated [3]. Potentially, NEMS devices would be able to operate until physical
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breakdown of the active element at the melting temperature. Thanks to nearly infinite
OFF-state resistance, NEMS switches can offer better energy efficiency than the
electronic transistors. However, several challenges must be addressed to bring
NEMS technology to industrial level.

The switch performance is usually determined by its switching speed, range of
operational voltage and current, reliability and durability. Operational characteristics
can be significantly affected by surface wear of contacting materials, permanent
deformation of the switching element, dielectric breakdown or irreversible closure of
the switch due to adhesion. The role of adhesion at the nanoscale becomes crucial
and significantly affects the operation of NEMS compared to MEMS. The outlined
challenges define the relevant material properties necessary for the NEMS switches –
low surface energy, high Young’s modulus and electrical conductivity [2].

Electrical and mechanical properties of the synthesized nanowires should be
characterized prior their application in devices. They may significantly differ from
that of the bulk material, exhibit size-dependence influenced by changes in crystal-
line structure and surface effects [4–6], therefore characterization of individual
nanowires is advantageous.

Due to ultra-small dimensions tests on individual nanowires and fabrication of
NEMS switches present a challenge. Experimental investigation on NEMS switches
utilizes either device microfabrication and testing on chip, or measurements by
in-situ electron microscopy [7]. The latter enables real-time observation of the
nanostructure response to physical stimuli, monitoring evolution of the nanocontacts
and evaluation of the forces acting on the nanowire during switching. This is
advantageous for fundamental research on specific parts and simulation of processes
in a NEMS, where the construction of the complete device is not required.

The first application of one-dimensional nanostructures as nanoelectromechanical
switching elements was demonstrated for carbon nanotube nanorelays [8]. However,
the use of carbon nanotubes in NEMS switches can be limited due to instable
electrical properties and mechanical brittleness [1]. Semiconductor Ge nanowires
were found to be more reliable than the carbon nanotubes due to the higher
mechanical stability, while their lower conductivity provided opportunity to imple-
ment high-voltage devices [9]. Several semiconductor materials, such as Si, SiC, Ge,
GeSn, Bi2Se3, CuO were found to fit the requirements for NEMS.

15.2 Nanowire Synthesis and Characterization

The synthesis of nanowires usually follows either a top-down or a bottom-up
approach. Generally, the bottom-up nanowire growth outperforms the top-down
fabrication (e.g. lithography) in terms of costs of materials and ability to produce
crystalline vertically aligned nanostructures in large quantities. The yield and mor-
phology of the nanowires can be controlled during the synthesis by selecting the
substrates and growth parameters (e.g. pressure, temperature, gas flow rate). For
example, CuO nanowires (Fig. 15.1a) can be grown by simply heating a copper
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substrate in air. The yield of Bi2Se3 nanowires synthesized by physical vapor
deposition from Bi and Se precursors can be enhanced by choosing a specific
substrate [10]. The composition and properties of Ge nanowires can be modified
by incorporation of Sn atoms during the synthesis, yielding alloy GeSn nanowires
with a direct bandgap, highly crystalline structure and good mechanical properties
[6, 11].

Mechanical resonance and three-point bending tests are commonly used mea-
surement approaches suitable for characterization of individual nanowires.
Nanowire vibrations can be excited by a combined AC + DC electric field and
detected visually by in-situ electron microscopy (Fig. 15.1b). Resonance is
observed, when the excitation frequency matches the natural frequency of the
nanowire: ω ¼ (β/L )2(EI/ρA)1/2, where β is a constant determined by the resonance
mode and boundary conditions, L the length, E the Young’s modulus, I the moment
of inertia of the nanowire cross-sectional area A, and ρ the mass density of the
nanowire material. Calculations of E from the resonance frequency have been
successfully applied for the characterization of Ge nanowires with Young’s moduli
of about hundred GPa, which is close to that of the bulk material [12–14].

Investigation of nanowire resonance modes can also be used to characterize their
morphology. Nanowires with rectangular cross-sections have split resonance modes,
and increased amplitude vibrations can be observed in two directions at different
frequencies [15, 16]. The ratio of these frequencies is close to the ratio of the width
and thickness of the cross-section. Comparison of the two resonant frequencies of
Bi2Se3 nanowires was used to distinguish rectangular cross-section ones from
nanowires with cut-outs [16]. This is especially convenient for quality control of
free-standing nanowires during their assembly in NEMS switches.

Three-point bending tests use nanowire response to a point load, which can be
performed in atomic force microscopy setup. The Young’s moduli extracted from
stress-strain curves of CuO nanowires suggested their suitability for NEMS,
although they showed dependence on nanowire crystallinity and surface effects [5].

Fig. 15.1 (a) Electron microscopy image of CuO nanowires grown on foil substrate; (b) A single-
clamped nanowire, its cross-section and resonance in two directions (arrows). Adapted from Ref. 15
with permission from Beilstein Journal of Nanotechnology; (c) Size-dependent Young’s moduli of
GeSn nanowires obtained from bending and resonance tests. Adapted from Ref. [6] with permission
from The Royal Society of Chemistry
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Size-dependent Young’s moduli were observed for GeSn nanowires, which were
measured by a combination of in-situ SEM resonance and AFM three-point bending
tests. The size dependence was prominent for nanowires with radii smaller than
30 nm; moreover, the results from resonance and bending showed two opposite
trends (Fig. 15.1c). This outlines the importance of choosing the measurement
approach and the consideration of nanowire boundary conditions [6].

For electrical tests, individual nanowires are either assembled in-situ using
nanomanipulations or aligned on an insulating substrate with metallic electrodes
for two-point and four-point measurements. The nanowires may exhibit relatively
high contact resistances, which is evident in two-point measurements [17]. The
electrical resistances of the nanowires extracted from current-voltage characteristics
typically span from hundreds kΩ up to GΩ, corresponding to nanowire material
conductivities of 0.01–100 S/m. Nanowires with high conductivities can be used as
low-voltage signal transmitters, while low conductivities provide potential for appli-
cation in high-voltage devices. It is important to note that the electrical properties of
semiconductor nanomaterials are influenced by the ambient conditions such as
temperature, pressure, humidity, etc.

15.3 Investigation of Nanowire Based NEMS Switches

Common configurations of NEMS switches use single-clamped and double-clamped
nanowires [1, 2]. A schematic of a NEMS switch with a single-clamped nanowire, in
which a nanowire is attached to one electrode and positioned above another elec-
trode is shown in Fig. 15.2a. When voltage is applied between the nanowire in OFF
state and the bottom electrode, potential difference results in an attractive electro-
static force, balanced by an elastic restoring force of the nanowire.
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Fig. 15.2 (a) Schematics of a nanowire based NEMS switch being in OFF and ON states; (b)
Current in the NEMS switch circuit vs. applied voltage and scanning electron microscopy images of
a nanowire switching. Reprinted and adapted from Ref. [20] with permission from IOP
Publishing 2019
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When a critical voltage is reached, and Felectric > Felastic, the nanowire deflects and
comes into contact with the electrode (Fig. 15.2a). In the ON state this leads to a
sharp increase of the current from IOFF up to ION (Fig. 15.2b). The elastic force is
balanced by the attractive adhesion and electric forces that hold the NEMS contact.
The nanowire switching to the OFF state occurs, when the restoring forces overcome
the attractive forces, e.g. when the voltage is diminished to VOFF. Consequently, the
circuit current drops down. Usually this VOFF voltage value is lower than VON due to
adhesion force in the contact. If adhesion at the nanowire-electrode interface exceeds
the restoring force, the nanowire remains in contact with the electrode even with no
voltage applied between the electrodes. This case refers to non-volatile operation
switches. One way to achieve switch operation in reversible ON-OFF regime, is to
increase the distance between the nanowire and electrode in OFF state. Conse-
quently, the elastic force of the nanowire would increase. On the other hand, this
would also lead to increase of VON voltage, which requires nanowires to be
electrically stable.

Therefore, the demonstrated Ge-nanowire based NEMS devices operated at
relatively high VON voltages of 14–37 V in reversible ON-OFF regime [9]. Switching
of molybdenum-sulfur-iodine nanowires with similar sizes and mechanical proper-
ties was performed in the same range [18]. However, high operation voltages are
disadvantageous due to increased power in the device. For example, Joule heating
caused by high current densities in nanowire-electrode interface lead to increased
adhesion and nanocontact stiffening [13]. In this case, the adhesion force in the
nanocontact may be opposed by high amplitude vibrations of the nanowires. Precise
alignment of the electrodes and careful adjustment of DC amplitude and AC
frequency were used to induce resonant oscillations of the nanowire. The voltage
levels required to operate the NEMS switch dynamically by electrostatically induced
resonance were about 10 times smaller compared to equivalent static-only
switches [19].

Resonance assisted switching may also be used to decrease the VON voltage and
control of switching direction, as demonstrated recently for GeSn and Bi2Se3
nanowire few-terminal devices [20]. Monitoring the resonance frequencies of the
nanowires in NEMS switches can be used also for accurate sensing of changes in the
nanocontacts [13, 14].

Practical applications of nanoelectromechanical switching of the nanowires is not
limited to single-nanowire NEMS switches. For example, gradual
nanoelectromechanical switching in arrays of Bi2Se3 nanowires was used to tune
up the number of functional interconnections between flat electrodes in a sandwich-
like optoelectronic device and consequently to increase its efficiency [17]. Further,
functionality of nanowires can be combined with the NEMS switching towards
hybrid devices, such as nano-opto-electromechanical systems (NOEMS).
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15.4 Conclusions

Semiconductor nanowires are promising candidates for NEMS switch active ele-
ments as their properties are tunable during synthesis. The electrical and mechanical
behavior of bottom-up synthesized semiconductor (Ge, GeSn, Bi2Se3, and CuO)
nanowires demonstrate their suitability for applications in NEMS devices. The
operational parameters of the demonstrated nanowire based NEMS switches can
be further improved using electrically induced resonant vibrations. For scalability
and integration, current technological development is aimed at investigation of
nanocontacts and optimization of switching parameters, as well as fabrication of
devices on chip.
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Chapter 16
Modification of TiO2 and ZnO Particles
Under Mechanical Stress
with Polypropylene

Olha Skurikhina, Erika Tothova, Smilja Markovic, and Mamoru Senna

Abstract Solid-state process of introducing oxygen vacancies into the structure of
TiO2 and ZnO particles was studied. The phase transformations of metal oxides
throughout the process were examined by X-ray diffraction (XRD). The influence of
the loaded mechanical stress on the band gap was studied by diffuse reflectance
spectroscopy (DRS). Mechanism of elimination of oxygen atoms from the surface of
the oxides by co-milling with polyolefins, which can lead to creation of more
effective materials for waste water treatment, was proposed.

Keywords High-energy ball milling · TiO2 · ZnO · Oxygen vacancies

16.1 Introduction

Metal oxides such as TiO2 and ZnO were extensively studied during the last decades
because of their unique intrinsic properties and a wide range of possible applications
as photocatalysts, photoelectrodes, antibacterial agents or gas sensors [1, 2]. One of
the limiting factors of their practical application as photocatalysts is the width of the
band gap, which corresponds to the required photon energy, necessary for the
creation of electron-hole pairs. Both titanium dioxide and zinc oxide have wide
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band gaps (ZnO ~3.3 eV; TiO2 ~3.2 eV) that enable photocatalysis only under UV
light within the energy range 3–124 eV [3, 4]. With the aim of increasing the
photocatalytic efficiency of these materials under solar light for degradation of
organic pollutants, tuning of the band gaps is desirable.

Changes in metal oxides which accompany the process of high-energy ball
milling (HEBM) have been previously investigated [5]. The process of HEBM, in
contrast to the standard grinding used for comminution of materials, is aimed at
accumulation of energy in the materials for further chemical transformations by
introducing various defects such as dilation/shrinking of the lattice, vacancies,
interstitial ions and atoms, dislocations [6]. These defects in turn alter the width of
band gap of the material, which enables the employment of HEBM method for
tuning of the material properties toward higher energy harvest.

16.2 Inducing Defects in Structure of Metal Oxides Under
Mechanical Stress

An attempt to induce oxygen vacancies in TiO2 (anatase) and ZnO was done in a
planetary ball mill Pulverisette 7 premium line. The time of milling was varied from
60 min up to 180 min. As an oxygen subtracting agent polypropylene (PP) was used,
since it is known that anion-containing polyolefins can decompose concurrently
acting as reductants [7]. In Fig. 16.1, XRD patterns of samples co-milled with PP are
shown. The formation of defects due to plastic deformations is one of the relaxation
pathways under mechanical treatment, the others are heating, reduction of particles,
amorphisation along with possible formation of polymorph. The last ones are
observed in our case as well. During milling, TiO2 transforms from anatase phase
to rutile with the high-pressure phase of TiO2, called TiO2-II, as intermediate [5]. As
seen from the XRD patterns, the percent of rutile phase is increasing with prolon-
gation of the milling time which has a negative effect on the photocatalytic efficiency

Fig. 16.1 XRD patterns of (a) TiO2 (l – anatase; � – rutile) and (b) ZnO (+�wurtzite ZnO), milled
with PP for 60 and 180 min
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of the materials. Together with the transition between different polymorphs,
amorphisation process occurs which is seen from the broadening of the XRD
peaks for both materials. In the case of ZnO, no peaks of new phase are observed
which is in conformity with previous investigations of the structural changes during
HEBM process [8]. As investigated by several researchers [9–11], ZnO crystals
usually do not undergo reconstructions to other polymorphs during milling, except
for small shrinkage of the lattice even when the presence of surface defects,
particularly oxygen vacancies is shown by other techniques such as high resolution
transmission electron microscopy (HRTEM) or by behavioral change revealed by
photoluminescence (PL), Raman spectra, etc.

By XRD the structural changes in long-range order can be seen but it is impos-
sible to identify defects in short-range order. Since it is known that the impact of
defects on photocatalysis is not unequivocal and the distribution of point defects
plays a role, the surface oxygen vacancies are usually considered as favoring the
photocatalysis preventing electron-hole recombinations and acting as active sites for
adsorption, whereas the bulk oxygen vacancies have an opposite effect serving as
recombination centers [1]. For investigations of the influence of HEBM on the
electron structures of the materials, DRS measurements were performed.

16.3 Abstraction of Oxygen by Organic Constituent

As mentioned above, PP does not contain any anions for anionic exchange as, for
example, polytetrafluoroethylene (PTFE) or polyvinylidene fluoride (PVDF). How-
ever, the process of subtraction of oxygen from the surface of the metal oxide can
take place because of destruction of bonds. The ability of mechanical stress to
destruct chemical bonds in polymer was studied earlier [12]. So we suggested
mechanochemically induced destruction of hydrocarbon polymer with subsequent
formation of reactive species that can react with the surface oxygen, creating oxygen
vacancies without concomitant anion exchange [13]. The process of oxygen abstrac-
tion from the surface has greater impact on the band gap width than the reduction of
Ti4+ [14]. In Fig. 16.2, DRS spectra show a distinct shift towards visible light range
for the milled samples. From these spectra the width of the band gaps was calculated
by Kubelka-Munk function and the narrowing from 3.56 eV to 3.39 eV and from
3.27 eV to 3.16 eV for titanium dioxide and zinc oxide, respectively, was observed.

Because of the afore-mentioned possible presence of bulk defects which have
lower impact on the band gap state [15] but can significantly change the
photocatalytic properties of material, photocatalytic degradation of methylene blue
was performed. Dye degradation upon irradiation is an indirect method for exami-
nation of the present defects. The increased efficiency of the process confirms the
improved separation of e-h pairs. Prolonged milling led to decrease of the
photocatalytic activity, whereas the sample of TiO2 co-milled with PP for 60 min
exhibited an increase in the activity during the first 60 min with subsequent decline
after comparing to the pristine titanium dioxide.
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16.4 Conclusions

The introduction of oxygen vacancies in ZnO and TiO2 by solid-state process was
demonstrated as a consequence of HEBM. The increased milling time revokes the
positive effect of HEBM on the band gap state and the photocatalytic activity
because of the unwanted process of amorphisation and polymorph transitions.
However, this method is very attractive due to its simplicity for preparation of
photocatalytic materials with enhanced efficiency for degradation of different
organic pollutants.
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Chapter 17
Use of Magnetic Susceptibility
Measurement for Analysis
of Self-Organized Magnetic Nanoparticles
in Biological Systems

Taras Kavetskyy, Oksana Zubrytska, Lyudmyla Pan’kiv,
Rovshan Khalilov, Aygun Nasibova, Abolfazl Akbarzadeh, Andriy Pryima,
Nataliia Stebeletska, and Svitlana Voloshanska

Abstract Magnetic susceptibility (MS) measurements for analysis of
superparamagnetic iron oxide nanoparticles (SPIONs) in various biological systems
were applied. The MS measurements by the Faraday method were carried out at
room temperature. On the basis of the MS experimental data and the model based on
the Langevin function, the concentrations of magnetically ordered clusters Ncl and
paramagnetic centers per magnetic cluster N0 for Fe3O4 SPIONs and superoxide
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dismutase with manganese (Mn-SOD) in biological systems taken from environ-
mentally “green” and polluted regions of Azerbaijan are found to be in a good
agreement with electron spin resonance spectroscopy results.

Keywords Superparamagnetic iron oxide nanoparticles · Superoxide dismutase
with manganese · Magnetic susceptibility · Electron spin resonance spectroscopy

17.1 Introduction

Recently, an innovative approach based on the effect of bio-mineralization as a
response reaction of cells to decrease their damage upon stress was applied for
biomaterials represented by Juniperus communis [1]. Using electron spin resonance
(ESR) technique, the formation of self-organized magnetic nanoparticles such as
superparamagnetic iron oxide nanoparticles (SPIONs) was found in the J. communis
shell, while the antioxidant activity due to Mn-containing enzymes (e.g., superoxide
dismutase with manganese, Mn-SOD) was detected in the J. communis seeds. In the
present work, magnetic susceptibility (MS) measurements were applied for analysis
of SPIONs in various biological systems.

17.2 Experimental

Samples of two types of biomaterials – called as “Babek” and “Ahmadli” (leaf of
pine), taken respectively from polluted and environmentally “green” regions of
Azerbaijan, were used for the current research. The MS measurements of the
investigated biological systems by the Faraday method were carried out at room
temperature in the magnetic field range of 0.3–5.0 kOe. The advantage of this
technique is the possibility to measure samples with optimal mass and length of
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120–150 mg and 8–10 mm, respectively. The main parameters of the equipment for
the MS measurements were: diameter of quartz capillary of 0.5 mm, length of
950 mm, distance from sample to axis of the quartz capillary of 12 mm, and own
frequency of torque balance without sample of 140 Hz. An automated equipment for
removal of the error of the MS measurement related to deformation of current
supplies due to addition of new assemblies of control, i.e., device with comparator,
was used [2]. In this way, the accuracy of the obtained experimental data was
essentially increased, giving a relative error less than 1%, and sensitivity of 5�1015
Bohr magnetons.

On the basis of the MS experimental data and the model based on the Langevin
function, the concentrations of magnetically ordered clusters and paramagnetic
centers per magnetic cluster were evaluated for the investigated samples [3, 4]. In
this model, the dependence of the magnetic susceptibility on the external magnetic
field strength χ(H ) is presented by the expression: χ(H )¼ χL + χpar + NclmclL’(mclH/
kT), where Ncl is the concentration of the magnetically ordered clusters, mcl the
magnetic moment of the cluster (it is suggested that all the clusters have identical
magnetic moment), and L’(x) the derivative of the Langevin function (L ¼ (cothα –

1/α), where α ¼ MH/kT, with M the magnetization, k the Boltzmann constant, and
T the temperature). The magnetic moment of the cluster follows the equation:
mcl ¼ N0μBg(s(s + 1))1/2, where N0 is the concentration of the paramagnetic centers
per magnetic cluster, μB the Bohr magneton, g the g-factor and s the spin of
paramagnetic center composing the magnetic cluster.

The electron spin resonance (ESR) spectra of the biomaterials studied were
registered with an X-range ESR spectrometer ECS-106 (Bruker, Germany) at the
following conditions: magnetic field HF-modulation amplitude of 0.5 mT, field
center of 260 mT, field scanning of 290 mT, temperature of 293 K, and gain of 104.

17.3 Results and Discussion

Figure 17.1 shows the dependences of the magnetic susceptibility χ on the external
magnetic field strength Н for the investigated biomaterials (“Babek” – polluted and
“Ahmadli” – environmentally “green” samples) at Т ¼ 293 K. Fitting of the χ(H )
curves within the model based on the Langevin function gives a possibility to
evaluate the concentrations of magnetically ordered clusters Ncl and paramagnetic
centers per magnetic cluster N0, as shown in Fig. 17.2.

The results obtained for the “Babek” sample are following: (i) for Mn-SOD at
g ¼ 2.01 and s ¼ 3/2 – Ncl ¼ 7.3 � 1013 cm�3; N0 ¼ 18.57 � 105 1/cluster;
(Ncl � N0)Mn ¼ 135.56 � 1018 cm�3; and (ii) for Fe3O4 SPIONs at g ¼ 2.28 and
s ¼ 1/2 – Ncl ¼ 7.3 � 1013 cm�3; N0 ¼ 36.51 � 105 1/cluster; (Ncl � N0)Fe3O4 ¼
266.52 � 1018 cm�3. Thus, (Ncl � N0)Σ

Babek ¼ (Ncl � N0)Mn + (Ncl � N0)Fe3O4 ¼
402.08 � 1018 cm�3.
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Fig. 17.2 Fitting of the
χ(H ) curves within the
model based on the
Langevin function for the
“Babek” sample (upper
panel) and “Ahmadli”
sample (lower panel)

Fig. 17.1 Dependences of
the magnetic susceptibility χ
on the external magnetic
field strength Н for the
investigated biomaterials
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The results obtained for the “Ahmadli” sample are following: (i) for Mn-SOD at
g ¼ 2.01 and s ¼ 3/2 – Ncl ¼ 2.3 � 1013 cm�3; N0 ¼ 50.85 � 105 1/cluster;
(Ncl � N0)Mn ¼ 116.96 � 1018 cm�3; and (ii) for Fe3O4 SPIONs at g ¼ 2.28 and
s ¼ 1/2 – Ncl ¼ 2.3 � 1013 cm�3; N0 ¼ 99.96 � 105 1/cluster; (Ncl � N0)Fe3O4 ¼
229.91 � 1018 cm�3. Thus, (Ncl � N0)Σ

Ahmadli ¼ (Ncl � N0)Mn + (Ncl � N0)Fe3O4 ¼
346.87 � 1018 cm�3.

Figures 17.3 and 17.4 show the ESR spectra for the “Babek” and “Ahmadli”
samples at Т ¼ 293 K, respectively. A broad ESR signal is detected from Fe3O4

SPIONs (g ¼ 2.28) in the polluted “Babek” sample [1, 5–10]. At the same time, in
the case of the environmentally “green” “Ahmadli” sample, the ESR signal from
Mn-containing compounds [1, 5–10], e.g. Mn-SOD (g ¼ 2.01, characterized by
six-component hyperfine structure) is observed as a dominant one.

It is clearly seen that the evaluated values of Ncl and N0 for the Fe3O4 SPIONs and
Mn-SOD, (Ncl � N0)Σ

Babek and (Ncl � N0)Σ
Ahmadli, in the biological systems used

correlate well with the ESR results obtained. Namely, in the case of the polluted
“Babek” sample, the presence of Fe3O4 SPIONs is dominant as detected from the
both MS and ESR experiments carried out.

Fig. 17.3 ESR spectrum for the “Babek” sample at Т ¼ 293 K
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17.4 Conclusion

The evaluated concentrations of magnetically ordered clusters Ncl and paramagnetic
centers per magnetic cluster N0 for Fe3O4 SPIONs and Mn-SOD in the biological
systems used as taken from environmentally “green” and polluted regions of
Azerbaijan are found to be in a good agreement with the ESR results obtained for
these systems. The observed correlation in the MS and ESR data supports the
advantage of combining these both complementary techniques as a promising
experimental approach for monitoring the environmental pollution.
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Chapter 18
Solvent Dispersible Nanocomposite Based
on RGO Surface Decorated with Au
Nanoparticles for Electrochemical
Genosensors

Chiara Ingrosso, Michela Corricelli, Alessia Disha, Francesca Bettazzi,
Evgenia Konstantinidou, Elisabetta Fanizza, Giuseppe Valerio Bianco,
Nicoletta Depalo, Marinella Striccoli, Angela Agostiano, Maria Lucia Curri,
and Ilaria Palchetti

Abstract A novel hybrid nanocomposite, formed of Reduced Graphene Oxide
(RGO) flakes surface functionalized with 1-pyrene carboxylic acid (PCA) and
decorated by Au nanoparticles (NPs), has been synthesized for the electrochemical
detection of the miRNA-221 cancer biomarker. The hybrid material has been
prepared by a facile approach, relaying on the in situ synthesis of the Au NPs onto
the PCA carboxylic groups in presence of 3,4-dimethylbenzenethiol (DMBT) and
NaBH4. The short aromatic thiol DMBT acts as reducing and coordinating agent,
and hence, enables the dispersion of the nanocomposite in organic solvents. Con-
comitantly, DMBT favors the non-covalent anchoring of the Au NPs onto RGO,
potentially allowing an efficient particle/RGO and interparticle π-π mediated elec-
tron coupling, which enhances the electron conductivity and charge transfer.
PCA-RGO flakes, densely and uniformly decorated with a multilayer network of
DMBT-coated Au NPs, 2.8 � 0.6 nm in size, have been obtained, overcoming
limitations previously reported for similar hybrid materials in terms of coating
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density and NP size distribution. Screen-Printed Carbon Electrodes (SPCEs), mod-
ified by the hybrid material and then functionalized with a thiolated DNA capture
probe, have been tested for the determination of miRNA-221 in spiked human serum
samples.

Keywords Colloidal gold nanoparticles · Reduced graphene oxide · Hybrid
nanocomposite · Electrochemical genosensors

18.1 Introduction

Hybrid nanocomposites based on graphene and Au nanoparticles (NPs) have
attracted wide interest for electrochemical biosensing, thanks to their enhanced
sensitivity and selectivity, stemming from the synergistic combination of the pecu-
liar properties of both the components. Graphene based electrodes show high
electrochemical stability and electrocatalytic activity, large potential window and
fast heterogeneous electron transfer kinetics for diverse analytes [1–4]. In addition,
the high chemical reactivity of the graphene platform allows its hybridization with
NPs and biomolecules, leading to the manufacturing of highly functional
nanocomposites. When decorated with Au NPs, the characteristics of graphene are
combined with the capability of such NPs of binding biomolecules by diverse
chemical groups, as well as the high rate of electron transfer kinetics of the NPs at
the electrode/electrolyte interface, and the excellent surface redox electrocatalytic
activity [1]. Thus, electrodes modified by hybrid nanocomposites formed of Au NPs
and graphene have demonstrated a rapid and sensitive current response [2].

In this work, a novel hybrid nanocomposite formed of Reduced Graphene Oxide
(RGO) flakes, surface decorated with 3,4-dimethylbenzenethiol (DMBT)-capped Au
NPs, has been prepared and tested as active material in a genosensing platform. The
hybrid nanostructures have been synthesized by means of a flexible in situ Au
precursor reduction, that has been carried out in presence of the aromatic ligand
DMBT, and NaBH4, and by using 1-pyrenecarboxylic acid as linker [5]. The RGO
flakes have been surface functionalized with PCA by means of π-π interactions, and
the carboxylic groups of PCA have been exploited as heteronucleation and coordina-
tion sites for the in situ synthesis of the Au NPs, being concomitantly able to couple
electronically both components [5]. Finally, the aromatic thiol molecules control the
Au NPs morphology and are also effective in providing a further anchoring group for
Au NPs immobilization onto the flakes by π-π interactions, granting Au interparticle
coupling that results in a conductive network onto the flakes [5].

Thanks to their solution processability, the colloidal PCA-RGO/Au NPs hybrid
nanostructures have been used to modify disposable and cost-effectively obtained
Screen-Printed Carbon Electrodes (SPCEs) that have been tested for the detection of
miRNA-221, a circulating non coding small RNA overexpressed in lung cancer [6].

The hybrid modified SPCEs have shown, compared to the PCA-RGO modified
and bare SPCEs, faster heterogeneous electron transfer (ET) kinetics at the interface
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with the electrolyte, an increase of the conductivity, and an overall enhancement of
the electrocatalytic properties [7].

A thiol-tethered DNA-capture probe has been immobilized onto the PCA-RGO/
Au NPs modified SPCEs, and differential pulse voltammetry (DPV) has been
applied to estimate the extent of the hybridization reaction with a biotinylated target
miRNA-221 sequence by detecting 1-naphthol, originating via the enzymatic reac-
tion on 1-naphthyl phosphate assisted by streptavidin-alkaline phosphatase. The
hybrid modified SPCEs have shown diagnostic feasibility and reliability in the
determination of miRNA-221 in spiked human blood serum samples, resulting in a
LOD (0.7 pM) comparable with those reported for the state-of-art sensors [8].

18.2 Experimental

A PCA-RGO/Au NPs hybrid nanocomposite with Au NPs 2.8 � 0.6 nm in size was
synthesized as reported elsewhere [5], starting with 7 � 10�3 M in HAuCl4�3H2O,
synthesized with the 17:1 PCA:RGO w/w and 1:10 HAuCl4�3H2O:NaBH4 molar
ratio, at the HAuCl4�3H2O:DMBT molar ratio and HAuCl4�3H2O:PCA-RGO w/w
of 1:2 and 23:1, respectively.

1 μL of the PCA-RGO/Au NPs hybrid suspensions were drop casted onto Screen-
Printed Carbon Electrodes (SPCEs), which were then incubated with the DNA-SH
capture probe. Hybridization experiments were carried out using the biotinylated
target miRNA-221 sequence in a direct assay format [9]. The biotinylated hybrid at
the electrode surface was reacted with 8 μL of a solution containing 0.8 U mL�1 of
the streptavidin–alkaline phosphatase conjugate and 10 mg mL�1 of BSA blocking
agent in DEA buffer. Themodified SPCEs were incubated with 150 μL of 1mgmL�1

1-naphthyl phosphate solution in DEA buffer and the electrochemical signal of
1-naphthol, oxidized by the enzyme, was measured by DPV with a modulation
time of 0.05 s, an interval time of 0.15 s, a step potential of 5 mV, a modulation
amplitude of 70 mV and a potential scan between 0 to 600 mV.

Human serum type AB was diluted 1:100 (v/v) in a phosphate buffer (PB) and
filtered by a 0.45 μm pore filter in polyethersulfone (PES). Spiked samples were
prepared by adding known quantities (10 and 100 nM) of miRNA-221 to diluted
serum.

Steady state UV–Vis absorption spectra were recorded with a Cary 5000 (Varian)
UV/Vis/NIR spectrophotometer, at room temperature. Raman spectra were collected
with a LabRAMHR Horiba-Jobin Yvon spectrometer with a 532 nm excitation laser
source under ambient condition and at a low laser power (1 mW), by using the
Raman band recorded from a silicon wafer at 520 cm�1 to calibrate the spectrometer
with an accuracy of ca. 1 cm�1.

TEM analyses were performed by using a Jeol Jem-1011 microscope, operating
at 100 kV and equipped by a high-contrast objective lens, a W filament as electron
source, and an ultimate point resolution of 0.34 nm. Images were collected with a
Quemesa Olympus CCD 11 Mp Camera. Size statistical analyses of the NP average
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size and size distribution were performed by counting 200 NPs by the freeware
ImageJ analysis program.

FE-SEM images were recorded with a Zeiss Sigma microscope operating in the
range of 0–10 keV and equipped with an in-lens secondary electron detector and an
INCA Energy Dispersive Spectroscopy (EDS) detector.

Electrochemical measurements were carried out at room temperature (25 �C) with
a three-electrode system and an AUTOLAB PGSTAT 10 digital potentiostat/
galvanostat. The GPES 4.9004 software (Eco Chemie BV, Utrecht, The Nether-
lands) was used for Cyclic Voltammetry (CV) and Differential Pulse Voltammetry
(DPV). The FRA2 module was used for faradaic impedance experiments. All
potentials were referred to the screen-printed silver pseudo-reference electrode and
the experiments were carried out at room temperature. CV was performed by a
planar electrochemical cell covered by 150 μL of an electrolyte solution, and the
electroactive areas (Aele) have been determined as reported in [7].

Faradaic impedance measurements were carried out in presence of the 5 mM [Fe
(CN)6]

3/4� redox probe (equimolecular mixture in 0.1 M KCl). A sinusoidal voltage
of 10 mV in amplitude (peak-to-peak) was superimposed to the applied bias poten-
tial within the frequency range of 100 kHz–10 mHz. The dc potential was set up at
the potential value observed at the Open Circuit Potential (O.C.P.) before each
measurement. Experimental spectra presented in the form of complex plane dia-
grams (i.e. Nyquist plots) were fitted with proper equivalent circuits by using
the FRA2 software 4.9004 (EcoChemie) to estimate charge transfer resistance
values. The Randles equivalent circuit was successfully applied to fit the
acquired data.

18.3 Results and Discussion

The Au NPs surface modified PCA-RGO flakes have been prepared by means of the
in situ reduction of the HAuCl4 � 3H2O precursor, in presence of the aromatic
3,4-dimethylbenzenethiol (DMBT) capping ligand. The Au(III) precursor is reduced
to Au(I) by DMBT, and then to Au(0) by NaBH4 [5]. The Au NPs have been found
to heteronucleate and grow at the oxygen containing functionalities of the
PCA-RGO sheets [5], while DMBT controls the NP morphology and size distribu-
tion during the synthesis by coordination to the NP surface [5]. Figure 18.1a shows
the RGO flakes surface functionalized with PCA by means of π-π interactions, and
bearing carboxylic groups available for the heteronucleation and coordination of the
Au NPs, which are coated by DMBT that further favors their anchorage onto the
sheets by π-π interactions [5].

TEM micrographs of PCA-RGO show μm large sheet-like structures, almost
electron transparent, characterized by higher contrast areas, reasonably due to folded
edges and wrinkles, explained by mechanical lattice deformations (Fig. 18.1b). The
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surface morphology of the PCA-RGO/Au NPs hybrid nanocomposite is, instead,
characterized by sheet-like structures, densely and uniformly coated by higher
contrast round shaped nano-objects, 2.8 � 0.6 nm in mean diameter, reasonably
accounted for by the Au NPs, grown onto the flakes with a uniform morphology and
a narrow size distribution (inset of Fig. 18.1c). The UV-Vis absorption spectrum of
the hybrid nanocomposite (Fig. 18.1d) presents scattering phenomena originating
from the RGO flakes, with superimposed the absorption signals of PCA in the near
UV region, namely at 329 nm and 346 nm, ascribed to the π-π� transition of the –
C¼C– bonds, and the Localized Surface Plasmon Resonance (LSPR) peak of the Au
NPs at 564 nm [5].

Screen-Printed Carbon Electrodes (SPCE), fabricated by the procedure reported
in [10], have the typical surface morphology presented in Fig. 18.2a. After modifi-
cation by casting 1 μl of toluene dispersions of PCA-RGO, the electrodes are coated
by flakes having a smooth surface with bright contrast wrinkles and folded edges
(Fig. 18.2b). In the PCA-RGO/Au NPs hybrid sample, such flakes appear uniformly
coated by bright grain type structures ascribed to the Au NPs (Fig. 18.2c), expected
to increase the available surface area of the electrode [7].

Figure 18.2d shows the CVs of the SPCEs, either as bare or modified with
PCA-RGO and PCA-RGO/Au NPs, respectively, recorded in presence of [Fe
(CN)6]

3�/4�. The CVs recorded on the bare SPCEs present the couple of quasi-
reversible redox peaks of [Fe(CN)6]

3�/4- and ΔEp which decreases passing to the
PCA-RGO coated SPCEs, and further to the PCA-RGO/Au NPs modified SPCEs

Fig. 18.1 (a) Sketch of the anchoring of the DMBT-capped Au NPs onto the PCA-RGO flakes.
(The schemes do not show proper the proportions of the reported structures). TEM of (b)
PCA-RGO complex and (c) PCA-RGO/Au NPs sample deposited onto carbon coated copper
grid. (D) UV-Vis absorption spectra of 0.15 mg mL�1 PCA-RGO and PCA-RGO/Au NPs sample
in toluene
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(Fig. 18.2d). This evidence accounts for the higher conductivity and for the enhance-
ment of the electron transfer capability at the electrode/electrolyte interface upon the
hybrid modification of the SPCE surface [7]. The peak current of the PCA-RGO/Au
NPs hybrid modified SPCEs increases with respect to that of the bare counterpart,
and of the PCA-RGO modified SPCEs (Fig. 18.2d), likely due to the increase of the
electroactive surface area, attesting for the higher electrochemical reactivity of the
hybrid modified SPCEs [7].

The electroactive areas (Aele) of both the bare and PCA-RGO/Au NPs modified
SPCEs have been estimated using the Randles-Sevcik equation, and for the modified
one it is almost twice the geometric area of the native SPCE (7 mm2), namely
14 � 2 mm2 [7].

The apparent heterogeneous electron transfer rate constant (k0) has been calcu-
lated by using the method applied for quasi-reversible systems [11] and it is
9.3 � 0.7 � 10�4 cm s�1, threefold higher than that of the bare SPCEs, which is
2.7 � 0.5 � 10�4. This evidence indicates that the electrode modification with the
hybrid nanostructures results in an increased conductivity and faster heterogeneous
electron transfer.

EIS spectra, reported in Fig. 18.2e as Nyquist plots, include a semicircle portion
at higher frequencies, where the diameter of the semi-circle corresponds to the
electron transfer resistance (Ret) at the electrode interface and a linear portion at
lower frequencies, which represents the diffusion process. Ret of ca. 0.5 � 0.1 kΩ
can be estimated for the bare SPCEs, ca. 0.4 � 0.1 kΩ for the PCA-RGO modified
SPCEs and ca. 0.30 � 0.08 kΩ for the electrode modified with the PCA-RGO/Au

Fig. 18.2 SEM micrographs of SPCEs as bare (a), coated by PCA-RGO (b) and PCA-RGO/Au
NPs flakes (c), recorded at 5 kV with the magnifications of 102.16 kX (a), 101.67 kX (b) and
123 kX (c). (d) CVs of SPCEs, as bare, modified by PCA-RGO and PCA-RGO/Au NPs in 0.1 M
KCl and 5 mM [Fe(CN)6]

3�/4� at 10 mV s�1. (e) EIS spectra (Nyquist plots) before (●) and after
SPCE modification with (▲) PCA-RGO and (■) PCA-RGO/Au NPs in 5 mM [Fe(CN)6]

3�/4� and
0.1 M KCl. (f) CVs of 500 μM 1-napthol at PCA-RGO/Au NPs SPCEs and bare SPCEs in 0.1 M
DEA buffer at pH 9.6 and scan rate of 50 mV s�1
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NPs hybrid flakes [7]. In case of the hybrid modified electrodes a much lower
resistance is found, reasonably due to the high surface area of the hybrid
nanostructures coating the SPCE and the excellent electrical conductivity of the
nanocomposite, accelerating the electron transfer at the electrode/electrolyte inter-
face [7], and hence, confirming the indication coming from the CV results.

Figure 18.2f shows the CV scans of a 500 μM solution of 1-naphthol, the product
resulting from the Alkaline Phosphatase (AP) catalyzed electrochemical assay and
designed for detecting the miRNA-221 biomarker. The CVs are recorded on the
PCA-RGO/Au NPs modified and unmodified SPCEs in di-ethanol amine buffer
(DEA) at pH 9.6 in the potential range between – 0.2 and + 0.6 V, keeping the
geometrical area of the electrode constant (7 mm2).

The PCA-RGO/Au NPs modified SPCEs show the largest current response, being
about 1.5 and 3 times higher than that recorded for the unmodified SPCEs, with a
potential negatively shifted with respect to the bare SPCEs of ca. 20 mV (Fig. 18.2f).
No cathodic peak is observed for 1-naphthol during the reverse scan, because of its
irreversible oxidation. The increase of the anodic peak current of the 1-naphthol
oxidation, and the decrease of the overpotential of the PCA-RGO/Au NPs hybrid
modified SPCEs, show that such electrodes are efficient electrocatalysts for a
sensitive determination of 1-naphthol.

The sketch in Fig. 18.3(a–c) exhibits the proposed enzyme amplified genosensor
assay. DNA CP has been immobilized onto the Au NPs surface of the hybrid
modified SPCEs in self-organized layers, subsequently backfilled with 6-mercapto-
1 hexanol (MCH). Such a short alkanethiol is used to remove any competing
nonspecific adsorption of other species and favors the organization of the DNA
strand [12] in layers not too closely packed, which can limit the steric hindrance and
electrostatic repulsion during the hybridization with the miRNA-221 target.

The biotinylated target miRNA-221 sequence has been allowed to react with the
DNA CP and subsequently exposed to the streptavidin-Alkaline Phosphatase
(AP) enzyme. After incubation in 1-naphthyl phosphate, the production of
1-naphthol catalyzed by AP has been detected by monitoring its oxidation peak
current by DPV. Figure 18.3d displays the Nyquist plots of the PCA-RGO/Au NPs
SPCEs, before and after modification with CP (PCA-RGO/AuNPs/CP), and after
hybridization with the target (T) miRNA-221 (PCA-RGO/AuNP/CP/T). The plot of
the PCA-RGO/Au NPs modified SPCEs is semicircular and has Ret of about
0.30 � 0.08 kΩ, which increases up to 0.6 � 0.1 kΩ after CP immobilization
(Fig. 18.3d), due to the repulsion of the [Fe(CN)6]

3�/4- caused by the negatively
charged phosphoric acid backbones of the CPs, inhibiting the electron transfer
[7]. An enhancement of Ret up to 1.2 � 0.2 kΩ is observed after the hybridization
of DNA-CP with the target miRNA-221 due to an increase of the negative charge
originated from the double-stranded RNA/DNA formation [7].

The analytical performance of the hybrid modified SPCEs in the assay has been
estimated by a calibration experiment. The current has been found to increase with
the target miRNA-221 concentration from 1 pM to 5 nM (Fig. 18.3e), and the limit
of detection (LOD) has been determined to be 0.7 pM (0.7 amol in 10 μL),
considering it as the value of the background signal, added of three times its standard
deviation. The found LOD is lower than other LODs recently reported for other
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graphene-Au NPs nanocomposite electrode modifiers, still using AP as enzymatic
label, and comparable with the LODs reported for other electrochemical methods for
miRNA analysis [13]. Such an enhanced analytical performance is accounted for by
the high conductivity of the hybrid nanocomposite modified electrodes, the fast
electron transfer kinetics, the high electroactivity of the electrode towards 1-naphthol
oxidation and the high electroactive area and morphology [8] of the nanostructured
surface. Indeed, such a morphology offers convenient geometry for the hybridization
process, providing a high extent of the DNA CP immobilization, and hence ampli-
fied hybridization events with the miRNA target [1].

The operational reliability and feasibility of the developed assay have been finally
assessed by analyzing diluted human blood serum samples, added with different
concentrations of miRNA-221, namely 10 and 100 pM (Fig. 18.3f) and the deter-
mined recovery values, namely 103% and 117%, respectively, seem to be affected
by unspecific physisorption of serum proteins at the electrode surface.

Fig. 18.3 Sketch of the preparation of the PCA-RGO/Au NPs modified SPCEs for the electro-
chemical genosensor assay. (The schemes do not show proper the proportions of the reported
structures). (a) Immobilization of the DNA capture probe (CP) on the PCA-RGO/Au NPs modified
SPCEs. (b) Hybridization of the DNA CP with the miRNA-221 target. (c) Exposure of the SPCEs to
AP, incubation of the substrate in 1-naphthyl phosphate, generation of 1-naphthol detected by DPV.
(d) Faradaic impedance spectra (in form of Nyquist plots) in 0.1 M KCl and 5 mM [Fe(CN)6]

3�/

4-(1:1) solution of (■) PCA-RGO/Au NPs SPCEs, (●) DNA CP functionalized SPCEs (PCA-RGO/
Au NPs/CP) and (▲) PCA-RGO/Au NPs/CP SPCEs after incubation with the 10 nM miRNA-221
target (PCA-RGO/Au NPs/CP/T). (E) miRNA-221 calibration plots in PB, achieved by PCA-RGO/
Au NPs SPCEs. The error bar corresponds to the standard deviation and the vertical bar points at the
minimum detected concentration value. (f) Calibration curve of miRNA-221 in spiked serum
samples
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18.4 Conclusions

A novel colloidal hybrid material based on RGO sheets, surface modified by pyrene-
carboxylic acid (PCA), and highly densely modified by Au NPs (PCA-RGO/Au
NPs) coated by the aromatic thiol DMBT, has been synthesized. PCA anchors the
RGO platform by π-π interactions and behaves as linker and coupling agent between
the RGO flakes and the NPs. The PCA carboxyl moieties act as coordinating active
sites for the in situ colloidal reduction of the Au precursor, promoted by DMBT and
NaBH4. DMBT controls the Au NPs growth, ultimately resulting in a narrow size
distribution of the NPs, 2.8� 0.6 nm in size, and in providing their π-π stacking into
assemblies onto the PCA-RGO platform, as well as mutual electron coupling
interactions. SPCEs modified by the hybrid nanocomposite show an increased
electroactive surface area, higher electrical conductivity, faster heterogeneous elec-
tron transfer kinetics at the electrode interface, higher electron transfer constant and a
decreased resistance at the electrode-electrolyte interface with respect to the
PCA-RGO modified and pristine SPCEs. The hybrid modified SPCEs have been
applied in an AP amplified electrochemical bioassay for the detection of the miRNA-
221 cancer biomarker in spiked human blood serum samples, with a LOD of 0.7 pM
(7 amol in 10 μL) and RSD% of 13% in a range of 1–5000 pM. The obtained hybrid
nanocomposite modified electrodes can be applied in diverse affinity assays for the
detection of other biomolecules in point of care devices.
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Chapter 19
Electrical Properties in PMMA/
Carbon-Dots Nanocomposite Films Below
the Percolation Threshold

Zakaria El Ansary, Ilham Bouknaitir, Silvia Soreto Teixeira, Lamyaa Kreit,
Annamaria Panniello, Paola Fini, Marinella Striccoli, Mohamed El
Hasnaoui, Luís Cadillon Costa, and Mohammed Essaid Achour

Abstract An investigation of the thermal, electrical and dielectric properties of
original nanocomposite materials based on the incorporation of carbon dots, syn-
thesized in organic solvents, in a poly(methyl methacrylate) (PMMA) is presented.
Thermal analysis was performed using differential scanning calorimetry. Electrical
and dielectric measurements were carried out in the frequency range from 100 Hz to
1 MHz and at temperatures between 200 and 400 K. The data were analyzed using
two formalisms: (i) AC conductivity that has been found to follow the Jonscher’s
power law with double exponents, and (ii) electric modulus that permits to identify
two dielectric relaxation processes. The first one, appearing at low-frequency, was
attributed to the conduction effect which is consistent with the Havriliak-Negami
model, and the second one, appearing at high-frequency was associated with the
interfacial polarization effect. Furthermore, the analysis of the temperature depen-
dence of AC conductivity using the Arrhenius representation indicated the existence
of two mechanisms basically governing the conductivity.
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19.1 Introduction

In recent years, a significant effort has been devoted to the design and fabrication of
new materials in the nanometric size range. The nanoparticles can be prepared by a
top-down or bottom-up approach, the last one with the advantage of having the
nano-objects dispersed in an organic solvent. Such peculiarity easily allows the
preparation of original nanocomposites by incorporation of different kinds of
nanoparticles into polymer matrixes using a common solvent, opening the way
toward many emerging applications [1]. Indeed, the dispersed particles are mainly
used to enhance some properties of the composite material, such as conductivity,
mechanical and rheological features, optical properties and others. One of the main
reasons for using nanoparticles is their large surface to volume ratio, which increases
the number of particle-matrix interactions, thus enhancing the effects on the overall
material properties [2]. The properties of the nanocomposites depend on both the
inherent characteristics of the components (such as nanoparticle size, ligands on their
surface, molecular weight of the polymer, crystallinity, etc.) and the distribution of
the nano-objects inside the polymer matrix [3]. Carbon-based nanostructures are
currently object of great interest in nanotechnology [4]. Recently, carbon nanodots
(C-Dots) have emerged as an effective alternative to the classical inorganic semi-
conductor quantum dots (QDs) for a wide range of interesting applications compris-
ing sensors, photovoltaics, catalysis, bioimaging, drug delivery, and optoelectronics.
Compared to QDs, C-Dots combine intense and tunable photoluminescence
(PL) with good biocompatibility, low toxicity, high resistance to photobleaching,
and inexpensive cost [5]. C-Dots have attracted extensive attention as a novel zero-
dimensional carbon-based nanomaterial, particularly as a promising material for
energy storage as reported by Bhattacharya et al. [6]. Owing to their high surface
area, more active edge sites, good electrochemical conductivity and dispersion in
various solvents, C-Dots were used by Yaru et al. [7] to prepare C-Dots/TiO2

composites to be applied for the first time in photoreduction of Cr(VI) under sunlight
illumination. In other works [8–11], it was demonstrated that C-Dots can consider-
ably improve the electrochemical performance of supercapacitors, especially for the
application in high-performance electrodes [12, 13].

Electrical and dielectric relaxation phenomena were used to study the transport
mechanisms of several series of composite materials based on a PMMA matrix
loaded with conducting charges. For instance, Logakis et al. [14] analyzed the
dielectric relaxation appearing in PMMA/CNT percolating system, in consistence
with differential scanning calorimetry and dynamic-mechanical analysis, finding a
weak interaction between the macromolecular chains and the CNT particles and that
the absence of crystallinity facilitates the achievement of high conductivity levels in
the nanocomposites. Maji et al. [15] studied the effect of temperature and frequency
on the dipolar motion of the polymeric chains of PMMA/Zn(NO3)2 composite,
finding that it is one of the appropriate candidates for numerous technical applica-
tions such as supercapacitors, high-speed computers and gate dielectric material for
organic FETs. The results of electrical and dielectric properties of PMMA/PPy
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composites published by Aribou et al. [16] and El Hasnaoui et al. [17] revealed that
the response of these materials, for the loading above the percolation threshold, has
an abnormal low-frequency dispersion due to the hopping of charge carriers between
localized states.

As a relaxation process and related phenomena are expected in PMMA/C-Dots
nanocomposites, their investigation is essential not only from the practical point of
view, because of their potential applications, but also for the insight information
regarding charge mobility, polarization, and conduction mechanisms. The optical
properties of PMMA/C-Dots composite have been already presented by Bouknaitir
et al. [18], who found that the absorption increases with increasing of the C-Dots
fraction, indicating that the nanoparticles preserve their individuality in the polymer
matrix and do not undergo a strong aggregation. In addition, the photoluminescence
spectra of the composites show a large emission band that shifts towards lower
energy as the excitation wavelength increases, characteristic of the embedded
C-Dots. Thus, in order to complete this study, the electrical and thermal properties
of these composites were investigated in the current work.

19.2 Experimental Procedures

19.2.1 Materials and Sample Preparation

Poly (methyl methacrylate) (PMMA) was supplied by BHD Chemicals Ltd. Poole,
England. CHCl3 was purchased from Sigma-Aldrich, Germany, and the carbon-dots
(C-Dots) were synthesized in the laboratory of CNR–IPCF, Bari, Italy. The lumi-
nescent nanoparticles were prepared by a one-step method consisting of the carbon-
ization of citric acid (CA), carried out in a mixture of octadecene (ODE) as
non-coordinating solvent and hexadecylamine (HDA) as coordinating agent
[19]. The citric acid was injected in a mixture of HDA and ODE at 200 �C
(473 K), followed by a growth step at 300 �C (573 K) for 3 h. Then, a purification
procedure by an extraction step, adding a mixture 1:1 CHCl3/CH3OH, a precipitation
step with acetone and a concentration step using a rotary evaporator were carried out.
Finally, the C-dots were dispersed in chloroform. The synthesized nanoparticles
have a diameter of about 5 nm and consist of an amorphous core with sp3 and sp2

carbon and an outer oxidized carbon shell, which is functionalized by different
molecules, particularly by amide derivatives, responsible for their emission
[20]. The polymeric matrix solution was prepared by dissolving 0.5 g of PMMA
powder in 10 ml of chloroform. The solution was stirred for few hours at room
temperature, then PMMA/C-Dots nanocomposite solutions were prepared by incor-
poration of adequate volumes of C-dots into the polymer solution, in order to achieve
loadings in the range from 0% to 4%. Finally, the prepared composites were poured
on a glass substrate and let the solvent evaporate at room temperature for 48 h to
obtain freestanding films that were peeled off from the substrate.
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19.2.2 DSC Measurements

Differential scanning calorimetry (DSC) analyses were carried out on a Q200 TA
Instruments calibrated with indium, with 10 K/min under inert atmosphere: First, we
made a heating scan from 303 to 503 K to investigate thermal transition to the drop-
casted material and, in order to erase the thermal history of the samples, we stabilized
the temperature at 503 K for 5 minutes. Then we started the measurements of cooling
scan till 303 K to identify the thermal transition of relaxed nanocomposites material
at the different C-Dots loading. A reheating scan from 303 to 503 K allowed
recognizing the thermal transitions with the same thermal history [21]. Glass tran-
sitions are evident in the cooling and in the second heating scan.

19.2.3 Electrical Measurements

For the electrical measurements the samples were prepared as discs with a thickness
of about 3 mm and a diameter of 12 mm with aluminum electrodes on the opposite
sides of the sample. The electrical contacts were formed by silver conductive paint.
Impedance spectroscopy measurements were performed as a function of frequency
in the range from 100 Hz to 1 MHz, and at temperature between 200 and 400 K,
using a bath cryostat system where the samples are maintained in a controlled helium
atmosphere, in order to avoid moisture and to homogenize the sample temperature.
The stabilization of the temperature was better than 0.1 K over the electrical
measurement periods. This was achieved using an Agilent 4292A impedance ana-
lyzer, in the Cp-Rp configuration. Since the samples have a disk geometry with a
considerably larger diameter compared with their thickness, the parallel plate capac-
itor model can be applied, and the AC electrical conductivity σAC(ω) can be
calculated through the measured complex impedance by:

σAC ωð Þ ¼ d
A

1
Rp

ð19:1Þ

where d and A are the sample thickness and electrode surface area, respectively. The
real (M') and imaginary (M") parts of electric modulus M�(ω) ¼ M'(ω) – jM"(ω),
were calculated through Cp-Rp using Eqs. (19.2) and (19.3). The estimated relative
error of the electrical measurements was less than 5%.

M0 ωð Þ ¼ A
d

ε0CP ωRPð Þ2
1þ ωRPCPð Þ2 ð19:2Þ
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M00 ωð Þ ¼ A
d

ε0RPω
1þ ωRPCPð Þ2 ð19:3Þ

19.3 Results and Discussion

19.3.1 DSC Analysis

Heat flow measured during cooling and heating of neat PMMA and two samples of
nanocomposites with 2.5% and 4% loading are shown in Fig. 19.1. As can be seen,
each curve shows an endothermic peak at a particular temperature that corresponds
to a reversible phase transition of second order from a glassy state to an elastic one.
Table 19.1 illustrates the estimated values of glass transition temperatures of cooling
(Tgc) and heating (Tgh). Analysis of the results yields the two following observations:
(i) the values of Tgc and Tgh for the neat PMMA are found to be in good agreement
with those reported by Kumar and co-workers [22] and (ii) the addition of C-Dots
nanofillers causes in both cases a decrease of the glass transition temperature, more
pronounced at higher loading of C-Dots filler. These results indicate that C-Dots
nanofillers have a plasticizing effect on the polymer structure, giving rise to an
increase of the charge mobility inside PMMA chains [23]. PMMA based
nanocomposites, mainly prepared using solvent-based methods, point out a decrease

Fig. 19.1 DSC measurements of cooling (A) and heating (B) scans of the PMMA matrix and
PMMA/C-dots nanocomposites

Table 19.1 Glass transition temperatures obtained during cooling (Tgc) and heating (Tgh) scans of
neat PMMA and PMMA/C-Dots nanocomposites

ϕ(%) 0.0 2.5 4.0

Tgh (K) 385 377 374

Tgc (K) 380 367 363
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of the glass transition temperature [24]. An explanation of this behavior, based on
thermodynamic model developed by Lee et al. [25] for binary polymer/nanoparticles
systems, states that the increases or decreases of Tg depend on the negative or
positive change of the total configurational entropy. Among the four contributions
considered in the total configurational entropy, namely the disorientation entropy of
the polymer, the confinement entropy of the nanoparticle, the mixing and the specific
interaction entropies of the polymer/nanoparticle, the most important component in
determining the Tg value is the intensity of the specific interaction entropy between
the polymer and the nanofillers. This entropy is quantitatively identified by a
physical parameter γspe in the model of Lee, which represents the specific interaction
between the polymer and the nanofillers. A decrease of Tg is possible only when γspe
is zero, the case when no specific interaction occurs between the polymeric chains
and the nanofillers. In concordance to our results, we considered that, even for the
increased C-Dots concentrations inside PMMA matrix, the specific interactions
between these constituents are weak.

19.3.2 AC Electrical Conductivity Analysis

It is proven that the analysis of temperature effect on frequency-dependence of the
electrical conductivity is a powerful method for studying the charge-transport
mechanisms occurring in heterogeneous materials. Figure 19.2 shows the log-log
representations of the frequency dependence of the AC conductivity of neat PMMA
(Fig. 19.2A), sample with 2.5% (Fig. 19.2B), and 4% (Fig. 19.2C) of C-Dots loaded
PMMA matrix, while in Fig. 19.3, we associated three curves of electrical conduc-
tivity corresponding to the different samples at a constant temperature (T ¼ 380 K).
Analysis of these figures allows to identify three interesting remarks. First, for all
samples the AC conductivity increases with the temperature, this behavior will be
interpreted in terms of activation energies. Second, the log-log variation of AC
conductivity versus frequency shows a linear increase with a change in slope at a
specific value of frequency noted Fc (Figs. 19.2 and 19.3), suggesting a superposi-
tion of different electrical transport mechanisms [26, 27]. Third, the loading of
C-Dots nanofillers increases the AC conductivity of the composites (Fig. 19.3).
Different types of hopping and carrier species are then involved in the transport
behavior.

The AC conductivity in the two frequency domains can be described by the
power law with double exponents expressed by the following equation [28]:

σacðω, TÞ ¼ σðω, TÞ � σdcðTÞ ¼ σ1ωs1ðTÞ þ σ2ωs2ðTÞ ð19:4Þ

where σ(ω,T) represents the total electrical conductivity, σdc(T) is the direct current
conductivity that represents the frequency independent part of the AC conductivity,
not shown in our data (Fig. 19.2), σ1 and σ2 are constants, the exponent s1 (0 < s1

240 Z. El Ansary et al.



Fig. 19.2 Frequency dependence of AC conductivity of neat PMMA (A) and PMMA/C-Dots
nanocomposites (Φ ¼ 2.5% (B) and Φ ¼ 4% (C)) in the range of 200–400 K

Fig. 19.3 Comparative
curves of frequency
dependence of AC electrical
conductivity of each sample
at 380 K
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(T) < 1) characterizes the translational hopping in the low frequency domain, while
the exponent s2 (s2(T) < 2) characterizes the existence of localized relaxation, or
reorientaional hopping process in the high frequency domain [29].

Figure 19.4 shows the evolution of the obtained values of s1 and s2 as a function
of the temperature for neat PMMA (Fig. 19.4A), PMMA loaded with 2.5% C-Dots
(Fig. 19.4B), and PMMA loaded with 4% C-Dots (Fig. 19.4C).

For the neat PMMA, the value of the exponent s2 is constant at about 0.85 and the
exponent s1 decreases from 1.4 to about 0.9 for temperatures below Tr ¼ 300 K
(room temperature). Above Tr, s2 continues to decrease to 0.8 but s1 increases to 1.3.
When C-Dots particles are added to the PMMA matrix, the obtained values of s2 are
higher than those of s1 in the whole range of temperatures and both of them decrease
with decreasing of temperature. The temperature dependence of s1 and s2 exponents
gives information about the mechanism involved in the AC conductivity. Due to
localization of charge carriers, which results in the formation of polarons in this case,
hopping conduction can occur between the nearest neighboring sites. For small
polaron hopping conduction, the exponent s increases with temperature, whereas
for large polaron hopping conduction it decreases [30]. Applying these descriptions

Fig. 19.4 Temperature effect on s1 and s2 (low and high frequency exponents, respectively) of
neat PMMA and two samples of PMMA/C-Dots nanocomposites
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to our case, we have come to the following conclusions: (i) the conduction in PMMA
is related to large polaron hopping at high frequencies for temperatures below room
temperature Tr, whereas it is related to small polaron hopping at low frequencies for
temperatures above Tr [31], and (ii) when C-Dots are added to PMMA matrix, both
s1 and s2 decrease with increasing the temperature, showing the dominance of large
polaron hopping mechanism.

In order to investigate the frequency and temperature effects on the activation
energies, we have represented in Fig. 19.5 lnσAC vs. 1000/T according to the
Arrhenius law:

σAC F, Tð Þ ¼ σo exp �Wa

kbT

� �
ð19:5Þ

where kb is the Boltzmann’s constant, σo a pre-exponential factor, andWa represents
the activation energy. It can be observed that there is a change in the slopes at about
room temperature, indicating a transition in the conduction mechanism. The

Fig. 19.5 lnσAC vs. the inversed temperature at different values of frequency: (A) neat PMMA; (B)
and (C): samples with ϕ ¼ 2.5% and ϕ ¼ 4% C-Dots, respectively
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activation energies characterizing each domain of temperature, T < Tr and T > Tr, at
different values of the frequency have been calculated and summarized in
Table 19.2. The values of Wa increase from 27–83 meV at low temperatures to
180–400 meV at high temperatures. These changes could be attributed to more
energy required to overcome the thermal fluctuation by the charge carriers in high
temperature domain. It is also noticed that the activation energy increases with
increasing the frequency for the neat PMMA, while when C-Dots are added to
PMMA, the behavior has changed, i.e.Wa decreases with the frequency. This may be
due to the fact that in the low-frequency domain the conductivity is due to the
hopping mobility of charge carriers over a large distance [32], while in the high-
frequency domain the hopping is restricted to only the nearest neighboring defect
sites.

19.3.3 Electrical Modulus Analysis

The formalism of the electrical modulus has been used in several works to interpret
the relaxation processes appearing in the dielectric responses of heterogeneous
materials based on conductive nanoparticles loaded into polymeric matrix
[33, 34]. The real M0(ω) and imaginary M00(ω) parts of the electric modulus are
shown in Fig. 19.6.

It can be observed that, for the neat PMMA (Figs. 6A1 and A2), M00 shows a
relaxation peak in the spectra, whose value and intensity increase with the temper-
ature due to faster charge movements, leading to decrease of the relaxation times
[35]. When C-Dots nanoparticles are added to PMMA matrix with two concentra-
tions (Figs. 6B1, B2, C1 and C2), M" spectra show the presence of two dielectric
relaxation peaks. Comparing these behaviors with that of similar materials [34, 36,
37], we attribute the dielectric relaxation appearing in PMMA matrix to the conduc-
tivity effect (the same that appeared in the low frequency domain in the composites,
relaxation 1). The dielectric relaxation that appeared in the high frequency domain in
the composites (relaxation 2) is attributed to the interfacial polarisation or Maxwell-
Wanger-Sillars (MWS) effect that results in charge accumulations inside the PMMA
matrix. We note that for all prepared samples, the value of M0 tends to zero at low
frequencies, indicating that the electrode polarization has a negligible contribution
[38, 39].

Table 19.2 Frequency dependence of the activation energy of neat PMMA and two samples of
PMMA/C-Dots nanocomposites at temperatures below and above the room point Tr ¼ 300 K

ϕ(%)

Wa (meV) 1 kHz Wa (meV) 10 kHz Wa (meV) 100 kHz Wa (meV) 1 MHz

T < Tr T > Tr T < Tr T > Tr T < Tr T > Tr T < Tr T > Tr
0.0 80 180 82 300 83 390 70 400

2.5 79 290 47 230 38 210 36 200

4.0 54 270 47 240 35 230 27 220
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Fig. 19.6 Frequency dependence of realM0 and imaginaryM00 parts of electric modulus for the neat
PMMA (A1 and A2), ϕ¼ 2.5% (B1 and B2), and ϕ ¼ 4%(C1 and C2) in the temperature range from
200 to 400 K

19 Electrical Properties in PMMA/Carbon-Dots Nanocomposite Films 245



19.3.4 Havriliak-Negami Modeling

The asymmetrical spectra ofM00(ω) indicate that the Debye model is inappropriate to
describe the relaxation occurring in these materials and should be replaced by a
frequency-dependent electric modulus given as [40]:

M�ðωÞ ¼ M0
1½1�

Z 1

0
ejωtð� dϕðtÞ

dt
Þdt� ð19:6Þ

where ϕ(t) denotes the electric field relaxation function. The real and imaginary parts
of the complex modulus according to the Havriliak-Negami model are given by the
following expressions [41]:

M0 ωð Þ ¼ M1
Msrβ þ M1 �Msð Þ cos βφð Þ� �

rβ

M2
s r

2β M1 �Msð ÞMs cos βφð Þ þ M1 �Msð Þ2 ð19:7Þ

M00 ωð Þ ¼ MsM1
M1 �Msð Þ sin βφð Þrβ

M2
s r

2β M1 �Msð ÞMs cos βφð Þ þ M1 �Msð Þ2 ð19:8Þ

where Ms and M1 are the values of the real part of the electric modulus at low- and
high-frequency sides of the relaxation, respectively, and the two parameters r and
φ are defined as:

r ¼ 1þ 2 ωτð Þ1�α sin
απ
2

� �
þ ωτð Þ2 1�αð Þ

� �1=2
ð19:9Þ

φ ¼ arctgð ðωτÞ1�αcosðαπ=2Þ
1þ ðωτÞ1�αsinðαπ=2ÞÞ ð19:10Þ

where τ is the relaxation time, α and β are fractional shape parameters describing the
skewing and broadening of the dielectric function, respectively. Both α and β range
between 0 and 1, and they represent the deviation from the Debye model. When
α ¼ 0 and β ¼ 1, this equation reduces to the Debye model. We made a fit of the
experimental data in the low frequency range (relaxation 1) using the above
Eqs. (19.7, 19.8 and 19.10) from which we extracted the parameters α, β, τ, and
ΔM ¼ M1 – Ms.

Figure 19.7 shows an example ofM00 versusM0 data for neat PMMA and PMMA/
C-Dots composite (ϕ¼ 4%) (together with a simulation (solid lines) according to
Havriliak-Negami model. The obtained values of all studied samples are presented in
Table 19.3. The values of α are in the range 0.5–0.77 and increases with the
temperature, indicating increase of interactions between the particles and the seg-
ment of PMMA as the temperature increases. In addition, the values of β are greater
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than 0.55 and increases with the temperature up to 0.98. This indicates that the
dielectric relaxation appearing at low frequency is best fitted according to the
Havriliak-Negami model in the intermediate range of temperatures and according
to the Cole-Cole model for high temperatures, where β is close to 1. We note that,
first, the relaxation times reveal a steadily decrease behavior due to an increase of
molecular dipole mobility as the temperature increases [42]. Second, the values of
the relaxation time increase as C-Dots are added to the PMMA matrix, leading to a
significant effect on the dielectric relaxation characterizing the conduction effects.

19.4 Conclusion

This work presents a study of thermal, electrical, and dielectric properties of neat
poly(methyl methacrylate) (PMMA) and composites based on PMMAmatrix loaded
with two concentrations of carbon dots. DSC spectra revealed that the glass

Fig. 19.7 M00 vs. M0 plots
for neat PMMA and
PMMA/C-Dots
nanocomposite (ϕ ¼ 4%).
Solid lines represent the
Havriliak-Negami model
fitting

Table 19.3 Parameters
obtained by fitting the data
according to the Havriliak–
Negami model of neat PMMA
and two samples of PMMA/C-
Dots composites at different
temperatures

ϕ (%) T (K) ΔM α β τ (10�5 s)

0.0 350
380
400

0.12
0.13
0.14

0.50
0.50
0.55

0.55
0.72
0.76

1.7
1.5
1.2

2.5 350
370
390

0.14
0.13
0.10

0.43
0.52
0.74

0.70
0.80
0.98

5.0
3.5
2.0

4.0 360
370
385

0.10
0.09
0.07

0.63
0.65
0.77

0.71
0.82
0.90

4.0
3.6
2.8
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transition temperature of the matrix decreases with the loading of fillers. The
electrical conductivity versus frequency was found to follow a double power law,
showing two conducting mechanisms contributing to the conductivity. The fre-
quency dependence of the electric modulus showed the existence of two dielectric
relaxation processes due to the dipolar interactions related to these composites: the
first one appearing at low frequencies attributed to conduction effect, and the second
one, appearing at high frequencies, associated with interfacial polarization. The
temperature dependence of AC conductivity was found to follow the Arrhenius
law with a change of the activation energy at room temperature.
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Chapter 20
Microwave Characteristics (Reflection
Losses) of Composite Materials Consisting
of Magnetic Nanoparticles

Svetoslav Kolev and Tatyana Koutzarova

Abstract Magnetic materials find numerous applications in various devices, such as
absorbers in the mm range. Depending on their purpose, soft or hard magnetic
materials are used in a bulk, film or composite form. The object of the work
presented was to investigate the microwave (MW) absorbing properties of
nanocomposite bulk samples. We used magnetite (Fe3O4) with a particle size of
about 30 nm as a filler in a silicone rubber matrix and investigated the influence of an
applied external magnetic field during the process of polymerization of the samples
measuring the reflection losses in the frequency range of 1–20 GHz. It was found
that the external magnetic field increased the reflection losses and slightly changed
the matching frequencies at which they appeared.

Keywords Nanosized ferrites · Magnetite · External magnetic field · Shielding ·
Absorption · MW radiation · Antireflection properties

20.1 Introduction

Protection from electromagnetic radiation (EMR) in the MW range has recently
become a problem of pressing interest due to the world-wide spread of many
technologies, such as cellular phones, to name but one. MW radiation shielding in
medical research and in MW domestic appliances has also focused the attention of
the researchers. Over the last 30 years, the transmission density has doubled every
4 years, meaning that the electromagnetic pollution has increased by a factor of
about 100. The wavelengths used are getting shorter; we have now entered the MW
era where we are dealing with minuscule dimensions. However, the shorter the
waves, the more energy they produce.
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The health consequences of EMR exposure vary in intensity from mild symptoms
to serious diseases. Some symptoms are termed as “radio-wave sickness”. EMR
from transmission towers and mobile phones is suspected of initiating cancer
because of interfering with the electric field inside the human cells. People working
or living in continuous exposure to EMR are under the greatest risk.

A solution to the above problem may be provided by the new scientific branch of
nanoscience and nanotechnology, which has undergone an extraordinarily fast
development in the last three decades. Tools were created that allow us to obtain
materials with very small dimensions and unique physical and chemical properties.
The aim of this work was to prepare and investigate composite materials consisting
of nanosized ferrites to be used as shields and absorbers of electromagnetic radiation
in the MW range.

20.2 Results and Discussion

In this study we aimed specifically to clarify the contribution of a Fe3O4 ferrite filler
with a particle size of 30 nm and the influence of an external magnetic field on the
microwave characteristics of composite absorbing structures.

A large variety of absorbing materials exists that can be used for suppressing
electromagnetic radiation, depending on the requirements for a narrow or wide
absorbing frequency band, or for low- or high-frequency application of the absorber.
Concerning the MW range, the absorbing materials most often used are rubbers,
plastics, thermoplastics etc. These are non-magnetic substances resistant to atmo-
spheric influences, which often contain magnetic fillers, such as ferrites, iron, or
cobalt-nickel alloys. The additives alter the values of the dielectric constant and the
magnetic permeability in a way to achieve a maximal absorption of the electromag-
netic radiation.

The current interest in MW absorbing materials concerns mainly studies on
ferrimagnetic composites in order to avoid radar detection in the GHz range [1–
12]. These materials dissipate efficiently the electric and magnetic energy of an
incident magnetic field. A widely applied way of preparing such absorbing media is
dispersing an electrically conductive powder in an insulating matrix. In the study
reported here, we dealt with magnetite, which, unlike most ferrites, is a semicon-
ductor exhibiting a high electrical conductivity. As a consequence, the bulk magne-
tite behaves as a reflector when irradiated by an electromagnetic wave. One can
avoid this problem by homogeneously dispersing magnetite powder in an insulating
matrix. The experiments on studying the material properties consist of irradiating
them with a plane electromagnetic wave of a given frequency and detecting the
transmitted and reflected signals. The latter are processed appropriately to obtain the
dielectric constant and magnetic permeability of the material, and to attempt to
clarify the mechanisms giving rise to the magnetic losses.

In our study we prepared composite samples with 30 nm Fe3O4 particles as a
filler. With the advances of the nanotechnologies allowing the preparation of
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nanostructured Fe3O4, its use as a filler has attracted growing interest due to its larger
effective surface and, thus, a potentially higher efficiency.

To characterize the composite structures prepared, we used to short-circuit
measurement as follows. A transverse electromagnetic wave (TEM) was directed
normally to a one-layer absorber, with a perfect conductor placed behind it (short
circuit) [13, 14]. This is a fast and accurate technique, allowing one to measure
directly the reflection losses RL (the ratio of the incident and the reflected power in
dB).

The experimental setup employed to find the relationship between the sample
absorption properties, the influence of the external magnetic field and the MW
frequency range consisted of a scalar network analyzer (Hewlett Packard 8756 A,
frequency band 1–20 GHz) and a sample mounted perpendicularly to the incident
MW signal and short-circuited by a perfect conductor.

We evaluated the MW performance of magnetite powder dispersed in a polymer
matrix (silicon rubber). The samples characterized contained magnetite powders
with an average particle size of 30 nm (prepared by a soft-chemistry technique in
the Microwave Magnetics Laboratory of IE BAS). The ferrite powders were dis-
persed homogeneously in the polymer matrix. Two types of samples were prepared.
The first type had an outer diameter of 7 mm, an inner diameter of 3 mm and a
thickness of 4 mm and contained 1.5 g of monodomain magnetite dispersed in 1 cm3

of silicon rubber. In this case, the monodomain particles are with randomly oriented
magnetic moments in the volume. Figure 20.1 shows the surface morphology of the
sample and the schematically presented orientation of the filler’s magnetic moments.

The second type of samples had the same preparation parameters, but during the
process of polymerization the sample was placed in a magnetic field with strength of
0.4 T. The monodomain particles are thus oriented along the magnetic force lines of
the external magnet. The surface morphology of the sample and the schematically
presented orientation of the magnetic moment of the particles are shown in Fig. 20.2.

Fig. 20.1 Surface morphology of the sample and a schematic representation of the random
orientation of the filler’s magnetic moments
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The frequency dependence of the reflection losses of a nanocomposite absorber in
which the monodomain particles have randomly oriented magnetic moments is
shown in Fig. 20.3.

Figure 20.4 illustrates the frequency dependence of the reflection losses of a
nanocomposite absorber with monodomain particles with uniformly oriented mag-
netic moments.

As can be seen for the case of the composite absorber with a filler with uniformly
oriented magnetic moments, the matching frequencies are the same as for the sample
with a filler with randomly oriented magnetic moments, but the value of the
reflection losses is higher. The values of the matching frequencies are related to
the thickness tm, the dielectric constant ɛr and the magnetic permeability μr of the
samples [15, 16,]:

Fig. 20.2 The surface morphology of the sample and a schematic representation of the filler’s
oriented magnetic moments
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Fig. 20.3 Frequency dependence of the reflection losses RL of a nanocomposite sample with a filler
with randomly oriented magnetic moments
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fm ¼ nc

4tm
ffiffiffiffiffiffiffiffiffiffiffi

εrμrj jp n ¼ 1, 3, 5, . . . . . .ð Þ

We continued our investigation with experiments applying an external magnetic
field with strength of 0.4 T during the measurement of the reflection losses. Fig-
ure 20.5 illustrates how the external magnetic field changed the reflection losses for a
sample with a filler with randomly oriented magnetic moments.

Figure 20.6 provides information on the variation of the matching frequency
values due to the external magnetic field for a sample whose filler consists of
particles with oriented magnetic moments. We observed that this case was the best
one exhibiting the highest reflection losses namely, RL¼�35 dB. As also seen in the
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Fig. 20.4 Frequency dependence of the reflection losses RL of a nanocomposite sample with a filler
with oriented magnetic moments
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Fig. 20.5 Frequency dependence of the reflection losses RL of a nanocomposite sample with a filler
with randomly oriented magnetic moments and applied external magnetic field
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figure, applying an external magnetic field alters slightly the matching frequency
values.

The results presented demonstrate that the technique used by us to determine the
MW parameters of composite materials (in our case, a ferrite filler in a polymer
matrix) offers a fast and efficient way of measuring the reflection losses and
evaluating the applicability of the material as an antireflection coating.

20.3 Conclusions

Our results prove the possibility of varying the reflection losses of a nanocomposite
sample in a controlled way by varying the degree of orientation of the magnetic
moments of the ferrite filler, while keeping the sample thickness and filler-polymer
weight ratio constant. This could happen in two ways, either by applying an external
magnetic field during the sample formation or during the measurement of the
reflection losses. The nanocomposite structures prepared could find applications as
absorbers of MW electromagnetic waves or as antireflection coatings for metal
surfaces.
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Chapter 21
Dielectric Properties of PMMA/PPy
Composite Materials

Sanae Barnoss, Najoia Aribou, Yassine Nioua, Mohamed El Hasnaoui,
Mohammed E. Achour, and Luís C. Costa

Abstract This work presents a study of the structural, electrical, and dielectric
properties of polymethylmethacrylate/polypyrrole composites. Structural analysis
was performed using X-ray diffraction, showing an increase in the crystallinity
index with the increasing of filler concentrations. The electrical conductivity mech-
anism and the dielectric relaxation process of these composites were studied in the
frequency range from 100 Hz to 1 MHz and temperature range from 290 to 380 K,
using impedance spectroscopy. The frequency-dependence of the conductivity is
analyzed using the Jonscher power law. The values of the n exponent in this law are
superior to 1, which is an indication that electron hopping occurs between neigh-
boring sites. The Nyquist representations of the complex impedance spectra are
modeled using the Cole-Cole model. The temperature dependence of both DC
conductivity and relaxation process behaviors, using the Arrhenius equation, indi-
cates that the conduction process is thermally activated.

Keywords Percolation · Electrical conductivity · Impedance spectroscopy

21.1 Introduction

Conducting polymers have attracted considerable interest from researchers in mate-
rial sciences due to industrial demands [1–3]. These materials are still subject of
much research today for both fundamental and potential applications. These com-
posites present high interest for industry due to their potential for applications in
different fields [4–6]. In general, the addition of conducting charges such as carbon
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black [7, 8], and copper [9] into the insulating matrix ensures the electrical conduc-
tivity of the composites. But the presence of this type of filler considerably modifies
the mesostructural characteristics when compared to the uncharged materials
[10]. The use of conductive polymers has resulted in composites with high electrical
conductivity and preserving the good mechanical and often optical properties of the
host polymer [11, 12].

The analysis of frequency dependence of the electrical conductivity and imped-
ance spectra have been used in several works to provide new properties related to
conducting polymers based on polymethylmethacrylate (PMMA) filled with
conducting charges. For example, Elimat [13] analyzed the AC electrical conduc-
tivity spectra of PMMA/carbon black composite, finding that the electrical conduc-
tion mechanism is related to the transfer of electrons through the carbon black
aggregations distributed in the polymer matrix. Dixit et al. [14] studied the temper-
ature effect on the dielectric relaxations of PMMA/CdS composite, finding that the
addition of CdS particles revealed two dielectric relaxations which were attributed to
α and β processes.

This work presents a study on the electrical and dielectric properties of compos-
ites based on polypyrrole doped particles (PPy-doped) loaded into an insulating
matrix of polymethylmethacrylate (PMMA), using impedance spectroscopy. Fre-
quency dependence of the electrical conductivity and impedance spectra were
analyzed using the Jonscher power law and the Cole-Cole model, respectively.
Temperature dependence of various relaxation parameters was exploited to identify
the conduction mechanisms that occur in these conducting polymers.

21.2 Experimental

21.2.1 Preparation of Composites

PPy powder was obtained by doping intrinsic PPy with tosylate anion TS�. The
doping rate was controlled by X-ray photoelectron spectroscopy (XPS) and a ratio of
one sulphur (S) for four nitrogen (N) was found, i.e. one tosylate ion TS� for four
pyrrole monomers [15]. The average grain size of PPy is in the range of 10–15 μm. A
series of samples has been prepared by mixing the desired volume fraction ϕ of PPy.
The two powders, PMMA and PPy, were mixed in several proportions and pressed at
5000 kg/cm2 at 423 K. After pressing, the samples cooled down freely to room
temperature resulting in solid disc shaped samples for measurements. All discs had a
diameter of 13 mm and 3–4 mm thickness. The DC conductivities of the PPy and the
PMMA matrix are 54 and 3.10�5 (Ω.m)�1, respectively [16] and their densities 1.20
and 1.14–1.20 g.cm�3. The percolation threshold ϕc for this series of samples is
about 3.24%. The glass transition temperature of PMMA polymer is Tg ~ 388 K [17].
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21.2.2 Measurements

X-ray diffraction (XRD) was carried out using a Philips X’pert MPD diffractometer
operating at 40 kV and 30 mA, equipped with a Cu anticathode of wavelength
λ ¼ 1.5406 Å. The scans were recorded in the range of 2θ values from 6� to 52� at
room temperature.

DC electrical resistivity ρwas measured at room temperature using a 617 Keithley
electrometer. The samples were prepared with aluminum electrodes of 10 mm
diameter on the opposite sites. The electrical contacts were made with silver paint.

Dielectric measurements were carried out in the frequency range from 100 Hz to
1 MHz and temperature range from 290 to 380 K using a HP network analyser
Agilent 4192A (CA, USA). First, we measured the real G(ω) and the imaginary B(ω)
parts of the complex admittance Y�(ω) ¼ G(ω) + jB(ω) of each sample. Then, we
calculated the real σ0(ω) and imaginary σ00(ω) parts of the complex conductivity
σ�(ω) ¼σ0(ω)-jσ00(ω) using the following expressions:

σ0ðωÞ ¼ d
Aε0

GðωÞ ð21:1Þ

σ00ðωÞ ¼ d
Aε0

BðωÞ ð21:2Þ

in which, G(ω) is the susceptance, B(ω) the conductance, ε0 the vacuum permittivity,
A and d the surface area and the diameter of the sample, respectively. The real Z0(ω)
and imaginary Z00(ω) parts of the complex impedance Z�(ω) ¼ Z0(ω)-jZ00(ω) were
calculated using the following relations:

Z 0ðωÞ ¼ GðωÞ
G2ðωÞ þ B2ðωÞ ð21:3Þ

Z 00ðωÞ ¼ BðωÞ
G2ðωÞ þ B2ðωÞ ð21:4Þ

21.3 Results and Discussion

21.3.1 XRD Spectra Analysis

Figure 21.1 shows the results of X-ray diffraction (XRD) measurements of the
PMMA/PPy composite samples. In comparison with the diffractogram of the neat
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PMMA [16,18], we attributed the diffraction peak observed at 31.2� to TS� anion
doped PPy structure. It is obvious that the intensity of the peak increases with filler
concentration, meaning that the crystallinity of the PMMA/PPy composite increases.
According to Segal empirical method [19], the crystallinity index (CrI) can be
calculated from the X-ray diffraction spectra using the following expression:

CrI ¼ I f � Is
I f

� 100 ð21:5Þ

in which, If is the intensity of both crystalline and amorphous peak corresponding to
TS�-doped PPy particles at 2θ ¼ 31.2� and Is the intensity of the minimum between
two peaks at about 2θ ¼ 26�. We notice that the peak at about 2θ ¼ 15� represents
the amorphous PMMA phase [20].

The crystallinity index of PMMA/PPy composites has been calculated for all
concentrations of PPy particles taking the amorphous and crystalline contributions to
the diffraction intensity. The insert table in Fig. 21.1 illustrates the obtained values of
CrI corresponding to each PPy concentration. It is clear that CrI increases with PPy
fraction indicating a good dispersion of fillers resulting in the increase in the
crystallinity of the PMMA/PPy composite. In addition, the obtained values of CrI
are between 40 and 70% which are greater than those obtained for other composites:
for PMMA/CdS composites they are between 39 and 42% [21] and for PMMA/TiO2

composites between 10 and 19% [22]. These differences are related to the type of
conducting charges used in each composite, i.e., PPy doped with TS� has more
pronounced effect on the PMMA crystallinity than cadmium sulfide (CdS) and
titanium dioxide (TiO2) semiconductor particles. We can also notice that there is a

Fig. 21.1 X-ray
diffractograms of PMMA/
PPy composites. The insert
table shows the
corresponding crystallinity
index fraction CrI for each
PPy fraction

262 S. Barnoss et al.



significant change of the crystallinity index value below and above the percolation
threshold, which will be determined in “DC electrical resistivity analysis” section.
Above the percolation threshold, CrI exhibits the highest values, showing the
significant effect of the PPy particles on the electrical transport mechanisms
governing this conducting composite.

21.3.2 DC Electrical Resistivity Analysis

Figure 21.2 shows the semi-logarithmic curve of the resistivity ρ as a function of the
PPy fraction embedded in the PMMA polymer matrix, measured at T¼ 300 K. As it
can be seen, the resistivity is high at low concentrations indicating that the charge
transport is governed by the PMMA matrix. Above the percolation threshold ϕc the
resistivity begins to decrease abruptly. For ϕ > ϕc, the behavior of ρ can be modelled
by the percolation model written as ρ ¼ ρ0 (ϕ – ϕc)

-t [23, 24], in which t is a
parameter related to dimensionality of the composite and ρ0 a pre-exponent factor.

In our recent paper [25], we estimated the percolation threshold of ϕc ¼ 3.24%
and calculated the values of the two parameters t and ρ0, found to be 1.69 and 34.7
(Ω.m), respectively. The value of exponent t is comparable with the value 1.6 found
by Ou et al. for PMMA/carbon black composites [26]. The value ϕc ¼ 3.24% is
greater than the values obtained for series of composites based on PMMA reinforced
with nanographite, graphene oxide, and graphite [27]. The difference is related to the
particle size, knowing that a filler with small particle size gives a lower percolation
threshold and a better transfer of properties to the polymer [28].

Fig. 21.2 Semi-log plot of
the electrical resistivity ρ
versus PPy concentration at
T ¼ 300 K. The inset figure
represents the fit of data
corresponding to the
percolation model
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21.3.3 Complex Conductivity Analysis

Figures 21.3 and 21.4 show the frequency dependence of the real σ0(ω) and
imaginary σ00(ω) parts of the complex electrical conductivity σ*(ω) at different
temperatures for ϕ > ϕc. It is clearly seen that σ0(ω) exhibits two distinct domains.
In the first one, it shows a plateau at low frequencies, while in the second domain,
i.e. above a critical frequency Fc, it exhibits a frequency-dependent behavior. Below
Fc, the conductivity represents the DC conductivity σdc(T). This behavior can be
explained by the fact that the conducting charges scan a large distance inside the
material before the direction of the electric field is changed. Then, the mean distance
covered by the conducting charge for F < Fc is greater than the correlation length,
hence, the conductivity is independent of the frequency [29]. For F > Fc, the

Fig. 21.3 Real σ0(ω) and imaginary σ00(ω) parts of the complex electrical conductivity σ�(ω) of
PMMA/PPy composites at different temperatures for ϕ ¼ 4.87%

Fig. 21.4 Real σ0(ω) and imaginary σ00(ω) parts of the complex electrical conductivity σ�(ω) of
PMMA/PPy composites at different temperatures for ϕ ¼ 6.52%
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displacement of the conducting charge occurs by hopping between the localized
states, resulting in a significant increase of σ0(ω) [30].

The log-log representation of frequency dependence exhibits universal power
law, that can be described by the Jonscher law [31].

σ0 ω, Tð Þ ¼ σdc Tð Þ þ σoω
n Tð Þ ð21:6Þ

in which, σdc(T) is the DC conductivity, σo the pre-exponential factor, and n(T ) the
fractional exponent, which represents the degree of interaction between the charge
carriers and the surrounding environment. According to the results of Funke [32],
when the values of n(T ) are lower than 1, the electron hopping involves a transla-
tional motion with a sudden hopping, whereas when n(T ) is greater than 1, the
motion involves localized hopping between neighboring sites. Table 21.1 summa-
rizes the obtained values of σdc(T) and n(T ) for the PMMA/PPy composites. It is
clear that σdc increases with the temperature, showing thermal behavior of static
conduction which will be used to calculate the activation energy related to static
conduction in “Activation energy“section below. On the other hand, the exponents
n decrease with increasing temperature. As mentioned, the temperature dependence
of n gives information regarding the suitable mechanism involved in the electrical
conductivity. In our case, the values of n are temperature-dependent with a linear
relationship, showing a good agreement with the correlated barrier-hopping CBH
mechanism [33]. In addition, for temperatures below the glass transition Tg the
values of n are superior to 1, indicating that the electron hopping of TS� anion
occurs between neighboring sites.

The imaginary part of conductivity σ00(ω) for two concentrations of PPy exhibited
frequency-dependent behavior (Figs. 21.3b and 21.4b). From Eqs. 21.2 and 21.4, we
can conclude that σ00 was proportional to Z00; hence, it is associated with the energy-
dissipation effects of the material. As can be observed, σ00(ω) is independent of the
temperature for the range of frequency below 105 Hz. However, it increases with
increasing the frequency of the alternating electrical field, showing the contrary
behavior of the study performed by Bairlein et al. [34], finding that σ00 depends
strongly on the temperature. We suggest that the main reason for this difference is
that the mobility of the ions in fluid is increased with the temperature. In addition,
σ00(ω) increased with the increase of the PPy concentration at each value of the

Table 21.1 DC conductivity
σdc and exponent n as func-
tions of temperature for PPy
concentrations above the per-
colation threshold

ϕ (%) 4.87 6.52

T(K) σdc (Ω�1 m�1) n σdc (Ω�1 m�1) n

296 1.27 10�5 1.13 1.91 10�5 1.12

303 1.63 10�5 1.13 2.44 10�5 1.13

323 2.52 10�5 1.15 3.86 10�5 1.08

343 2.76 10�5 1.15 4.22 10�5 1.05

353 7.67 10�5 1.04 1.15 10�4 1.03

363 9.82 10�5 1.04 1.47 10�4 0.99

373 1.51 10�4 0.99 2.32 10�4 0.84
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frequency; this behavior is related to a high number of charge carriers during
conduction.

21.3.4 Complex Impedance Analysis

Figure 21.5 and its inset show the real Z0 and imaginary Z00 parts of the complex
impedance versus frequency for the PMMA/PPy composites with ϕ > ϕc at various
temperatures. It can be seen that the spectra of Z00 are characterized by appearance of
peaks which shift to higher frequencies with increasing temperature, indicating a
decrease of dielectric relaxation time. The dielectric relaxation is a thermally acti-
vated process. The maximum amplitude of the relaxation peak decreases and the
relaxation time decreases as PPy concentration increases, at constant temperature.
This behavior is attributed to the injection of TS� ions that exist on PPy particles into
the PMMA matrix.

In addition, the observed plots are not symmetric on the frequency axis, indicat-
ing that a single relaxation described by the Debye model [35] cannot be applied for
interpreting this experimental data. Instead, we have used the Cole-Cole model [36]:

Fig. 21.5 Frequency dependence of the real Z0 and imaginary Z00 parts of the complex impedance
Z� for ϕ ¼ 4.87% (a) and ϕ ¼ 6.52% (b) at different temperatures
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Z�ðωÞ ¼ Z1 þ Z0 � Z1
1þ ðjωτÞ1�α ð21:7Þ

in which, Zo is the low frequency resistance, Z1 the high frequency resistance, τ the
relaxation time (τ ¼ 2πFr), and α a parameter between 0 and 1 that reflects the dipole
interaction.

In Fig. 21.6 the Nyquist diagrams of the PMMA/PPy composites with concen-
trations above the percolation threshold are shown at different temperatures. The
solid curves were produced by the best fitting of the experimental points using the
Cole-Cole model (Eq. 21.7).

The evaluated parameters are represented in Fig. 21.7. The values of α
(Fig. 21.7a) are close to 0, showing that we are close to a single relaxation process,
with values increasing from 0.08 at 296 K to 0.14 at 373 K, indicating a transition
from Debye model to Cole-Cole model with the temperature. We note that the values
of α for ϕ ¼ 6.52% are greater than those for ϕ ¼ 4.87% at high temperatures,
showing increased heterogeneity of the composites with higher PPy concentration.

21.3.5 Activation Energy

The effect of temperature on the electrical properties of PMMA/PPy has been
analyzed using DC conductivity σdc and relaxation frequency fr. Activation energies
were calculated using the Arrhenius equations expressed as σdc ¼ σ0 exp (�Edc/kbT )
and fr ¼ f0 exp (�Er/kbT ), in which kb is the Boltzmann’s constant, σ0 and f0 are
pre-exponential factors, Edc and Er the activation energies related to static conduc-
tivity and relaxation process, respectively. Figure 21.8 depicts the plots of ln(σdc)
and ln( fr) vs. 1000/T along with linear fits to the Arrhenius equations. The calculated
values of Edc and Er as well as their pre-exponential factors are shown in Table 21.2.

Fig. 21.6 Cole–Cole plots (solid lines) according to the experimental data (symbols) for
ϕ ¼ 4.87% (a) and ϕ ¼ 6.52% (b) concentrations at different temperatures
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Fig. 21.8 Arrhenius plots of relaxation frequency obtained from the imaginary parts of the DC
electrical conductivity (a) and the complex impedance (b) for the two studied samples

Table 21.2 Activation energies obtained from the DC electrical conductivity and relaxation
processes

ϕ (%) Edc (eV) lnσo Er (eV) lnfo
4.52 0.59 � 0.11 9.73 0.54 � 0.07 24.7

6.87 0.60 � 0.11 10.18 0.60 � 0.13 27.7

Fig. 21.7 Cole-Cole relaxation parameters versus temperature of the two studied samples. Solid
lines are drawn to guide the eye only
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As can be observed, the activation energies obtained from both two methods are
approximately the same, showing a small increase with the concentration of the PPy
particles. This is probably due to TS� anions that exist in PPy particles, i.e. TS�

anions can block the PMMA polymer chain in a way that prevents the chains from
moving out of the pathway. That is hindering the movement of ions and other
conducting impurities which leads to an increase of the activation energy. These
results are in accordance with those of Clayton et al. [37] who reported a study of the
DC electrical conductivity of PMMA/carbon nanotube composites and are signifi-
cantly greater than those of ethylene butylacrylate/carbon black composites
[38, 39]. These disagreements are related to the difference of conduction mecha-
nisms occurring in these two types of composites.

21.4 Conclusion

A study on conducting polymer composite based on PMMA loaded with PPy
particles has been presented. The X-ray diffraction patterns showed the increase of
crystallinity index with PPy concentration. The dependence of the electrical resis-
tivity with PPy fraction exhibited a percolation threshold at which the behavior of
transport mechanism changes. The frequency-dependence of the electrical conduc-
tivity and impedance spectra were modeled using the Jonscher power law and Cole-
Cole model, respectively. The variations of n and α exponents as functions of the
temperature give an idea about the transport mechanisms occurring in the PMMA/
PPy composites. Whereas, the temperature dependence of DC conductivity and
relaxation frequency indicates that the conduction process is thermally activated.
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Chapter 22
Recent Advances of Electrospinning
and Multifunctional Electrospun Textile
Materials for Chemical and Biological
Protection

Didem Demir, Ashok Vaseashta, and Nimet Bölgen

Abstract The primary task of protective clothing is to maximize the user’s survival,
sustainability and effectiveness against cold, heat, fire, ballistic, biological, radio-
logical, nuclear and chemical agents. The protective textiles made of many different
fabric materials have been widely used to provide effective protection for various
specific applications. With the recent and ongoing advancements in nanotechnology,
it is desirable that protective textiles have multifunctional properties. Thus, the
newly developed composite materials gained various features such as flame
retardancy, UV protection, pollutant capturing, antibacterial property, decontamina-
tion, detoxification and self-cleaning ability as well as providing wearing comfort.
These properties can be achieved by incorporating functional agents (specific func-
tional ligands or molecules, nanoparticles and drugs) into fabricated materials.
Therefore, a new generation of protective fabrics has been produced in recent
years. Electrospun textile materials are suitable for use as new protective clothing
due to their easy production method, breathable, lightweight, comfortable and
functionalizable properties. The electrospun membranes can be fabricated with
diverse morphologies (core-shell, side-by-side, multilayer, hollow interior and
with high porosity) by regulating the operating conditions and modifying the needle
device. Electrospun nanofibers can be used in various application areas including
filtration, sensing, wastewater treatment, biomedicine and protective textiles due to
their extraordinary physicochemical features at nano level. This chapter aims to
review recent advances of the electrospinning technique and the use of multi-
functional electrospun materials for protection against chemical and biological
agents.
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Keywords Electrospinning · Nanofibers · Multifunctional properties · Protective
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22.1 Introduction

Protective clothing materials that protect the user from physical, chemical, biolog-
ical, radiological and nuclear hazards are required for professional activities of
specific work environments including battlefields, hospitals, police stations, fire
and other occupational departments [1]. People working in these environments are
at high risk of exposure to various types of hazardous environments including
nanoparticles, explosives, chemical and biological agents, including pathogens that
may pose a serious risk to human health. Nanofibrous structures fabricated by
electrospinning are excellent candidates for the construction of protective textile
materials due to their comfort in long-term operations, adsorptive, lightweight,
low-cost and easy functionalization properties. Up to now, many studies have
reported protective clothing materials produced by electrospinning to protect the
wearer against chemical and biological agents. With the recent advances in nano-
technology, new multifunctional materials are produced by combining nanoparticles
with electrospun nanofibers. Thus, the newly developed composite materials gained
functional properties such as flame retardancy, gas sensing, self-detoxifying, UV
protectivity, self-cleaning and antimicrobial ability. In this chapter, the recent devel-
opments in the electrospinning technique and the use of electrospun protective
textile materials in preventing the harmful effects of chemical and biological agents
are summarized.

22.2 Electrospinning

Electrospinning is a process governed by the electrohydrodynamic phenomena in
which the fibers are made from polymer solutions or molten polymers [2]. The
typical electrospinning set-up consists of three major components: a polymer solu-
tion placed in a reservoir (typically a syringe or a spinneret), a high voltage power
supply and a grounded collector [3]. Figure 22.1 shows the schematic illustration of
a conventional electrospinning set-up. First, the fluid for electrospinning is prepared
by dissolving the selected polymer in a suitable solvent or by melting the polymer.
The prepared solution is then loaded into the syringe and fed at a constant rate with
the aid of a syringe pump. Meanwhile, the ambient conditions such as humidity and
temperature should also be kept constant to ensure a reproducible and well-
controlled electrospinning process. Afterward, a high voltage is applied to the
polymer solution in order to charge it electrically, the solvent evaporates as the
polymer jet advances towards the collector and polymeric fibers with diameters
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ranging from nanometers to a few micrometers are formed on the grounded
collector [4].

The surface and inner morphology of the resulting electrospun mats can be
changed by the process variables such as polymer type and concentration, type of
solvent, needle to collector distance, flow rate, applied electric field, temperature,
humidity, etc. Since the properties (porosity, length and diameter) of the electrospun
nanofibers are significantly affected by the fabrication parameters, many studies
have been carried out to clarify the relationship between the properties of the
resultant nanofibers and the process parameters. These parameters can be classified
into three main groups as demonstrated in Fig. 22.2.

Fig. 22.1 Schematic illustration of conventional electrospinning set-up

Fig. 22.2 The major factors affecting electrospinning process
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22.3 Latest Technological Advances of Electrospinning

The electrospinning method was first patented in 1934 in the USA [5]. Until the
1970s, many patents for improvement of the process and system parameters were
continuously published. In the last decade, electrospinning technique attracted the
attention of many scientists due to a surge of interest in nanofiber technology
[6]. Because of the unique features of the electrospun materials, including their
large surface area, tunable porosity, superior mechanical properties and ease of
surface modification, the use of nanofibers made from synthetic and natural poly-
mers, and composite systems has been drastically increased in recent years for
numerous application areas.

Among all potential applications, one of the most common application area of
electrospun nanofibers is tissue engineering and regenerative medicine
[7]. Electrospun nanofibrous structures are used as scaffolds in tissue engineering
applications, since they simulate the natural extracellular matrix and enhance new
tissue formation or tissue reconstruction by providing the cells a favourable envi-
ronment for adhesion, growth, proliferation, migration and differentiation [8]. The
fibers produced by electrospinning in nanoscale, can improve cellular interactions of
a wide variety of cell types [9]. In addition to the use of electrospun materials as
scaffolds in tissue engineering, they are also utilized in targeted drug delivery
systems [10, 11].

Filtration system for wastewater treatment is another application field of
electrospun nanofibrous membranes [12]. These filtration membranes prepared by
electrospinning are good candidates for removal or separation of pathogenic micro-
organisms, chemical residues, dyestuffs and antibiotics from potable water to waste-
water sources. The properties of the membranes can be tailored for filtration of
different kinds of residues by tuning the pore size and fiber diameter through
adjustment of the electrospinning parameters [13].

Another area that has made significant progress in recent years is the use of
electrospun materials as protective clothing. Efficient protective materials, that
prevent the hazardous effects of nanoparticles, toxic industrial chemicals, aerosols,
pesticides and chemical warfare agents, such as clothing, gloves, masks, shoe covers
and filters, have been successfully produced by using electrospinning technique
[14]. Due to comfortable wearing and lightweight properties, high surface area and
open porous morphology of electrospun nanofibers, these materials are promising to
overcome the problems of the traditional protective clothing [15]. Nanoscience and
nanotechnology provided the development of advanced materials that could make
human life easier, safer and more comfortable in different application areas such as
tissue engineering, protective clothing, filtration and sensors. In recent years,
researchers focused on the development of diverse electrospun materials by tuning
the process parameters or by functionalization of the nanofibers to produce materials
with superior properties. Lately, new electrospun nanofibrous materials have been
developed by tuning the fiber fineness, surface morphology, orientation and cross-
sectional configuration of the nanofibers by modifying the electrospinning set-up.
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Some of these techniques can be summarized as (a) multiaxial electrospinning,
(b) multiple needles and (c) wet electrospinning.

22.3.1 Multiaxial Electrospinning

Multilayer nanofiber structures can be produced by coaxial or triaxial
electrospinning. In these techniques, two or three different solutions can be
electrospun simultaneously through a spinneret composed of two or more syringes
to produce core-shell or core-intermediate-shell structured nanofibers [16, 17]. Sche-
matic diagrams of the multiaxial electrospinning set-up and the resulting structure of
the produced nanofibers are shown in Fig. 22.3. With these methods, various
combinations of natural and synthetic polymers can be produced in different layers
to provide heterogeneous structures with desirable properties. In addition, numerous
hydrophilic and lipophilic components, including growth factors, DNA, inhibitors,
drugs, hormones and antibodies, can be incorporated into multiaxial fibers during the
spinning process [18].

Pakravan et al. used coaxial electrospinning to fabricate core-shell structured
nanofibers from polyethylene oxide (PEO) and chitosan. They co-electrospun the
PEO and chitosan solutions as core and sheath materials, respectively. The detailed
morphology of the fabricated coaxial PEO/chitosan nanofibers is shown in a TEM
micrograph in Fig. 22.3c. The dark and bright regions represent the core and the shell
of the nanofiber, respectively [17].

In another study, Habibi et al. used triaxial electrospinning to produce tri-layer
structured nanofibers for the sustained release of Doxorubicin (DOX), Paclitaxel
(PTX) and 5-fluorouracil (5-FU) anticancer drugs from multilayered nanofibers. The
different combinations of chitosan (CS), polyvinyl alcohol (PVA) and poly (lactic
acid) (PLA) solutions were used to prepare CS/PVA/5FU as core, PLA/CS as middle
and graphitic carbon nitride (g-C3N4)/DOX and g-C3N4/PTX nanosheets incorpo-
rated PLA/CS as shell layer. They determined different release profiles of the drugs
that are separately loaded either in the sheath or in the core of the nanofibers [16].

22.3.2 Multiple Needles

In recent years, a lot of research has been done on different types of needle
electrospinning spinnerets. The purpose of using multiple needles is to overcome
the limitation of commercial production by increasing the rate and yield of
electrospinning. Because of the increased spinning solution mass and electrostatic
interference between the needles, higher voltage is required in the multiple needle
systems compared to the single needle system, to maintain continuous
electrospinning [20, 21]. This system is designed not only with needles but also
with different types of nozzles such as channels, tips and holes [22].

22 Recent Advances of Electrospinning and Multifunctional Electrospun Textile. . . 279



For example, Zhu et al. designed a multi-needle electrospinning head to obtain
more uniform and enhanced deposition of nanofibers. They found that even when
they increased the number of needles in the trapezoidal wave arrangement to
32 needles, the electrospinning jet was still stable and the nanofibers were uniform
without formation of droplets [23].

Liu et al. installed tiny needle tips around a circular disk and then axially
assembled these disks to form a multi-needle disk electrospinning device as shown
in Fig. 22.4a–c. This device significantly enhanced the nanofiber production with a
uniform fiber diameter distribution (Fig. 22.4d) [24].

Fig. 22.3 Coaxial (a) and triaxial (b) electrospinning set-ups, where bi- (c) and tri-layered (d)
nanofibers were obtained. (a) and (b) Reprinted with permission from Ref. [19] Copyright 2018
Elsevier. (c) Reprinted with permission from Ref. [17] Copyright © 2012, American Chemical
Society (d) Reprinted with permission from Ref. [16] Copyright 2018 Elsevier
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22.3.3 Wet Electrospinning

Wet electrospinning also called “hydrospinning” or “liquid-bath electrospinning” is
a modified technique based on the use of a liquid collector instead of a solid metal
collector [25]. During wet electrospinning, the polymer solution is spun directly
from the nozzle to a coagulation bath. Polymeric fibers are collected in liquid (such
as water, ethanol and methanol) in the coagulation bath which is a non-solvent
system for the electrospun polymer. The main advantage of wet electrospinning is
that it allows the spinning of natural polymers without denaturation since they are
not subjected to higher voltage compared to the conventional system [26]. Moreover,
the use of a coagulation bath is very essential for removing less volatile solvents
from the produced fibers.

In one of the recent studies, Sonseca et al. fabricated 3D helically coiled structures
by conventional electrospinning with a flat metal collector and by wet
electrospinning with a system, in which methanol was used as non-solvent in the
coagulation bath. Many parameters of both electrospinning methods including the
solution and operational parameters, and the type of non-solvent liquid in the
coagulation bath were varied in order to determine their synergetic effect on the
morphology of the resulting fibers. By adjusting these parameters, it was demon-
strated that a range of architectures could be obtained, from the flatter, ribbon-like
coils to spring-like coils [27].

In another study, Majidi et al. reported the fabrication of alginate (Alg) and
alginate/gelatin hydrogel (Alg/GelF-MA) nanofibers for 3D cell culture using wet
electrospinning in the presence of a supporting polymer, polyethylene oxide and a
surfactant Pluronic®F127. Figures 22.5b, e show SEM images of electrospun scaf-
folds obtained by conventional electrospinning with a solid collector (Fig. 22.5a)
and by wet electrospinning (Fig. 22.5d) with ethanol, used as non-solvent in the
coagulation bath containing 2% (w/v) CaCl2, respectively. The collected nanofibers

Fig. 22.4 The multi-needle disk apparatus arrangement of electrospinning head (a and c), the
image of needle-helix slice spinneret (b) and large scale produced nanofibers (d). (Reprinted with
permission from Ref. [24] Copyright © 2016 Elsevier Ltd.)
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were crosslinked via UV exposure. After crosslinking, the stability of the nanofibers
was tested against water. The fibrous structure using conventional electrospinning
was not stable enough to withstand exposure to water for 1 min (Fig. 22.5c),
however the cotton-like nanofibrous membrane produced by wet electrospinning
was stable enough to endure water washing and being held in water for 2 days
(Fig. 22.5f) [28].

22.4 Electrospun Nanofibers for Protective Clothing

One of the most important application areas of nanofibrous structures is their use as
protective clothing materials. Protective clothing, including helmets, goggles and
shoe covers or other garments that are designed to protect the wearer’s body from
injury, harsh environmental effects or chemical, physical, nuclear and biological
hazards. Protective textile materials can be used for ballistic protection, for protec-
tion against chemical and biological agents, as face masks, smart textiles or sport
wear [1]. Chemical and biological protective clothing can protect emergency
workers, healthcare providers, military personnel and potential victims of terrorist
attacks against dangerous agents. Chemical and biological agents that are exposed
by the related activities can be considerably complicated that no protective clothing
alone can be sufficient for protection. Therefore, the development of new barrier
equipment, devices and multifunctional personal protective clothing is required to

Fig. 22.5 Conventional (a) and wet (d) electrospinning set-ups, SEM images of electrospun Alg/
PEO/F127/GelF-MA 2D nanofibers before (b) and after exposure to a water droplet (c), SEM
images of wet electrospun 3D Alg/PEO/F127 nanofibers (E) and UV crosslinked Alg/PEO/F127/
GelF-MA nanofibers (f) after exposure to water for 2 days. Insets, images of 2D and 3D fibrous
electrospun scaffolds produced via conventional (b) and wet (e) electrospinning methods.
(Reprinted with permission from Ref. [28] Copyright 2018 Elsevier)
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protect the health of military personnel and the people working under hazardous
environmental conditions.

Fabrication of nanofibrous matrices by electrospinning is a promising approach.
Filtration, detoxification, degradation and separation of harmful agents can be
successfully achieved by electrospun nanofibers due to their large surface area,
high porosity and appropriateness for functionalization. In addition, the textiles
produced by electrospinning are flexible, lightweight and breathable, which provide
suitable comfort to the wearer. The superiority of electrospinning over the other
methods is that it is a fast, simple, and economically feasible method for converting
various polymers or their composites into nanofibrous structures having fibers with
diameters ranging from nanometers to several micrometers [14].

The potential application of electrospun fiber mats as protective barrier materials
was first suggested by Gibson et al. The electrospun nanofiber mats that they
produced have demonstrated a high filtration efficiency against aerosol particles
[29]. Starting with this research, a variety of studies have been reported about the use
of electrospun nanofibrous materials for protection against chemical and biological
agents. The researchers are currently focused on the fabrication of electrospun
nanofibrous textile materials which can be functionalized to increase their efficiency
in adsorption. The recently developed protective clothing have antimicrobial prop-
erties, sensing, self-cleaning and self-detoxifying abilities.

22.4.1 Self-Detoxifying Nanofibers

Self-detoxifying electrospun fabrics are newly developed textile materials for pro-
tection against chemical and biological warfare agents, especially encountered in
military applications and terrorist attacks. In recent years, studies focused on the
achievement of detoxification of the toxic and hazardous chemicals/chemical
weapons such as sarin, soman, nerve, blister, choking, tear, vomit and blood agents
[30, 31]. Actually, activated carbon has been widely used for years for protection
against these kinds of chemicals. Although it is an excellent adsorbent, it has some
disadvantages such as being heavy (a full garment weighs about 2.5 kg), and
difficulty in disposal of the contaminated clothing [31]. Modifying electrospun
nanofibers with functional groups and combining nanofibers with metal oxides to
detoxify the chemical warfare agents, have been considered as possible alternatives
to activated carbon.

Lee et al. produced polyacrylonitrile nanofibers through electrospinning and
chemical vapor deposition, in order to develop functional non-woven nanofiber
mats for detoxifying simulant of chemical warfare agents. They prepared and
modified nanofibers with a series of amines. These fiber mats effectively degraded
di-isopropyl fluorophosphate which is a simulant of G-series chemical warfare
agent [31].

In another study, Liang et al. developed electrospun ZrO2 nanofibers-based
metal-organic framework filters (Zr-MOFilters) including UiO-66, UiO-67 and
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UiO-66-NH2 for fast detoxification of chemical warfare agent simulants (Fig. 22.6a).
The catalytic activity of Zr-MOFilters was found to be continuous at long-term
exposure to dimethyl 4-nitrophenyl phosphate (DMNP) (Figs. 22.6c, e). In addition,
the produced samples showed good structural integrity and flexibility (Figs. 22.6b,
d) [32].

In yet another study, a series of metal hydroxide catalysts (Ti(OH)x, Zr(OH)4, and
Ce(OH)4) were incorporated into three different polymeric nanofiber networks
(polyvinylidene fluoride, polymethylmethacrylate and polystyrene). The catalytic
activities of the prepared materials against a nerve agent simulant were evaluated.
Two methods were used to incorporate the metal hydroxides into the nanofibers. In
the first method, the catalyst was directly added to the polymer solution before
electrospinning. In the second method, a precursor molecule of Ti(OH)x was added
to the polymer solution. Surface with uniform hydroxyl distribution and high
wettability was achieved by the second method, which provided higher reaction
rates and catalytic activity against a nerve agent simulant [33].

22.4.2 Antimicrobial Nanofibers with Multifunctional
Properties

Current developments in the use of electrospun nanofibers in protective garments
include the production of antimicrobial nanofibers. Antibacterial and antiviral prop-
erties can be achieved by incorporating functional agents (nanoparticles, drugs, and
photo-catalytic materials or biocidal agents) into nanofiber mats to prevent infections
caused by microorganisms. Inorganic metal and metal oxide additives such as silver,
gold and gallium nanoparticles; or ZnO, MgO and CuO have been known to have

Fig. 22.6 General overview (a), optical photographs and kinetic analysis of DMNP degradation of
the prepared Zr-MOFilters: UiO-66-NH2 (b and c) and UiO-67 (d and e). (Reproduced with
permission from Ref. [32] Copyright © 2018, American Chemical Society)
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effective bactericidal properties [34]. In addition, nanofibers prepared from poly-
saccharides such as chitin and chitosan have also shown good antibacterial
functionality [35].

Recent reports present the development of effective protective clothing with
multi-functional properties that has antimicrobial activities against biological agents
as well as decontaminating, detoxifying and self-cleaning properties against certain
chemicals. In particular, contamination can damage the protective layers mounted on
garments and cause decay in their performance in a short time duration. For this
reason, it is important to produce self-cleaning coatings to remove inorganic and
organic contaminants [36].

Sinha et al. coated polypropylene (PP) non-woven fabric with electrospun
chitosan nanofibers by utilizing nanospider technology. Then, the prepared web
was functionalized with ZnO nanoparticles by electrospraying technique in order to
disintegrate sulfur mustard chemical warfare agent. The chitosan nanofiber coated
PP web prevented the mustard agents to pass. The ZnO functionalized chitosan
nanofibrous layer acted as a semipermeable barrier that prevented the penetration of
mustard chemical particles, providing at the same time water vapor and air trans-
portation. In addition, the produced materials showed antimicrobial activity against
both gram-positive (Staphylococcus aureus) and gram-negative (Escherichia coli)
bacteria [37].

In another study, Khan et al. fabricated multifunctional electrospun ZnO
nanoparticles incorporated polyvinyl alcohol (PVA) nanofibrous membranes
(PVA/ZnO) with antibacterial, self-cleaning and UV protection properties. ZnO
nanoparticles added self-cleaning ability, antibacterial property and photocatalytic
activity to the matrice. PVA/ZnO electrospun matrices showed 98% self-cleaning
performance for methylene blue dye under UV light within 3 h, while neat PVA
nanofibers did not show any self-cleaning ability. In addition, the composite
nanofibers showed nearly zero UV transmission, where the neat PVA nanofibers
showed high UV transmission. Antibacterial activities of the membranes against
Staphylococcus aureus and Escherichia coli model bacteria were also assessed. It
was observed that the antibacterial efficiency of the membranes increased with
increasing the amount of ZnO nanoparticles. Plain PVA did not have any
antibacterial property [38, 39].

22.4.3 Gas Sensing Nanofibers

Flexible, sensitive and lightweight electrospun nanofibers can be applied as portable
and wearable sensors for the detection of harmful agents. Due to the unique features
of electrospun nanofibers including large surface area, they can be used in sensor
systems with high sensing ability. The electrospun nanofibers can be implemented
for gas sensing [40].

The development of sensor technology has received considerable attention in
recent years especially for colorimetric sensors. In a recent study, Phos-3-embedded
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electrospun poly(ethylene oxide) nanofibrous structures were prepared to be used as
a colorimetric chemosensor for the detection of phosgene in the gas phase. The
produced membrane exhibited a golden yellow color under both colorimetric and
fluorescent conditions prior to exposure to phosgene, while it emitted cyan color
after exposure to gaseous phosgene. In addition, after the gas treatment the morpho-
logical structure of the fibers changed as a result of the reaction between Phos-3 and
phosgene. Wang et al. prepared test strips to develop an easy and fast method to
detect phosgene gas. Test strips exposed to various concentrations of gas gradually
became colorless under room light, while the color changed from yellow to cyan
under fluorescence. Moreover, they investigated the selective detectability of phos-
gene in the case of exposure of test strips to a mixture of phosgene and various other
analytes. On exposure to phosgene, the test strips exhibited the same color change
and high selectivity toward phosgene over other gaseous analytes [41].

Supraja et al. developed electrospun manganese oxide nanofibers (MNF) as an
anti-atrazine-antibody based immunosensor to detect atrazine, a toxic chemical that
severely affects the human endocrine system. The developed fibers were able to
detect atrazine in the concentration range of 10�21 g/mL, with a limit of
0.22� 10�21 g/mL and a sensitivity of 52.54 (kΩ/μg�mL�1)/cm2 which is the lowest
detection limit for any atrazine sensors reported in the literature. In addition, they
tested the sensor performance against water samples to determine the usability of the
sensor for real-time atrazine detection. The results show that the proposed platform is
suitable for real-time applications [42].

22.5 Conclusions

In recent years, there has been a significant growth in the number of studies
demonstrating the modification of the conventional electrospinning process. The
modifications made in the electrospinning equipment provide the production of
nanofibers with various structures and properties. Nanofiber based multifunctional
materials can be integrated into protective clothing systems. Multifunctional
electrospun materials open up new opportunities for the development of advanced
devices for effective protection against both chemical and biological agents.
Electrospun protective clothing is still in the development phase and has some
limitations in commercial production and difficulty in establishment of the bridge
between the researchers and the industry. The development of advanced
multifunctional protective clothing that can protect the user from any chemical or
biological agents is a requirement. Combining the antimicrobial, self-cleaning and
self-detoxifying properties of functional electrospun materials with textile fabrics
can create new horizons in the protective garment industry under the light of
multidisciplinary research which will help to bridge the gap between researchers
and manufacturers.
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Chapter 23
Temperature Effect on Dielectric Properties
of Heterogeneous Material Based
on Carbon Black Loaded Copolymer
Nanocomposite

Mohamed El Hasnaoui, Mohammed E. Achour, and Luis C. Costa

Abstract In this work, we report an experimental study of the thermal and electrical
properties of heterogeneous materials based on ethylene butylacrylate copolymer
filled with carbon black nanoparticles. For this study, a series of samples were
prepared with filler fractions above the percolation threshold. Their thermal charac-
terization was performed using differential scanning calorimetry, thermogravimetric
analysis, and differential thermal analysis which allowed to observe significant
changes in the spectrum at melting and degradation temperatures of composites.
Dielectric measurements were carried out in the frequency domain 40 Hz–2 MHz
and temperature domain 300–400 K. Using the impedance spectrum, it has been
found that the Cole-Cole model is capable to describe quantitatively the experimen-
tal data from which we extract the relaxation time and exponent that gauges the
broadening of the loss spectrum. The obtained values of α exponent are near zero,
suggesting a behavior close to a model of single relaxation time. Furthermore, the
relaxation time versus temperature follows an Arrhenius behavior for temperatures
above the melting point. The activation energies and the pre-exponential factors
decrease with carbon black concentrations, indicating that the relaxation mechanism
does not result simply from thermally activated dipolar interactions, but it is a
collective cooperative effect of the mesostructured particles.
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23.1 Introduction

Nowadays, the research on innovative materials became an important subject of the
scientists. Composites based on polymeric matrices loaded with conducting charges,
such as graphite (Gt), carbon nanotubes (CNT) and carbon black (CB), play an
important role in improvement the performance of industrial materials in different
areas such as radio-frequency shielding, self-regulator heating and static charging. It
is known that the addition of conductive filler in insulating polymer matrix produces
a composite with conductive behaviour when the fraction of conducting phases is
above a specific concentration, the percolation threshold (ϕc) [1–3]. According to
percolation theory, when the concentration of conductive filler is above ϕc, a
continuous conductive path of loaded particles is built throughout the polymer
matrix; in this case, the electrical properties of composites are controlled by filler
type. Several works found that ϕc is largely dependent on the shape of the
conducting particles and can be extremely low in composites including highly
anisotropic filler. For example, carbon nanotubes loaded polyester possesses a
percolation threshold of 0.6% [4]; it can be also low in composites with thermoset-
ting matrix. For instance, CB loaded diglycidylic ether of bisphenol F (DGEBF)
epoxy gave a percolation threshold of 2.7–3.6% [5]. In addition, a filler with low
particle size will have a lower percolation threshold and better transfer of properties
to the polymer [6]. It is established also that under the application of an electric field,
a composite can be driven to an insulator-conductor transition if the conducting
fraction is below ϕc [7, 8] supporting the idea that conductivity increase can be
emulated by changing the connectivity of the conducting particle aggregates. In our
previous works [9–11], we performed a systematic investigation of CB concentra-
tion effect on electrical conductivity of nanocomposites based on ethylene
butylacrylate (EBA) copolymer loaded CB particles. The results showed that the
value of percolation threshold is near to 11%, and this behaviour was attributed to
the formation of an infinite agglomerate pathway which allows electrons to travel a
macroscopic distance through the polymer matrix.

Impedance spectroscopy has proven to be a powerful tool for studying conduc-
tion mechanisms, phase transitions and dielectric relaxation in polymer composites
and heterogeneous systems [12]. It can provide valuable information on thermal and
frequency behaviour related to composite polarization. In this paper, we report an
analysis of experimental data to extract new information about the thermal properties
of CB/EBA percolating nanocomposites for concentrations above the percolation
threshold using differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), and differential thermal analysis (DTA), and the dielectric properties related
to relaxation process occurring in the frequency range from 40 Hz to 2MHz and over
the temperature range from 300 to 400 K.
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23.2 Experimental

23.2.1 Materials

In this study, we used a copolymer matrix of ethylene butylacrylate (EBA), with
approximately 4 mol% of butylacrylate, supplied by Borealis AB, Sweden. The
butylacrylate monomer contains butylester side groups providing a certain polarity
and a relatively low crystallinity (�20 vol%). The glass transition temperature and
dc conductivity of EBA are respectively Tg ¼ 198 K and σdc ¼ 10�12 (Ω.m)�1.
Carbon black (CB) particles were used as a conducting filler obtained from Borealis
AB, Sweden. The average size of the primary CB particles is about 30 nm and the
mean size of the primary aggregates is on the order of 150 nm. CB fillers have a
density of 1.89 g/cm3, a specific surface area (SSA) of 63 m2/g and a dc conductivity
of 1 (Ω.m)�1. A series of four samples with nominal carbon black concentrations
13, 16, 19, and 22% were fabricated by mechanical mixing above the percolation
threshold ϕc � 11% [10]. Reference [13] presented the experimental details of the
sample preparation procedure.

Figure 23.1 shows SEM micrographs of the composites with CB concentrations
of 19% and 22%. We can observe that the CB is well dispersed into the EBA matrix,
having in mind that the aggregation of CB fillers is not only a critical parameter
influencing the electrical properties but also an important parameter accounting for
the thermal stability of the composites [14]. Several works have demonstrated that
the state of aggregation can be controlled by the processing conditions and by the
structure of the CB fillers [15–18].

Fig. 23.1 SEM images of CB/EBA composite samples: (A) ϕ ¼ 19% of CB and (B) ϕ ¼ 22%
of CB
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23.2.2 Thermal Characterizations

Differential scanning calorimetry (DSC) measurements were performed with a
Shimatzu DSC-50 system. The spectra were recorded with a heating rate of 10 K/
min in the temperature range from 300 to 473 K. Each sample was placed in a
platinum cell with an aluminum lid, while an empty platinum cell was used as a
reference.

Thermogravimetric analysis (TGA) for thermal degradation and differential ther-
mal analysis (DTA) of our composites were performed using a Setaram Labsys™
TG-DTA16 instrument with a heating rate of 20 K/min from 293 to 873 K. Samples
of 31–50 mg were place and sealed in aluminum pans. The instrument was calibrated
according to the manufacturer’s recommendations.

23.2.3 Dielectric Impedance Measurements

Dielectric measurements were performed in the frequency range from 40 Hz to
2 MHz using an impedance analyzer Agilent 4294A. Isothermal measurements were
carried out between 300 and 400 K with a temperature step of 5 K. In order to
improve the heat transfer and to homogenize the temperature, the sample holder was
maintained in a helium atmosphere during the measurements. Each sample is
realistically represented by a parallel combination of a capacitor Cp and a resistance
Rp, which permits the calculation of the real (Z0) and imaginary (Z00) parts of the
complex impedance, Z� ¼ Z0 � jZ00, using the following relations:

Z 0 ωð Þ ¼ Rp

1þ ωRpCp

� �2 ð23:1Þ

Z 00 ωð Þ ¼ ωCpRp
2

1þ ωRpCp

� �2 ð23:2Þ

where ω represents the angular frequency. The estimated relative error of the
measurements is 5%.

23.3 Results and Discussion

23.3.1 DSC Spectrum Analysis

Heating DSC thermograms of several samples are shown in Fig. 23.2. A clear
endothermic peak is observed at about 360 K and has no significant change with
increasing the CB loaded to the EBA copolymer. This peak is attributed to
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disordering in the structure associated with the melting temperature Tm. The approx-
imate value was mentioned by Jager et al. [17] who studied the AC conductance and
capacitance of the same type of composite during thermal cycling and isothermal
annealing.

23.3.2 DTA and TGA Spectra Analyses

The transition phases and thermal degradation were analyzed by DTA and TGA
under standard atmosphere. The obtained results are illustrated in Fig. 23.3. In order
to analyze the evolution of these curves, we combined in Fig. 23.4 DTA and TGA
plots for the case of 16% CB. Examination of these figures yields the following
observations: (i) the appearance of first endothermic peak at about 360 K in DTA
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Fig. 23.2 DSC curves of
CB/EBA composites. An
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360 K is attributed to the
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curves which confirm the melting temperature also determined in the DSC spectra;
(ii) a second endothermic peak at about 653 K in DTA curves that corresponds to a
small decrease in TGA curves attributed to the beginning of composite degradation,
and (iii) a third endothermic peak at around 723 K in DTA curves that corresponds to
sharp decreases in TGA curves (weight loss), attributed to the degradation temper-
ature of CB/EBA composites. It is interesting to remark that the percentage of
residual sample that is stable up to 873 K increases with increasing the CB fraction
(Fig. 23.3A). This may arise from the strong particle-matrix interactions at high CB
concentrations [19]. Moreover, it indicates that the loading of CB particles into the
EBA matrix has improved the thermal stability of the CB/EBA composite [20–22].

23.3.3 Temperature and CB Fraction Effects on the Complex
Impedance

The frequency dependence of real Z0 and imaginary Z00 parts of the complex
impedance of the composites for CB concentration ϕ ¼ 13%, is presented in
Fig. 23.5. Analysis of this figure yields the following observations: (i) Z00 shows a
relaxation peak at a specific frequency Fr and (ii) with increasing the temperature,
the value of low frequency impedance, and intensity of relaxation peak increase for
T < Tm, showing a positive temperature coefficient in resistivity (PTCR) and
decrease for T > Tm, showing a negative temperature coefficient in resistivity
(NTCR). Figure 23.6 presents the Nyquist plot of impedance for the same CB
concentration for temperatures below Tm (Fig. 23.6A), and above Tm (Fig. 23.6B).
We note that the high frequency impedance is constant with temperature, and the
evolution of the obtained curves versus temperature confirms the PTCR and NTCR
effects.
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23.3.4 Cole-Cole Modeling

All samples revealed the same behaviour as in the case of 13% CB (Figs. 23.5 and
23.6). The asymmetrical curves of Z00(ω) (Fig. 23.5) and the arcs in Fig. 23.6, not
centred on the Z0 axis, indicate that a single relaxation time, as described by the

Fig. 23.5 Frequency dependence of the real Z0 (A) and imaginary Z00 (B) parts of the complex
impedance (ϕ ¼ 13%) for temperatures T < Tm and T > Tm

Fig. 23.6 Z00 vs. Z0

(ϕ ¼ 13%) for temperatures
T < Tm (A) and T > Tm (B)
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Debye equation [23], is inappropriate to fit the relaxation process, and should be
replaced by another model, such as the Cole-Cole function [24] given by:

Z� ωð Þ � Z1
Zo � Z1

¼ 1

1þ jωτð Þ1�α ð23:3Þ

where τ is the characteristic relaxation time, Z1 and Zo are the high and low
frequency resistances, respectively, and α is a parameter between 0 and 1 that reflects
the dipolar interaction. Using the theoretical expressions given in eqs. 4 and 5, we
can calculate the relaxation parameters. Figure 23.7 shows an example of Z00 versus
Z0 and frequency dependence of Z0 and Z00 at 340 K (ϕ ¼ 19%).

Z 0 ωð Þ � Z1
Zo � Z1

¼ 1þ ωτð Þ1�α sin απ=2ð Þ
1þ 2 ωτð Þ1�α sin απ=2ð Þ þ ωτð Þ2 1�αð Þ ð23:4Þ

Z 00 ωð Þ
Zo � Z1

¼ ωτð Þ1�α cos απ=2ð Þ
1þ 2 ωτð Þ1�α sin απ=2ð Þ þ ωτð Þ2 1�αð Þ ð23:5Þ

The analysis of the effect of temperature and CB concentration on the relaxation
parameters yields the following results:
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• The values of the parameter α that measures the broadening of Z00, are between
0.03 and 0.17, suggesting that the behavior is close to a single relaxation time.
These results are in complete accordance with those of Belattar and co-workers
[25] who reported a study of the electrical modulus of the same composites.

• The strength in resistance, ΔZ ¼ Zo � Z1, increases with the temperature below
the melting point and decreases above of this point (Fig. 23.8), confirming the
PTCR and NTCR effects already shown by Ding and co-workers [26]. An
explanation based on the tunneling effect was broadly accepted to evaluate the
electrical transport mechanism. The crystallites began to melt when the temper-
ature reaches the melting point of EBA, leading to the formation of new amor-
phous zones. The gaps between the CB particles in the EBA matrix increase
significantly due to the thermal expansion [17, 18]. The appearance of NTCR
effect above the melting temperature is related to the reagglomeration of the CB
fillers in the high temperature range that leads to the formation of a new conduc-
tive CB network, thus decreasing ΔZ.

• The relaxation time strongly depends on the temperature for all CB concentra-
tions. For the temperatures above the melting point (T > Tm), it increases with the
temperature, which allows to calculate the activation energy Wa using the Arrhe-
nius equation expressed by:

τ Tð Þ ¼ τo exp
Wa

kbT

� �
ð23:6Þ

where τo is a pre-exponential factor, kb the Boltzmann constant. Figure 23.9 depicts
the plots of ln(τ) vs. 1000/T along with a linear fit to the above equation. The values
of Wa and the pre-exponential factor with their correlation coefficients were calcu-
lated and given in Table 23.1. As shown, the values of the activation energy
decreased from 0.69 eV for ϕ ¼ 13% to 0.21 eV for ϕ ¼ 22%. The obtained Wa
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and Arrhenius pre-exponential factor τo decrease with increasing the CB concentra-
tion, reflecting the fact that the relaxation mechanism does not result simply from
thermally activated dipolar interactions but it is a collective cooperative effect of the
CB mesostructure.

23.4 Conclusion

Summarizing, we have studied thermal transitions and dielectric relaxation in CB
loaded EBA copolymer composites. Melting transition and thermal degradation
were identified by DSC and TGA spectra, respectively, and confirmed by DTA
measurements. It was found that the melting temperature does not depend on the CB
fraction. However, the degradation rate depends on it. The complex impedance
spectra were used to interpret the relaxation processes for CB concentrations
above the percolation threshold. The Cole-Cole model fits correctly the experimental
data, the relaxation parameters showed that our case is close to the Debye relaxation
model. The calculated activation energy and Arrhenius pre-exponential factor were
found to be dependent on the CB concentration, indicating that for temperatures
above the melting point, the relaxation mechanism does not result simply from
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representation of the
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Table 23.1 Values of the activation energy and the Arrhenius pre-exponential factor related to the
relaxation processes for the impedance spectra, as well as their correlation coefficient Rco

ϕ (%) Wa (eV) ln(τo) s Rco

13 0.69 �32 0.95

19 0.33 �20 0.99

22 0.21 �17 0.98
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thermally activated dipolar interactions but it is a collective cooperative effect of the
CB mesostructure.
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Chapter 24
Novel Photocross-Linked Polymers
for Construction of Laccase-Based
Amperometric Biosensors

Taras Kavetskyy, Khrystyna Zubrytska, Oleh Smutok, Olha Demkiv,
Helena Švajdlenková, Ondrej Šauša, Sigita Kasetaite, Jolita Ostrauskaite,
and Mykhailo Gonchar

Abstract The procedure of enzyme immobilization in biosensorics has a purpose to
induce maximal activity of biological element with sufficient stability and reusability
of the bioelectrodes. The entrapment of the biomaterial with a porous solid matrix
looks most promising in this respect due to minimal alteration of enzyme structure
and behavior. On the other hand, the method needs pore-size control to reduce the
diffusional limitation of the substrate to the enzyme. We propose the use of
photocross-linked polymers consisted of epoxidized linseed oil (ELO) as a matrix
for immobilization of fungal laccase. The network properties of the polymer
matrixes, holding the biosensing element, were studied by positron annihilation
lifetime spectroscopy measurements. The correlation between the operational
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parameters of the constructed biosensor and the microscopical free volume of the
holding photocross-linking matrixes was established.

Keywords Photocross-linking · Positron annihilation · Laccase · Amperometric
biosensor

24.1 Introduction

The development of new approaches for monitoring of dangerous substances in the
environment is a topical nowadays problem to improve human life quality. During
the past two decades bioelectrochemistry has received increased attention. In this
respect, the laccase-based biosensors look the most promising approaches due the
effective biocatalysis of the enzyme without the requirement of hydrogen peroxide
as a co-substrate or any other cofactors. This results in a simple procedure for their
application for the quantitative determination of toxic phenolic compounds, asides,
pesticides, etc. in groundwater or in technogenic wastewaters [1, 2]. One of the most
important problems of the existing biosensor technologies is the formation of a
biorecognition membrane on the physical transducer which contains immobilized
bioelements, in particular enzymes. A large number of laccase-based biosensors are
described using various methods for immobilization of the enzyme: covalent bind-
ing, adsorption, cross-linking and entrapment in the gel [3]. By the entrapment of the
biomaterial into a porous solid matrix, the enzyme suffers minimum alteration and
this immobilization approach looks the most promising in sensor technologies. The
method needs pore-size control to reduce the diffusional limitation of the substrate to
the enzyme. For laccase-based bioelectrodes, it has been demonstrated that the
immobilization of the enzyme has an important effect on the sensitivity of the
biosensor [4]. Recently, it was additionally approved using organic-inorganic
ureasil-based composites as host polymer matrix for laccase immobilization on the
surface of different transducers (carbon-rod and gold planar electrodes) [5, 6]. It was
shown that the biosensor constructed with ureasil-chalcogenide glass composite
exhibited extremely high sensitivity of 67,540 A�M�1�m�2 [5]. Thus, the screening
of new suitable matrixes for effective laccase immobilization is a crucial part in the
construction of improved laccase-based amperometric biosensors.

In the present study, we report the construction and the results from the charac-
terization of a biosensor based on laccase and two photocross-linked polymers
(ELO/10RD and ELO/30RD) as holding matrixes. The network properties of the
polymer matrixes were studied by positron annihilation lifetime spectroscopy
(PALS) measurements. The enzyme biosensor parameters were evaluated using
cyclic voltamperometric and chronoamperometric analysis. A correlation between
the operational parameters of the constructed biosensor and the hole volume of
the holding matrixes was established. This finding demonstrates a way to control the
functionality of amperometric enzyme biosensor using the knowledge about the
microstructure of the holding polymer matrix.
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24.2 Experimental

The photocross-linked polymers ELO/RD were synthesized by the reaction of ELO
(epoxidized linseed oil, having an average number of six epoxy groups per mole-
cule) and RD (bisphenol A diglycidyl ether), using PI (50% mixture of
triarylsulfonium hexafluorophosphate in propylene carbonate) as photoinitiator
[7]. The measurements of positron and positronium lifetime with a PALS spectrom-
eter with time resolution FWHM of ~220–320 ps cover the time range from 1 up to
142 ns. From the lifetimes the free-volume pore sizes [8, 9] as well as their thermal
expansion characteristics were determined. The spherical void size R was deter-
mined from the ortho-positronium (o-Ps) lifetime in a simple approach by an semi-
empirical relation Eq. (24.1), where ΔR ¼ 0.166 nm is the empirical constant [9]:

τo‐Ps ¼ 0:5� 1� R= Rþ ΔRð Þ þ 1=2πð Þ � sin 2πR= Rþ ΔRð Þð Þ½ ��1 ð24:1Þ

The corresponding hole volume Vh is given by the equation:

Vh ¼ 4=3 πR3
� � ð24:2Þ

Important characteristics such as the glass transition temperatures Tg
(or temperatures of crystallization in some cases) and the coefficients of thermal
expansion for the free-volume holes, αF ¼ 1/Vh(Tg

PALS)(ΔVh/ΔT ) below (αF1) and
above (αF2) Tg were revealed from Vh(T ) dependences.

Amperometric biosensors were evaluated using constant-potential amperometry
in a three-electrode configuration with an Ag/AgCl/KCl (3 M) reference electrode, a
Pt-wire counter electrode and a graphite rod (type RW001, 3.05 mm diameter,
Ringsdorff Werke, Bonn, Germany) a working electrode. Amperometric measure-
ments were carried out with a potentiostat CHI 1200A (IJ Cambria Scientific, Burry
Port, UK) connected to a personal computer and performed in a batch mode under
continuous stirring in a standard 40 ml electrochemical cell at room temperature. The
laccase immobilization included the following stages: (1) dropping of 5 μl of laccase
solution (1 mg�ml�1 with an activity 13 U�mg�1) on the working electrode surface
and drying for 5 min at 15 �C; (2) covering the dried enzyme by 0.3 mm thick layer
of photocross-linked polymer ELO/10RD or ELO/30RD; and (3) fixation of the
formed enzyme-polymer matrix by net cap using plastic “O”-ring. The formed
bioelectrode was washed by 50 mM acetic buffer, рН 4.5 and stored at 8 �C till
usage.
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24.3 Results and Discussion

Annihilation of a positron is a very sensitive tool for the examination of local regions
with low electron density, local free-volumes, i.e. intermolecular spaces, voids or
pores with different size. In the organic materials a bound state of positron-electron,
positronium (Ps), can be created. This atomic probe in triplet spin state (ortho-
Positronium) annihilates in vacuum with characteristic lifetime of 142 ns. The
typical annihilation of o-Ps in organic materials is the pick-off process at which e+

from o-Ps annihilates with e� from the void surface which results in a reduced
lifetime τo-Ps compared to the vacuum value. The value of that reduced lifetime
depends on the hole size. The advantage of this technique – positron annihilation
lifetime spectroscopy – is the relatively simple arrangement, the ability to measure
the lifetime under different external conditions (temperature, pressure, etc.) and the
sensitivity of the lifetime to the microstructural free-volume size. Thus, lifetime
measurements provide important information about the local free volume and the
arrangement of the polymeric structure on the range of 0.2–50 nm [10]. For a simple
explanation, we can define total specific volume V as a sum of the specific (by atoms)
occupied volume Vocc and the specific free volume Vf. This specific free volume can
be presented as Vf¼ VhNh, where Vh the hole volume (local free volume) determined
by PALS and Nh is the number of free-volume holes per unit mass. The hole volumes
of the photocross-linked polymers ELO/10RD and ELO/30RD in heating and
cooling cycles are shown in Fig. 24.1.

A significant difference in Vh(T ) dependences between the temperature cycles of
heating and cooling for both samples, especially for polymer ELO/10RD, was
observed. The temperature at which the free-volume (o-Ps lifetime) changes its
slope is assigned as glass transition temperature Tg. The determination of the glass
transition temperature Tg is complicated due to the different points, where the slopes
of Vh(T ) dependences change by different cycles. The value of Tg is about 230 K for
both samples. If we suppose a “relaxed structure” with lower Vh values by slow

Fig. 24.1 Hole volume of the photocross-linked polymers ELO/10RD (left) and ELO/30RD (right)
in heating and cooling cycles. Adapted from [7]
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heating cycles, then Tg should be 233 K and 245 K for the polymers ELO/10RD and
ELO/30RD, respectively (Fig. 24.1, Table 24.1).

Figure 24.2 shows the o-Ps relative intensities for the investigated samples as a
function of the temperature in the range of 15–350 K. Assuming that this quantity is
related only to the concentration of free-volume holes in the material, the polymer
ELO/10RD has lower hole concentration compared to ELO/30RD. Any changes in
hole volume depend on the cooling or heating rate. After heating to room temper-
ature, the hole volume is reproduced.

It can be noted that the average sizes of the free-volume holes in the polymer
ELO/10RD are larger than that of ELO/30RD. Lifetime measurements showed the
reproducible lifetime values at room temperature after heating over Tg. Values of Vh

in the third heating cycle (after first heating and second cooling runs) are very similar
to the first heating cycle. These facts indicate the chemical network stability during
the PALS measurements.

For the immobilization of laccase, 0.3 mm thick layer of photopolymer
ELO/10RD or ELO/30RD was held on the laccase-adsorbed surface of the
graphite-rod electrode by means of “O”-ring fixed net cap [7]. The principle of
biosensor detection of ABTS as a typical substrate for laccase is based on the
reduction of intermediary oxidation product of the monoradical (ABTS+�) or birad-
ical (ABTS(2+)), resulting in the generation of redox current (Fig. 24.3, left).

Table 24.1 Hole volume Vh at Tg, swellability S in EtOH, and slopes αF1, αF2 of the Vh(T )
dependences in the regions below and above Tg, respectively, as well as their differences (values
for heating and cooling cycles are in top and bottom parts of the boxes, respectively) [7]

Polymers Vh (nm
3)

Tg

(K) S (%)
αF1 (10�4

K�1)
αF2 (10�4

K�1)
αF2 – αF1 (10�4

K�1)

ELO/
10RD

0.057 � 0.002
0.068 � 0.002

233 24.09 3.53 � 0.30
3.31 � 0.32

13.02 � 0.60
11.16 � 0.55

9.49 � 0.67
7.85 � 0.64

ELO/
30RD

0.051 � 0.002
0.049 � 0.002

245 24.81 3.47 � 0.33
3.87 � 0.83

12.42 � 0.64
8.96 � 0.48

8.95 � 0.72
5.09 � 0.96

Fig. 24.2 o-Ps intensity temperature dependences for the polymers ELO/10RD (left) and
ELO/30RD (right) in the heating and cooling cycles. Adapted from [7]
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Cyclic voltamperometric analysis was applied for estimation of the optimal
working potential of this process, which corresponds to �100 mV vs Ag/AgCl
(data not shown). The bioelectrodes constructed by ELO/10RD or ELO/30RD
demonstrated a difference in their operational properties (Fig. 24.3, right). The
bioelectrode based on ELO/10RD showed a fourfold higher maximal current at
substrate saturation (Imax) versus the bioelectrode based on ELO/30RD (4.9 μА vs
1.25 μА, respectively). The ELO/10RD-based bioelectrode exhibited a threefold
higher apparent Michaelis-Menten constant (KM

app) [11] than ABTS as a substrate
(0.36 vs 0.11 mM of ABTS). It is known from literature that the KM value of ABTS
for laccase from Trametes versicolor in solution is 0.29 mM [12].

Thus, the obtained KM
app values for the constructed bioelectrodes in the range

between 0.11 and 0.36 mM indicate a native configuration of laccase in the photo-
polymeric matrixes. The sensitivity of the bioelectrodes was calculated using the
slope of the calibration curve B in the linear part and the area of the electrode used
(7.3 mm2). The sensitivity of the ELO/10RD-based bioelectrode was 1.3-fold higher
compared to the ELO/30RD-based one: 1.673 А�М�1�m�2 vs 1.234 А�М�1�m�2,
respectively. On the other hand, the linear part of the calibration curve of the ELO/
10RD-based bioelectrode was 1.5-fold wider compared to ЕLO/30RD-based one
(from 0.006 to 0.15 mM vs 0.025–0.1 mМ toward ABTS). The wider linear parts and
the higher sensitivity of the bioelectrodes based on ELO/10RD make them more
perspective for the analysis of real samples of wastewater due to outhitting the
dilution step.

According to the comparative analysis of the biosensor’s operational parameters,
it is seen that the laccase-based amperometric biosensor constructed using holding
polymer ELO/10RD matrix has better sensitivity characteristics as well as extended
range of linearity to ABTS, than that constructed using holding polymer ELO/30RD
matrix.

Fig. 24.3 The principal scheme of electron transfer in the biorecognition layer of laccase-based
biosensor using ABTS as analyte (left). Calibration curves of the responses to increasing concen-
trations of ABTS for the bioelectrodes based on the photocross-linked matrixes (right). Adapted
from [7]
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24.4 Conclusion

Summarizing the obtained PALS-results for two photocross-linked polymer sam-
ples, it may be concluded that ELO/10RD has compared to the ELO/30RD: (i) the
higher crosslink density, (ii) the larger free-volume holes, (iii) the lower concentra-
tion of free-volume holes, and (iv) the larger difference in the coefficients of thermal
expansion of free-volume holes in the regions below and above Tg. At the same time,
the laccase-based amperometric biosensor constructed using the polymer
ELO/10RD as a biosensor holding matrix shows improved biosensor parameters
compared to ELO/30RD. It seems that the microstructural network properties of the
polymer holding matrix are crucial for the determination of the biofunctionality of
the constructed amperometric biosensors.
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Chapter 25
Surface Phenomena in Glassy
Chalcogenides by Gas Sensing

Dumitru Tsiulyanu, Marina Ciobanu, and Olga Mocreac

Abstract The surface phenomena in glassy chalcogenides (GCh), including those
caused by gas adsorption, are reviewed and discussed. A detailed quantitative
analysis is made on experimental data taken on glassy and nanocrystalline chalco-
genide based thin films of As2S3Ge8 – Te system, physically grown in vacuum.
Particularly the measurements of the frequency dependence of the AC conductivity
of these films in the frequency range 5 Hz–13 MHz are reported, in both dry air and
its mixture with a controlled concentration of different gases. The behavior of AC
conductivity fits the generally accepted model of charge transport in disordered
materials that implies both the extended states above mobility edges and the local-
ized states in the gap, but the variation of the environmental conditions by applying
of even very small amount (ppm) of toxic gases, dramatically influences the AC
conductivity spectra. This is evidence that for some chalcogenide materials
the surface phenomena disturb the energetic distribution of the states adjacent to
the surface leading to modifications of the transport mechanisms by the surface. The
modification of the surface transport mechanism by adsorption of gas species alters
the physical parameters of the surface, i.e. the work function, the diffusion and the
dipolar potential, the screening length, etc., which lead to variation of both surface
and total electrical conductivity, impedance and its spectral distribution, as well as of
electric capacity of functional structures based on these materials. The examples are
given of the development of room temperature operating functional structures
designed to detect nitrogen dioxide and hydrogen sulfide in dry and humid media
via variation of their impedance or capacitance.
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25.1 Introduction

The influence of the surface of the glassy calcogenides on their physical properties
has been observed at the early stage of investigation of these materials. Firstly, the
effect of surface was exanimated for the glassy As2Se3 via studying the kinetics and
spectral distribution of surface photoconductivity under the conditions of mechan-
ical and chemical treatment of the bulk samples [1, 2]. The impact of the surface
conditions was shown to be impressive: The surface photoconductivity increases as
the quality of the surface improves, moving from samples with abrasive surfaces to
those treated chemically, and further to those with polished surface. Later attempts
were made to clarify the influence of gas adsorption on the electrophysical properties
of this calcogenide glass by applying water vapor, ammonia, carbon oxide or carbon
dioxide, as well as molecular oxygen [3]. It has been found that both surface
conductivity and photoconductivity exhibit some sensitivity to gases, especially to
H2O and NH3 vapors. On the other hand, it was pointed out that the variation of the
electrophysical parameters of the As2Se3 samples with the polished surfaces is
insignificant under application of any of the mentioned gases. The real interest in
the surface phenomena in structures based on glassy or nanostructured calcogenides
has appeared after publications dedicated to the process of detection of propylamine
(C3H7NH2) and nitrogen dioxide with films of artificial dimorphite (As4S3) and Te
[4–6]. Later, gas sensitive films based on different compositions in binary, ternary
and quaternary chalcogenide systems have been reported [7–10], along with a
number of extensive reviews on fundamental and applicative aspects of the interac-
tion of gases with chalcogenide materials, including the elemental tellurium
[11, 12]. From the mentioned publications it turns out that the sensitization of the
surface phenomena, that is their influence on the electrophysical parameters of the
materials in question, increases dramatically with the increase of the spatial (and
possibly the compositional) disorder of the surface. Although the study of the surface
phenomena in either glassy or nanocrystalline chalcogenides is still at the early
stage, such behavior can be explained in terms of interaction between the lone pair
electrons of the chalcogen atoms and their “dangling” bonds at the surface, as
namely at the surface the maximum concentration of dangling bonds (unshared
electrons) occurs. This interaction means the capture of electrons from the valence
band, which results in formation of region adjacent to the surface enriched (accu-
mulation) in holes, so that the bands bend up [13]. Consequently one reason for the
surface phenomena in chalcogenide materials, caused by gas adsorption, can be the
formation of new surface states, i.e. the donor or acceptor like levels, which control
the band – bending at the surface, owing to variation of the hole density in the
accumulation region. Another reason can be the variation of the hole mobility in the
accumulation (surface) region in the presence of gaseous media as a result of a
possible modification of the charge transport mechanism. As the last effect must be
essential in the case of AC conductivity, the present work is conducted to analyze the
surface processes in chalcogenide thin films by gas adsorption, considering their AC
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conductivity in large frequency and temperature ranges, along with the fabrication
and characterization of AC operating gas sensitive devices based on such films.

25.2 Мaterials, Morphology and Structure of the Films

The study was performed using two materials: pure (99.99%) tellurium and quater-
nary alloy As2Te13Ge8S3. The latter has been prepared by melt-quenching method of
pure (99.99%) As, S, Te and Ge in quarts ampoules evacuated to 5 10�5 Torr. The
melting was performed at 900 �C. The ampoules were rotated around the longitudi-
nal axis at velocity of 7–8 rotations/min and were agitated for homogenization
during the synthesis time (24 h), then they were quenched on a copper refrigerator
with running water. The chalcogenide thin films based on these materials have been
prepared by their thermal evaporation from a tantalum boat onto ceramic Al2O3, at a
working pressure of 10�4 Pa. The substrates contained the previously deposited
platinum interdigital electrodes with an electrode width of 15 μm and interelectrode
distances of 45 μm. The growth velocity of the films was in the order of 30 nm/s, the
area of deposition was around 5 mm2. The thickness of the films was about 60 nm,
being determined using a microinterferometer MII – 4. Structural investigations of
the grown films were carried out by scanning electron microscopy (SEM) and X –ray
analyses. The surface morphology of the films was revealed with a VEGA TESCAN
TS 5130 MM scanning electron microscope at an acceleration voltage of 30 kV,
whereas X-ray analyses using a DRON –YM1 diffractometer with FeK α radiation
was applied for phase-structural investigations. The rotation velocity of the scintil-
lation counter was 2 (or 4) degrees/min. Figure 25.1 shows SEM images of the
guaternary As2Te13Ge8S3 and elemental Te films, grown on sintered alumina sub-
strates, using deposition rate of 30 nm/s. As can be seen, the films consist of
agglomerated islands, resulting in great surface roughness. In all cases no crystallites
are observed.

Figure 25.2 shows XRD patterns of quaternary As2Te13Ge8S3 and pure Te films
deposited on alumina substrates. No peaks of crystalline Te are observed in the
As2Te13Ge8S3 films (Fig. 25.2a) that is an evidence of their vitreous state.

Fig. 25.1 SEM images of (a) As2Te13Ge8S3 and (b) pure tellurium thin films grown on sintered
alumina (Al2O3) substrates
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On the other hand, the pure Te films (Fig. 25.2b) exhibit very small peaks
corresponding to crystalline phases of Te, indicating their nearly amorphous nature.
No peaks corresponding to oxides of tellurium are visible in the XRD patterns. These
results are in agreement with the SEM observations.

25.3 Experimental Procedures

Thin film devices were put into a test cell (of 10 ml volume) in which the gases were
injected parallel to the film surface. Constant flow (100 ml/min) was maintained by
mass flow controllers. The NO2 vapor with a concentration of 1.5 ppm was obtained
using a calibrated permeation cylinder (Vici Metronics, USA), which was incorpo-
rated into the experimental set-up. The measurements were carried out at different
temperatures in either dry air or its mixture with NO2 vapor.

DC conductivity measurements have been performed at temperatures between
20 and 200 �C. The thin film device was fixed onto an electrical refrigerator,
allowing cooling of the sample down to 10 �C, then both pieces, the film and the
refrigerator, were placed into a stove for subsequent heating. A platinum resistance
temperature detector PT – 100 close to the film has been used for assisting the
temperature control. The processing of the data was performed with a PC and a data
acquisition board manufactured by National Instruments Inc. In all cases the applied
voltage was varied between –5 V and +5 V with a step of 20 mV and the respective
values of the current were measured. The delay time between the measurements was
2 s. Additional test experiments, conducted to clarify the influence of molecular
hydrogen, were performed at room temperature. For this purpose, mixtures of H2

with dry synthetic air, obtained from cylinders (Linde, Germany) have been used.
AC conductivity, impedance and electrical capacity have been measured using a HP
4192A impedance analyzer. The experiments were carried out in the frequency
range from 5 Hz to 13 MHz.

Alumina
a) b)

Alumina
Te

Te

40 38 36 34 32 30 28 2 Q 40 38 36 34 32 30 28 2 Q

Fig. 25.2 XRD diffraction patterns of (a) As2Te13Ge8S3 and (b) pure tellurium thin films grown on
sintered alumina substrates
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25.4 Impact of Adsorbed Gases on the Surface Charge
Transport

25.4.1 Dynamic Conductivity

Figure 25.3 shows the dynamic conductivity of the films measured in the 5 Hz–
13 MHz frequency range at room temperature. It is seen that the AC conductivity
does not depend on the frequency up to ~ 104 Hz and ~ 105 Hz for the quaternary
As2Te13Ge8S3 and pure Te films, respectively.

Then, the AC conductivity increases as σ(ω) ~ ωn, with n dependent both on the
composition and the frequency range. For the As2Te13Ge8S3 films in the frequency
range 104 < ω < 106 Hz the exponent n � 0.7. For the pure Te films the exponent
n � 0,7 � 0,8 has been observed only in a narrow frequency range close to 105 Hz.
At higher frequencies after a shoulder at ~106 Hz (for As2Te13Ge8S3), the dynamic
conductivity increases more sharply with an exponent n � 1,8. This behavior means
that in the applied frequency range different transport mechanisms are realized, due
to either the carriers excited to mobility band edges or their hopping via localized
states in the gap. When the carriers are excited to mobility edges no frequency
dependent conductivity is expected, at least up to frequencies of 108 Hz. For
As2Te13Ge8S3, our results show the increase of the conductivity already above
103 Hz, which is five orders of magnitude lower. So, we can assume that at

Fig. 25.3 Frequency dependence of the AC conductivity at room temperature in normal air
environment. Inset shows the applied model of the density of states as a function of the energy in
an amorphous semiconductor
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frequencies above 103 Hz, the conductivity σ(ω) is due to hopping of charge carriers
via localized states. On the other hand, the frequency dependent conductivity can be
realized by hopping of charge carriers both via localized states of the band tails and
via states localized close to the Fermi level, as shown in the inset of Fig. 25.3. The
difference between these two kinds of hopping conductivities, both described as
σ(ω) ~ ω0,7, can be viewed from the temperature dependence of σ(ω).

The effect of the temperature on the AC conductivity of As2Te13Ge8S3 based
films is shown in Fig. 25.4, where logσ is plotted as a function of logω for several
temperatures. Figure 25.5 shows lnσplotted versus the reciprocal temperature at
different frequencies, together with the DC conductivity. It can be observed (curves
for 0,5 kHz and 3 kHz with experimental points presented by crosses and squares,
respectively) that up to approximately 3 kHz, the slope of ln σ � 103

T is frequency
independent, giving an activation energy of E ¼ 0, 12eV . Then in the 103–106 Hz
frequency range, σ(ω) increases with the temperature, but this increase is strongly
dependent on the frequency of applied electric field. Note, that in the frequency
range higher than 106 Hz, where n� 1,8 (not shown in the picture), σ (ω) was found
to be nearly independent on the temperature.

The weak dependence of σ (ω) on the frequency in the range up to approximately
5•103 Hz, accompanied by its exponential increase with temperature (Fig. 25.5) let
us assume that in this frequency range the dynamic conductivity is due to charge
hopping between the tail localized states, so its dependence on the temperature can
be described as [14]:

Fig. 25.4 Effect of the temperature on the frequency dependent AC conductivity
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σ ω,Tð Þ ¼ Cω exp � E
kT

� �
¼ C0k T exp �EF � EB

kT

� �
ð25:1Þ

where C0 is a frequency dependent coefficient. The values of the parameters that
match the above expression are: Cω ¼ 0, 14Ω�1cm�1 and E ¼ 0, 12eV.

At frequencies up to 5•103 Hz, the AC conductivity is higher than the DC
conductivity, at room temperature their ratio is σ(ω)/σ0 � 3. This ratio increases
with the frequency, but at the same time it becomes less and less temperature
dependent. Such a behavior is interpretable in terms of transition to a mechanism
of hopping that includes the localized states N (EF) in the middle of the mobility gap.
Using the equation given by Austin and Mott (1969) as reported by Davis & Mott
[15] and Mott & Davis [16] the conductivity can be presented as:

σ ωð Þ ¼ π
3
e2kT N EFð Þ½ �2α�5ω ln

ν
ω

� �h i4
ð25:2Þ

where ν is the phonon frequency (~ 1013 Hz), and α describes the spatial extension of
the wave function associated with the localized states. It is seen from this expression
that, due to logarithmic term ln ν

ω

� �� �4
, the slope of the curves lnσ(ω) vs. lnω

evidences a slight decrease with the frequency increase. Figures 25.3 and 25.4
clearly illustrate a decrease of the slope of lnσ(ω)/ lnω dependences in the sur-
rounding of 106 Hz, where this decrease looks like a shoulder. Using Eq. (25.2) we
have estimated the density of the states at the Fermi level as:

Fig. 25.5 lnσ versus the reciprocal temperature at different frequencies in an air environment
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N EFð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
3α5

πkTe2

r
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ ωð Þ

ω ln ν
ω

� �	 
4

s
ð25:3Þ

Taking ν¼ 1013 Hz and α ¼ 8 Å [15] at T ¼ 295 K and different frequencies
between 105 and 106 Hz we have obtained N(EF) � 1,3∙1021 eV�1∙cm�3, not much
dependent on the frequency. This value of N(EF) is quite large, but it appears to be
typical for complex telluride glasses [15]. For pure Te films this analysis could not be
done due to very short frequency interval with σ (ω) ~ ω0,7 (Fig. 25.3). For this
reason it can be assumed that in the Te films the dynamic conductivity, being
independent on the frequency up to ~ 105 Hz, goes directly to exponent law with
n � 1,8, meaning that the current transport at least up to ω�105 Hz occurs only via
extended states above the mobility edges.

25.4.2 Effect of Gas Adsorption

Figure 25.6 shows the frequency dependent AC conductivity of the As2Te13Ge8S3
films obtained in pure dry air and upon exposure to NO2 at room temperature
(22 �C). It is seen that the addition of nitrogen dioxide to dry air leads to both
increase of the dynamic conductivity by approximately one order of magnitude and
extension of its independence on the frequency also by approximately one order of

Fig. 25.6 Frequency dependence of the conductivity of As2Te13Ge8S3 films in different gaseous
environments at room temperature
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magnitude, i.e. up to ~ 105 Hz. At higher frequencies the gas adsorption does not
much affect the spectrum of the AC conductivity. Figure 25.7 shows the dynamic
conductivity of As2Te13Ge8S3 films at different temperatures in an environment of
dry air with addition of 1,5 ppm of NO2.

Figure 25.7 reveals that the heating does not affect the general shape of the
spectra, but the effect of temperature on dynamic conductivity becomes opposite to
that observed in samples studied in an environment of pure air (Fig. 25.4). The inset
of Fig. 25.7 illustrates how the conductivity at a definite frequency (3•104 Hz)
decreases with the temperature increase upon such environmental conditions. In
the frequency range higher than 106 Hz (with n � 1,8) the dynamic conductivity
becomes nearly independent on the temperature, i.e. exhibits the same behavior as in
an environment without nitrogen dioxide.

The essential modification of the AC conductivity under gas (NO2) adsorption
(Fig. 25.6) gives an evidence for a modification of the dominant mechanism of
charge transport at the surface. If the conductivity via extended states without NO2

covers the frequency range up to 104 Hz, the addition of nitrogen dioxide to the dry
air prolongs this range by approximately one order of magnitude, up to ~ 105 Hz.
Thus, within 104 < ω < 105 Hz frequency range, the effect of the gas (NO2)
adsorption consists in a modification of the charge transport mechanism from
hopping between the tail localized states to the drift via extended states of the
valence band.

Fig. 25.7 The spectral distribution of the dynamic conductivity of As2Te13Ge8S3 in mixture of dry
air with 1,5 ppm NO2 at various temperatures. Inset shows the conductivity at
3•104 Hz vs. temperature in these environmental conditions
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Obviously, this means that the adsorption of NO2 molecules results in a strong
increase of the concentration of free holes at the surface. The gas induced mechanism
of conductivity via extended states remains the major one up to frequencies ω >
105 Hz, at which the transport mechanism due to hopping via localized states in the
vicinity of the Fermi level becomes already predominant. It seems evident that the
increase of the main carrier (holes) concentration by the gas adsorption is due to
creation of new acceptor levels at the surface that control the charge transport. The
surface conductivity generated by adsorption can be expressed as Δσ ¼ eμpΔp,
where Δp is the excess of hole concentration at the surface and μp – their drift
mobility. The type and concentration of the adsorbed molecules, as well as the
temperature, control the induced surface conductivity. Using the experimental
results from Fig. 25.6 and taking μp � 102cm2/V � s [14], we have assessed the
excess of holes concentration induced by the gas adsorption at the given conditions
asΔp� 2 � 1015cm�3. Such enhanced value makes evident the high concentration of
acceptor levels induced by NO2 adsorption. Unfortunately, the energetic positions of
these levels cannot be assessed from the temperature dependence of the DC con-
ductivity or AC conductivity at low frequencies due to temperature – dependent
desorption processes. Langmuir’s theory [17] gives for adsorption equilibrium at
low pressures (Henry’s isotherm) the relation:

N ¼ N	Pχs
ν

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πMkT

p exp
q
kT

� �
ð25:4Þ

where N is the surface concentration of adsorbed molecules, N	 the surface concen-
tration of adsorption centers, P the pressure, M the mass of the adsorbed molecule,
s the effective surface area, χ the sticking probability, ν is a constant, q the building
energy, k is Boltzmann constant and T the absolute temperature. From this equation
it is seen that the number of adsorbed molecules, which controls the release of
additional holes into the valence band, strongly diminishes with the temperature
increase according to an exponent power factor. Hence, a decrease of the surface
conductivity should be expected when the sample is heated. As shown in Fig. 25.7,
the dynamic conductivity really decreases with the temperature increase, but not via
a definite law. The aspect of this law cannot be determined exactly because two
contradictory processes occur at the surface: the heating of the sample leads to the
increase of the dynamic electric conductivity owing to the increase of the concen-
tration of free holes, while the desorption of the gas molecules reduces the concen-
tration of free holes, that diminishes the conductivity. It is important to note that the
adsorption of the target gas (NO2), as well as the temperature variation practically
does not affect the transport mechanism, based on hopping via localized states in the
vicinity of the Fermi level. As can be seen from Figs. 25.6 and 25.7, by adsorption of
nitrogen dioxide this mechanism could be realized in a narrow range of frequencies
3•105 � 106 Hz. The respective calculations of the density of states at the Fermi
level have given the same values as for environment of dry air,
i.e. N(EF) � 1,3∙1021 eV�1 cm�3.
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Figure 25.8 shows the effect of nitrogen dioxide on the dynamic conductivity
spectra of pure Te films at room temperature. It can be seen that the adsorption of
NO2 on the surface of vitreous Te affects the dynamic conductivity spectra in the
same manner as for glassy As2Te13Ge8S3 films. The AC conductivity increases, but
only in a very narrow frequency range around 105 Hz, where modification of the
mechanism of charge transport occurs.

25.5 Impedance and Capacitive Operating Gas sensors
Based on Glassy Chalcogenides

Variation of the charge state of the surface, as well as modification of the mechanism
of the surface charge transport of glassy and nanocrystalline chalcogenides caused
by gas adsorption, allow to develop gas sensitive functional structures operating via
variation of their impedance or capacitance [10, 18]. The gas sensitivity of such thin
film devices can be defined as relative variation of measured value (impedance or
capacitance for a selected frequency) in a mixture of carrier gas with target one (Xg)
and in pure carrier gas (Xa), divided by the target gas concentration (C) in percent/
ppm:

Fig. 25.8 Frequency dependence of the dynamic conductivity of vitreous Te films in dry air and its
mixture with nitrogen dioxide at room temperature
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ηZ,C ¼ Xa � Xg

�� ��
XaC

• 100% ð25:5Þ

The schematic and the real view of a gas sensitive functional structure are shown
in Fig. 25.9a and b, respectively. The active chalcogenide layers are grown between
interdigital Pt electrodes in such a way that the lateral parts form metal–semicon-
ductor junctions (GCh/Pt) but the upper surface of GCh layers is exposed directly to
the gaseous environment. The functional structures have been encapsulated in
standard TO – 16 sockets and their contacts were thermally bonded to socket pins
with copper wires.

25.5.1 Impedance Gas Sensitive Devices

Figure 25.10 shows the effect of nitrogen dioxide on the spectral distribution of the
impedance of gas sensitive functional structure based on vitreous Te film. It is seen
that the effect of the gas adsorption on impedance is frequency dependent, which
obviously is caused by the above-mentioned surface processes, that are the variation
of the charge state of the surface and modification of the charge transport mecha-
nism. Using the impedance spectra measured in both dry air and its mixture with
1,5 ppm of NO2, as well as Eq. (25.5), the spectral distribution of sensitivity to
nitrogen dioxide can be carried out and the frequency at which the maximum
sensitivity occurs can be determined. Figure 25.10 shows the frequency dependent
sensitivity of Te films towards NO2 at room temperature. It is observed that the

Fig. 25.9 (a) Schematic representation of GCh based functional structure and (b) its SEM image
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sensitivity of the film decreases with the frequency increase but tends to saturation
already at approximately 3 MHz.

Recently, we have shown that functional structures based on glassy
As2Te13Ge8S3 exhibit similar sensitivity spectra but the sensitivity itself decreases
more sharply with the frequency increase and tends to saturation already at approx-
imately 500 kHz [10]. Consequently, the spectral edge of the sensitivity depends on
the composition of the active glassy material and, furthermore, it depends also on the
nature of the adsorbed gaseous species. In our previous paper [13] it has been shown
that the spectra of sensitivity to NO2, H2S and H2 of films in question are similar,
while the spectral position of the sensitivity edge is rather different for different
target gases. The latter means that the selectivity of the respective sensor to different
gas components can be enhanced by monitoring the spectral position of
sensitivity edge.

The inset in Fig. 25.10 exhibits the maximum sensitivity for each material which,
however, appears at different frequencies.

25.5.2 Capacitive Gas Sensitive Devices

The dependence of the capacitance of the functional structure Pt – As2Te13Ge8S3 –
Pt on the frequency of the applied voltage in dry air and its mixture with 1,5 ppm

Fig. 25.10 Spectral distribution of impedance and sensitivity to nitrogen dioxide of functional
structure based on vitreous Te films at room temperature. Inset shows the comparison of the
maximum sensitivities at respective frequencies for both materials of this work

25 Surface Phenomena in Glassy Chalcogenides by Gas Sensing 325



NO2 at 22 �C is shown in Fig. 25.11. It is seen that in normal ambient the capacitance
is independent on the frequency above ω �104 Hz, but at lower frequencies it
sharply increases by several orders of magnitude.

Obviously, the constant value of the capacitance at frequencies higher than 104

corresponds to a geometric capacitor Ch ¼ εε0S=d , where d and ε represent
the interdigital distance and permittivity of the GCh film respectively, and S is the
GCh/Pt contacting area. The rapid and huge increase of the capacitance with the
frequency decrease below 104 Hz indicates the existence of a narrow high resistive
regions near the contacts and the equalization of the dielectric relaxation time
τr ¼ εε0ρ (ρ is the resistivity of the film) with the period of the applied voltage
variation [19]. The application of a mixture of dry air with 1,5 ppm of NO2 does not
modify the shape of C vs. ω spectra but leads to an increase of the sample
capacitance in a definite frequency range by approximately 100 times. This effect
looks like a strong, gas induced shift of the rising edge of the capacitance spectrum
toward higher frequencies. Besides, note that the gas (e.g. NO2) adsorption affects
the capacitance of the structure namely at low frequencies, that is frequency range,
where the sample capacitance is assumed to be controlled by high resistive barriers at
the contacts. This behavior can be analyzed assuming the equivalent circuit inserted
in Fig. 25.11. The equivalent circuit of Pt -As2Te13Ge8S3 – Pt structure (Fig. 25.9a)
can be represented by a parallel combination of bulk resistance (Rb) and capacitance
(Cb) connected in parallel with a further parallel combination of surface resistance
(Rs) and capacitance (Cs). As the device structure has a planar design there is also a

Fig. 25.11 The capacitance spectra of Pt – As2Te13Ge8S3 – Pt functional structure by different
ambient environments at room temperature. Inset shows the equivalent circuit used for analysis
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parallel combination of resistance (Rc) and capacitance (Cc) corresponding to thin
insulating layers usually formed at the contacts, put in series with the above-
mentioned network. Due to the small thickness of the contact insulating layer it
can be assumed that Cc > > Cb and at high frequencies, the whole capacitance can be
approximated as Ch ¼ CcCb/Cc + Cb � Cb. The asymptotic values for low frequency
capacitance derived using the H. Wey approach [20] is:

Cl ¼ CcR
2
c= Rc þ RsRb

Rs þ Rb

� 
2

ð25:6Þ

Assuming that Rc < < Rs < < Rb:

Cl � CcR2
c

R2
s

ð25:7Þ

This expression shows that the low frequency capacitance should strongly raise
with the surface conductance increase, which meets the above presented experimen-
tal results. The fact itself of increasing of the As2Te13Ge8S3 conductivity by gas
(e.g. NO2) adsorption has been clearly demonstrated above. Thus, the functional
structures in question can be used as active elements of capacitive gas sensors. To
assess this possibility, we have calculated via expression (25.5) the frequency
dependent sensitivity to NO2 for functional structures based on glassy As2Te13Ge8S3
films and the results are shown in Fig. 25.12. It can be seen that the capacitive
sensitivity of the functional structures in question depends very strongly on the
frequency of the applied electric field, showing a threshold at about 50 kHz. At
frequencies higher than this threshold, the sensitivity to NO2 is only 3�5%/ppm.
When crossing this threshold towards lower frequencies, the sensitivity of the Pt-
As2Te13Ge8S3- Pt structure increases sharply by over three orders of magnitude.

As far as the functional structure based on pure Te film is concerned, no evident
frequency dependence of the capacitance is observed in the applied frequency range,
since the effect of nitrogen dioxide results in a small increase of the capacity. That is
why, the capacitive sensitivity of these functional structures to NO2 is only ~ 1�3%/
ppm (Fig. 25.12). Perhaps this is caused by the relative small resistivity of the Te
films, which results in a short dielectric relaxation time. In such conditions the bulk
capacitance controls the entire capacitance of the functional structure and the
gaseous species adsorbed from the environment cannot affect it.

25.6 Conclusions

The gas adsorption on chalcogenide glassy semiconductors can result in modifica-
tion of the dominant mechanism of electric charge transport at the surface. Adsorp-
tion of nitrogen dioxide molecules on the surface of As2Te13Ge8S3 films leads to
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modification of the mechanism of current flow from hopping of the charge carriers
between the tail localized states in the forbidden gap, towards a mechanism
connected with carrier drift via extended states of the valence band. This phenom-
enon strongly influences the spectrum of dynamic conductivity in the
104 < ω < 105 Hz frequency range; however, this influence can be diminished by
heating, which provokes the desorption processes.

The variation of the charge state of the surface, as well as the modification of the
mechanism of surface charge transport of glassy and nanocrystalline chalcogenides
caused by gas adsorption can be used for development of impedance or capacitive
gas sensitive devices, operating at room temperature with a high sensitivity and
selectivity in the ppm and sub-ppm concentration range.
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Chapter 26
Phase Composition and Spectroscopic
Characterization of Barium Titanate
Containing Glass Ceramics

Ruzha Harizanova, Ivailo Gugov, Ivalina Avramova, Irena Mihailova,
Georgi Avdeev, and Christian Rüssel

Abstract Glasses are synthesized in the system Na2O/BaO/TiO2/SiO2/B2O3/Al2O3

for different Na2O/Al2O3 ratios. X-ray photoelectron spectroscopy is utilized for the
estimation of the valence states of titanium and the occurrence of solely Ti4+ is
observed. The presence of bonds from the type Si-O-Al, Si-O-Si and Na-O-Si is
detected in the glasses and it is concluded that the increasing alumina concentration
leads to decreasing binding energy of the Al3+ ions in the glass. The glasses are
subjected to thermal treatment in order to crystallize barium titanate with controlla-
ble size and in a high-volume fraction. The phase composition of the prepared glass
ceramics is studied by X-ray diffraction. The precipitation of cubic barium titanate
but also of other crystalline phases is observed while increasing alumina concentra-
tion and temperature. The structure of selected glass ceramics is investigated by
infrared spectroscopy. The effect of crystallization on the main structural units and
their change during the course of the crystallization is traced and the presence of the
BaTiO3 phase is confirmed by the peak at about 570 cm�1. The peaks in the range of
1200–1500 cm�1 are with varying intensities and witness the occurrence of chang-
ing as number during the course of crystallization BO3 triangles containing
non-bridging oxygen ions. The presence of BO4 and SiO4 tetrahedra in the glass
ceramics is suggested from the peaks in the range of 800–1200 cm�1.
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Keywords Barium titanate · Glass ceramics · Crystallization · XPS · IR
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26.1 Introduction

Barium titanate, BaTiO3 was discovered in the 1950s and ever since it has found
various applications as part of resistive sensors, multilayered capacitors and opto-
electronic devices [1–7]. BaTiO3 has a very high melting temperature of about
1600 �C [8] and possesses four allotropic modifications – orthorhombic (stable up
to �90 �C), rhombohedral (existing between �90 and 0 �C), tetragonal (stable from
0 to 120 �C) and cubic with stability region above 120 �C. The stable modification of
BaTiO3 at room temperature depends on the preparation method and the size of the
precipitated BaTiO3 crystals [3]. In order to avoid the heating to extremely high
temperatures, barium titanate has been produced by using different synthesis
methods as for example sol gel [4], hydrothermal method [7], sintering [6, 7] and
controlled crystallization from oxide glasses [5, 9–11]. Using the classical technol-
ogy of melting, a glass with high concentration of oxides of the alkaline earth and
3d-transition metals and less than 30% of glass forming oxides, can be prepared at
the significantly lower temperature of 1250 �C [5, 9–11]. The crystallization of
dielectric phases from oxide glasses with different compositions enables the con-
trolled precipitation of the desired crystalline phase with tailorable size, a narrow-
size-distribution and a large volume fraction as already observed in [11]. In order to
prepare glass ceramics from the glasses, an appropriate time-temperature regime
should be applied to them and thus, the preparation of BaTiO3 will be possible. The
applicability of the prepared glass ceramic materials requires the thorough investi-
gation of their properties – physicochemical and electrical, as well as gathering of
information about the structure of the parent glasses and its evolution during the
course of crystallization. Important is also the influence of the obtained microstruc-
tures on the physical properties. Actually, the system proposed here is supposed to
be prone to phase separation and prior precipitation of Ba and Ti ions in one of the
phases [12]. Some information on the microstructure and its evolution with the
changing composition and the different crystallization conditions has already been
obtained and reported in [10]. However, no information concerning the valence
states of the ions participating in the glass and on the structure and its evolution with
changing the composition and the advancing time in case of isothermal crystalliza-
tion is available. Such knowledge could be very useful regarding the potential
applications of the obtained glass ceramics.

The synthesis of glasses and glass ceramics derived hereof is studied for the
following series of compositions (23.1-x)Na2O/xAl2O3/23.1BaO/23TiO2/9.8B2O3/
21SiO2 with x ¼ 3, 7, 11 and 15 mol %. The resulting phase compositions and
microstructures are investigated. Information about the valence states and binding
energies is supplied by X-ray photoelectron spectroscopy. The structure of selected
glass ceramics is studied by means of infrared spectroscopy.
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26.2 Experimental

26.2.1 Preparation of the Glasses

Reagent grade raw materials: Na2CO3, SiO2, BaCO3, B(OH)3, Al(OH)3 and TiO2

were used for the preparation of the glasses. The batches (60 g) were homogenized
and melted in Pt-crucibles using a molybdenum disilicide furnace and a melting
temperature of 1400 �C for 1 h in air. Some of the melts were quenched on a
Cu-block and after quenching transferred into a pre-heated graphite mould. The
glasses cast into the graphite mould were transferred to a muffle furnace and kept at
450 �C for 10 min. Then, the furnace was switched off and the samples were allowed
to cool to room temperature with a velocity of approximately 2 K/min. All glassy
samples were heat treated at temperatures above Tg for different times.

26.2.2 Characterization Methods

The phase compositions were analyzed by X-ray diffraction (XRD) on powdered
samples, using CuKα-radiation with the 2θ-values in the range from 10 to 60�

(Philips PW1050). The X-ray photoelectron spectroscopy (XPS) analyses were
performed on a ESALAB MkII system (England) with AlKα radiation (1486.6 eV)
using a total instrumental resolution of ~1 eV and a pressure of 10�8 Pa. The binding
energies (BE) were referred to the C1s line (of the adventitious carbon) at 285.0 eV.
The concentrations of the elements on the surface were evaluated from the integrated
peak areas after Shirley-type background subtraction using theoretical Scofield’s
photoionization cross-section. The accuracy of the measured binding energy was
around 0.2 eV. The Infrared spectroscopy (IR) investigations were carried out with a
FTIR spectrophotometer VARIAN 600 on powdered samples pressed in KBr in the
wave-number range 400–4000 cm�1.

26.3 Results and Discussion

Previous work in the system (23.1-x)Na2O/xAl2O3/23.1BaO/23TiO2/9.8B2O3/
21SiO2 for x ¼ 3, 7, 11 and 15 mol% [10], where the ratio of Na2O to Al2O3 was
varied in order to trace its influence on the glass formation ability, showed that
glasses were successfully synthesized by utilizing conventional glass melting tech-
nique. It was established that the higher the alumina concentration, the better the
glass-forming ability. After an appropriate thermal treatment, barium titanate in a
large volume fraction could be crystallized in these glasses.

The investigation of the phase composition of the obtained glass ceramics with
3 mol% alumina showed that for each crystallization temperature cubic BaTiO3 is
the first phase to be formed and only for higher temperatures and longer times also
another phase – barium fresnoite, Ba2TiSi2O8 will occur, as seen in Fig. 26.1. For the
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higher alumina concentrations more complicated crystallization behavior is
observed as witnessed by Figs. 26.2 and 26.3 where also traces of nepheline,
NaAlSiO4 and minor quantity of BaTi2O5 are detected. These observations of the
X-ray analysis are supported by the microstructural investigations on the same glass
ceramics and reported in [10]. Previous micro-computed tomography investigation
of the glass ceramic samples revealed that the barium titanate phase is crystallized in
a large volume fraction of 58 � 1% [10] which is important for potential practical
applications. Additionally, according to the preliminary information gathered by
SEM imaging about the studied system [10, 12], the currently investigated system is
prone to phase separation which results in the formation of droplet-like structures
enriched in Ba and Ti where later BaTiO3 is precipitated [9, 10, 12].

Important for the precipitation of the desired BaTiO3 phase is the valence state of
the titanium ions which can occur as both Ti3+ and Ti4+ in the glass. In order to
answer this question, XPS investigation is performed on the glasses from the system
of interest and the results show that Ti ions are present in all glasses as Ti4+, as seen
in Fig. 26.4a for the Ti2p spectra and supported by the binding energy of Ti ions
which is determined to be 458.3 eV. The binding energy of the divalent Ba ions is
determined from the Ba3d XPS spectrum and is about 779.5 eV. These binding
energies of Ba2+ and Ti4+ ions are typical for the compound BaTiO3 [13] and are
estimated for the glasses with 3 and 15 mol % Al2O3 while for the samples with
7 and 11 mol % Al2O3 the binding energy of barium is shifted to higher values. The
peak in these cases is centered at about 780.5 eV which is typical for the compound
BaCO3 and could be explained by the occurrence of this phase as a relaxation phase
formed on the BaTiO3 surface which reduces the deformations/distortions existing in
the barium titanate lattice [14]. Figure 26.5a shows the O1s XPS spectra from which,

Fig. 26.1 XRD patterns of
glass ceramics with 3 mol %
Al2O3 and different thermal
history
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Fig. 26.2 XRD patterns of
glass ceramics with 7 mol %
Al2O3 and different thermal
history

Fig. 26.3 XRD patterns of
glass ceramics with 11 mol
% Al2O3 and different
thermal history
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Fig. 26.4 (a) XPS spectra of the Ti2p peak for the glasses with different alumina concentrations.
(b) XPS spectra of the Al2p peak for the glasses with different alumina concentrations

Fig. 26.5 (a) XPS spectra of the O1s peak for the glasses with different alumina concentrations. (b)
Deconvoluted XPS O1s peak for the glass with 3 mol % alumina. (c) Deconvoluted XPS O1s peak
for the glass with 7 mol % alumina. (d) Deconvoluted XPS O1s peak for the glass with 11 mol %
alumina. (e) Deconvoluted XPS O1s peak for the glass with 15 mol % alumina
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after deconvolution, information about the bonds existing in the glass as well as the
respective binding energies could be extracted. The obtained O1s photoelectron
spectra and the attributed binding energy of 531.5 eV are evidence that the process
of synthesis leads to the oxidation of the elements constituting the glass. The
recorded peaks are broad and can be deconvoluted into three components centered
at 532, 531 and 530 eV, corresponding to the formation of Si-O-Si, Si-O-Al or Si-O-
Na bonds, respectively. In the same region also a small Auger peak of Na is detected
at about 536 eV. From the obtained photoelectron spectra for Si2p (not shown here)
it becomes clear that the Si4+ ions have the same electronic surrounding as in the
compound Al2SiO5. The silicon ions are tetrahedral coordinated with the O2� ions
and form Al-O-Si bonds. In the region of the photoelectron lines for Al2p, given in
Fig. 26.4b, shift of the binding energies to the higher values with the decreasing
alumina concentration is observed which could be attributed to the possibility of
Al3+ participating initially in tetrahedral coordination with oxygen ions but with their
increasing concentration also in octahedral one. The comparison of the peak areas of
the three components in Figs. 26.5b, c, d and e shows that the higher alumina
concentration results in an increasing number of both Si-O-Al and Si-O-Si bonds
up to 7 mol %, then for 11 mol % a decrease is observed and afterwards again an
increase for 15 mol % alumina. The latter could be attributed to the different types of
structural units formed in the respective glasses.

IR spectroscopy analyses are performed on selected glass ceramics from the
composition with 7 mol % Al2O3. The typical appearance of the IR spectra is
shown for three glass ceramic samples with different thermal history in Figs. 26.6,
26.7 and 26.8. Here are also seen the fits performed by the program Fityk using
Gaussian shaped peaks for the deconvolution of the recorded spectra. From the fit we
suggest that initially boron takes part in the glass structure in the form of BO4

tetrahedra which during the crystallization course are transformed into BO3 triangles
with non-bridging oxygen ions as indicated by the peak at about 1460 cm�1. The
concentration of the BO3 units reaches a maximum for the glass ceramics
heat-treated for 1–2 h at 690 �C and for times �3 h decreases again. This could be

Fig. 26.5 (continued)
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explained by the building of a shell with varying composition around the growing
barium titanate crystals. When the crystal growth stops, the variation in the shell
composition is compensated by diffusion processes which results in the homogeni-
zation and stabilization of the rest glass structure. According to [15, 16], BaTiO3 has
a single peak in the wave number range above 400 cm�1

– at about 540–580 cm�1

for both cubic and tetragonal modifications. As revealed by XRD the phase precip-
itating in large concentrations is BaTiO3, thus the peak at about 570 cm

�1 should be
attributed to this phase. The peaks in the region 1200–1500 cm�1 could be assigned
to different types of borate groups based on the BO3 triangles containing
non-bridging oxygen ions. The intensity of these peaks increases for times up to

Fig. 26.6 Deconvolution of
the IR spectrum of a sample
with 7 mol % Al2O3 –

15 min at 690 �C

Fig. 26.7 Deconvoluted IR
spectrum of the glass
ceramic with 7 mol%
Al2O3–3 h at 690 �C
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3 h and then starts to decrease again which is attributed to the building of shells with
varying composition around the growing crystals.

During the crystallization course local change of the rest glass structure occurs
which is supported by the change of the intensities of the peaks at 480, 520, 705, 840
and 864 cm�1 and which could be attributed to the oscillations of the BO3-
containing structures. It could be suggested that the structure of the glass ceramic
with 7 mol % alumina crystallized for 7 h at 690 �C consists of BaTiO3 crystals (peak
at 569 cm�1) and a borate phase with composition which is difficult to be deter-
mined. From the IR spectrum deconvolution, as seen in Fig. 26.8, it could be
supposed that this borate phase contains BO3 triangles with non-bridging oxygen
ions (peak at 1463 cm�1), sodium-borate silicate phase with three dimensional
structure and consisting of SiO4 and BO4 tetrahedra whose charge is compensated
by the Na+ ions (peaks between 800 and 1200 cm�1).

26.4 Conclusions

Glasses were synthesized in the system Na2O/BaO//TiO2/B2O3/SiO2/Al2O3 with up
to 15 mol % Al2O3. The glass composition and the valence of the prepared glasses
are studied by XPS and the increase of the binding energy of aluminium ions with
the decreasing alumina concentration is concluded. XPS also confirms the building
of bonds from the type Si-O-Al, Si-O-Si and Si-O-Na with prevailing number of the
Si-O-Al bonds for all alumina concentrations. Heat treatment of the glasses always
results in the crystallization of cubic BaTiO3 as the first phase and for higher alumina
concentrations and longer crystallization times also NaAlSiO4 and Ba2TiSi2O8 are
precipitated. The IR spectroscopy performed on the glass ceramics with 7 mol %
alumina confirms the crystallization of barium titanate and reveals the presence of

Fig. 26.8 Deconvoluted
IR-spectrum of the glass
ceramic with 7 mol%
Al2O3–7 h at 690 �C
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BO3, BO4 and SiO4 structural units whose number varies with the advancing
crystallization time in case of constant alumina concentration and crystallization
temperature.
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Chapter 27
Near Infrared Photoluminescence
of Nd-Doped ZBP Glasses

Irena Kostova, Farley Chicilo, Tinko Eftimov, Georgi Patronov,
Dan Tonchev, and Safa Kasap

Abstract In this work we report on a study of a series of zinc-borophosphate (ZBP)
glasses doped with neodymium oxide (Nd2O3). The synthesis of the samples was
performed by a high temperature melt quenching procedure in an air atmosphere. We
present a complex photoluminescence study on a series of (72.31-x) ZnO-18B2O3-
9.69P2O5-xNd2O3 glasses doped with trivalent neodymium oxide (with concentra-
tion x) in a range 0.15–1.00 mol%) to explore possible applications. The excitation
and luminescence properties were measured, and the photoluminescence was stud-
ied within the spectral range from 200 nm to 950 nm under different excitation
wavelengths. Emission spectra in the 850–1500 nm range were obtained under an
excitation wavelength of 808 nm. We have also measured the thermal properties by
differential scanning calorimetry (DSC). A strong emission peak is observed at
1060 nm with a width of 30 nm and an exponential decay with a characteristic
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time of 95 μs. The results of a series of Nd-doped zinc-borophosphate glasses show
potential as a medium for solid state infrared laser applications.

Keywords Zinc-borophosphates · Near infrared · Photoluminescence · Nd-doped
glasses

27.1 Introduction

There is an ongoing interest in glass materials doped with rare earth (RE) ions for
laser applications. Many glass materials are a good host matrix for rare earth ions and
are easily fabricated, when compared to single crystals. For example, in some
applications Nd:YAG laser crystals have been successfully replaced by Nd-doped
glasses [1]. The Nd:YAG crystal produces laser output primarily at 1064 nm;
whereas the Nd:glass medium lases at wavelengths ranging from 1054 to
1056 nm, depending on the type of glass used. Nd ions in YAG crystals are limited
to a maximum concentration of 1.0–1.5% [2]. Higher concentration leads to
increased collision decay, resulting in a reduced laser upper level lifetime. At
room temperature, the 1064 nm radiative transition is homogeneously broadened
with a narrow emission line width of 0.45 nm and the upper level lifetime is 230 μs.
Nd:YAG rods have good heat conduction properties, which make them desirable for
high-repetition rate ion laser operation. These have a disadvantage, however, since
they are limited by crystal growth capabilities to small laser rods with sizes up to
1 cm in diameter and lengths of the order of 10 cm. Doping YAG with neodymium
results in a blue to violet crystals. Comparatively, Nd can be doped to very high
concentrations in glass and many types of phosphate and silicate glasses have been
used for lasers. The outstanding practical advantage compared to crystalline mate-
rials is the tremendous size capability for high-energy applications. For Nd:glass
laser gain media, very large-size materials have been produced. These can be
fabricated into special laser configurations such as slabs and fibers as well as with
standard rod designs. Rods of up to 2 m length and 0.75 m in diameter and disks of
up to 0.05 m in thickness have been successfully demonstrated [1, 2]. The optical
quality can be excellent, and beam angles approaching the diffraction limit can be
achieved. The glass is easily fabricated and can be produced to a good optical finish.
The photoluminescence lifetime is approximately 300 μs, and the emission line
width 18–28 nm, wider than that of Nd:YAG. This increased emission line width
(inhomogeneous broadening) in effect reduces the laser gain. The drawback of Nd:
glass laser materials is their relatively poor thermal conductivity, which restricts
these lasers to relatively low pulse repetition rates for pulsed lasers and a lower
operating power for CW lasers [2–4].

Phosphate glasses doped with rare earths have been studied and fabricated in the
past. Long photoluminescence lifetimes associated with these Nd:glass materials
make it easy to accumulate high-energy-level Nd3+ ions, and the glasses can be
easily made into a variety of sizes with excellent optical uniformity. Rare earth
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doped glass materials have been used in laser nuclear fusion, high-power laser
amplifiers, waveguide lasers, medium and small energy devices, and optical fiber
communications. The Nd:glasses of interest include silicate, borate [5] silico-
phosphate, aluminates, fluorophosphate [6], zinc-phosphatate [7] and chalcogenide
glasses [14].

Zinc borophosphate glasses (ZBP) with high concentrations of zinc oxide (up to
70 mol%) are perspective materials for laser media due to proven thermo-physical
characteristics and desirable host matrix properties. This material is non-hygroscopic
and water durable, superior to the phosphate glasses. They have glass transition
temperature (Tg) in the range of 520–530 �C depending on the concentration of rare
earth (RE) dopants [8–10]. In this work, we report on the synthesis and optical
properties of materials from the glass system (72.31-x)ZnO-18B2O3-9.69P2O5-
xNd2O3.

27.2 Materials and Methods

27.2.1 Synthesis of Nd-Doped Glasses

The synthesis of Nd-doped ZBP glasses was performed by a conventional melt-
quenching procedure at a temperature of 1100 �C for 2 h in a zirconium furnace
(Zircar 1100). The starting reagents ZnO, B2O3, P2O5 and Nd2O3 (all purchased
from Alfa Aesar) were mixed and placed in alumina crucibles in a furnace at a room
temperature. Afterwards, heating rate of approximately 18 �C/min was applied until
a temperature of 1100 �C was reached. The melts were quenched at room temper-
ature and then tempered at 250 �C for 2 h. The compositions of the glasses in mol%
used in this work are given in Table 27.1.

27.2.2 Methods of Analysis

For the DSC Thermal Analysis, TA Instrument DSC Q100 with attached Fast Air
Cooling System (FACS) was used at heating rates of 5 �C/min. Absorption/trans-
mission measurements were preformed using a USB2000 Ocean Optics

Table 27.1 List of
Neodymium doped ZBP
samples

Sample

Composition (mol%)

ZnO B2O3 P2O5 Nd2O3

1 72.16 18 9.69 0.15

2 72.06 18 9.69 0.25

3 71.81 18 9.69 0.50

4 71.56 18 9.69 0.75

5 71.31 18 9.69 1.00
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spectrometer (350 nm–1100 nm) in combination with a Micropack Halogen lamp
source HL-2000. Small pieces of glass samples were polished to a thickness of
3.2 mm with 15 μm and 9 μm particle sized sandpaper for the measurement of
absorption spectra.

The excitation-emission measurements and the corresponding three-dimensional
photoluminescence plots were taken using Energetiq LDLS laser driven white light
source in combination with an Ocean Optics scanning monochromator MonoScan
2000 and an Ocean Optics 9500 spectrometer.

Photoluminescence (PL) emission spectra were obtained using a laser diode with
a wavelength of 808 nm and the photoluminescence was collected using a Corner-
stone 1/8 m monochromator with a holographic grating of 1200 lines/mm and an
InGaAs cooled detector.

Lifetime measurements were collected using the same 808 nm excitation source
and a mechanical chopper to modulate the excitation source with a frequency of
325 Hz. The decay of the signal was registered using a InGaAs detector and the PL
decay was measured using an oscilloscope (PicoScope).

27.3 Results and Discussion

The prepared glass samples were fully transparent with a typical violet-blue color
due to neodymium ions (Nd3+) and homogenous without gas bubbles. The structural
properties and the general physical and chemical characteristics of ZBP glass matrix
have been studied in detail previously [8–10]. Here we present the results from the
study of the thermal and optical properties of these ZBP glasses doped with Nd2O3

as listed in Table 27.1.

27.3.1 Thermal Analysis

Thermal analysis measurements were performed in the temperature range of
40–600 �C. The results show a glass transition temperature (Tg) around 530 �C for
all samples as shown in Fig. 27.1, which indicates the thermal stability of the glass
matrix. There is no observed dependence of the glass transition temperature of the
concentration of Nd2O3.

27.3.2 Absorption Spectra

The room temperature absorption spectra of the samples were recorded within the
range of 350–1100 nm. As can be seen in Fig. 27.2, the highest absorption intensity
was registered for the sample with the highest Nd2O3 content (1 mol%).
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Three high intensity peaks at 582 nm, 748 nm and 804 nm, as well as several low
intensity peaks were observed in the spectra. From this set of data and the published
spectral work on Nd3+ ions, one can assign the transitions shown in Table 27.2 to the
various peak wavelengths. The high intensity absorption peak around 808 nm
corresponds to the 4F5/2 level. From level 4F5/2, the ions drop to level 4F3/2 without
radiation. Therefore, the pumping transition (4I9/2 to 4F5/2) occurs over two levels
different from those of the laser transition (4F3/2 to

4I11/2).

Fig. 27.1 A typical thermogram (heat flow vs sample temperature) for Sample 1 (Nd2O3 0.15 mol
% conc)
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Fig. 27.2 Absorption spectra of Nd:ZBP samples (3.2 mm in thickness)
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27.3.3 Photoluminescence Spectra

The photoluminescence spectra were recorded in the reange of 350–1100 nm. The
3D view graphs in the spectral ranges of 350–600 nm and 600–820 nm are given in
Figs. 27.3 and 27.4, where the spectral power of the emission is plotted at different
excitation wavelengths. The figures show high efficiency excitation wavelengths at

Table 27.2 Absorption channels and the respective transitions in Nd3+-doped materials [11, 12]

Absorption channels Transitions

λ, nm absorption levels

430 4I9/2 ! 2P1/2
476 4I9/2 ! 4G11/2 +

2G9/2 +
2D3/2 +

2K15/2

513–526 4I9/2 ! 4G7/2 +
4G9/2 +

2K13/2

582 4I9/2 ! 4G5/2 +
2G7/2

628 4I9/2 ! 2H11/2

684 4I9/2 ! 4F9/2
748 4I9/2 ! 4F7/2 +

4S3/2
804 4I9/2 ! 4F5/2 +

2H9/2

877 4I9/2 ! 4F3/2

Fig. 27.3 3D PL graph in the spectral range of 350–600 nm
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580, 750 and 804 nm. The maximum emission in this region is at 900 nm
corresponding to the transition 4F3/2 ! 4I9/2.

The electron transition at 900 nm in these Nd-doped glasses is one of the four
emission signals with a pumping source in the 800 nm region; the others are at
1061 nm, around 1100 nm and around 1300 nm. When the transition around 900 nm
is used, Nd-doped material (for example Nd:YAG with a peak at 946 nm) is a quasi-
three-level gain medium, requiring significantly higher pump intensities. All other
transitions are four-level transitions [13].

The photoluminescence spectrum measured in the 850–1500 nm range from one
of the Nd:ZBP glasses excited at 808 nm is shown in Fig. 27.5. The emission peaks
at 900, 1060 and 1330 nm can be seen, which correspond to the following laser
transitions, 4F3/2 ! 4I9/2,

4F3/2 ! 4I11/2, and
4F3/2 ! 4I13/2, respectively. The

emission which corresponds to the 4F3/2 ! 4I11/2 transition has a relatively sharp
emission peak, with an approximate full width at half maximum (FWHM) of 30 nm,
as seen in Fig. 27.5. The photoluminescence decay was measured for each emission
peak and in all cases an exponential decay characteristic with a decay time of 95 μs
was observed, which agrees with the results previously reported for Nd3+-doped
glasses [14], shown in the inset of Fig. 27.5.

Fig. 27.4 3D PL graph in the spectral range of 600–820 nm
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27.4 Conclusions

In this work we present the synthesis of a series of Nd-doped samples from the
system (72.31-x) ZnO-18B2O3-9.69P2O5-xNd2O3. These glasses are fully transpar-
ent and homogenous with a blue-violet color, typical for the glasses with neodym-
ium ions. The glass samples have high thermal stability (glass transition temperature
Tg ¼ 530 �C) and water durability. The recorded absorption spectra of the Nd:ZBP
glass samples show the possible energy transitions of the Nd3+ ion including the
laser transition 4F3/2 ! 4I11/2. In the spectral range of 200–1100 nm infrared peaks
are observed at 900 nm (4F3/2 ! 4I9/2). From the photoluminescence and absorption
analyses and 3D excitation and emission plots, the most effective excitation wave-
lengths were found to be at 580, 750 and 804 nm, corresponding to the most
intensive peaks in the absorption spectra. The photoluminescent spectra in
850–1500 nm region shows three emission peaks at 900, 1060 and 1330 nm,
which correspond to the laser transitions 4F3/2 ! 4I9/2,

4F3/2 ! 4I11/2, and
4F3/

2 ! 4I13/2, respectively. The most intense peak at 1060 nm has a FWHM of 30 nm
and an exponential decay with a characteristic time of 95 μs. The results for the
studied Nd3+-doped zinc-borophosphate glasses show their potential as a medium
for solid state infrared laser applications.

Fig. 27.5 Photoluminescence spectrum of Sample 5 (1 mol% Nd2O3) in the range of 850–1500 nm
using an excitation source of 808 nm. Inset in the graph shows the measured lifetimes of the 4F3/2
! 4I9/2,

4F3/2 ! 4I11/2, and
4F3/2 ! 4I13/2 transitions (900, 1060 and 1330 nm, respectively). The

solid line is a guide corresponding to the exponential decay with a lifetime of 95 μs
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Chapter 28
Determination of the Surface Properties
of Combined Metal-Oxide Layers, Obtained
by AC-Incorporation of Ni and Cu
in Preliminary Formed AAO Matrices

Christian Girginov, Stephan Kozhukharov, and Boriana Tzaneva

Abstract Since anodization of aluminum is the most conventional method for
obtaining highly ordered surface matrices, this method has been an object of great
scientific interest over the last decades. In addition, these highly ordered anodized
aluminium oxide (AAO) layers can efficiently protect the metallic substrates against
corrosion in aggressive media and can be successfully used as primers for advanced
multilayered corrosion protective coatings. An additional important advantage of
these films is the possibility to incorporate various metals, in order to modify the
AAO composition and surface properties. Furthermore, the resulting Al-O-Metal
systems enable the subsequent chemical deposition of a variety of metallic and
semiconductor layers, resulting in formation of layered conjunctions with valuable
properties. In this sense, the present research presents results of an evaluation of the
surface properties of Ni and Cu containing AAO layers, obtained by
AC-electrochemical incorporation. The respective modified AAO layers are
obtained from aqueous solutions. The surface topology of the obtained films, as
well as some of their most important properties, such as color and spectral charac-
teristics, barrier ability and hydrophobicity, were examined in order to define the
mechanism and kinetics of metal incorporation.

Keywords AAO layers · Ni and Cu incorporation · Spectral characteristics · Barrier
properties · Hydrophobicity

C. Girginov (*)
Laboratory for Advanced Materials Research, University of Chemical Technology and
Metallurgy, Sofia, Bulgaria
e-mail: girginov@uctm.edu

S. Kozhukharov
Department of Physical Chemistry, University of Chemical Technology and Metallurgy, Sofia,
Bulgaria

B. Tzaneva
Department of Chemistry, Technical University, Sofia, Bulgaria

© Springer Nature B.V. 2020
P. Petkov et al. (eds.), Nanoscience and Nanotechnology in Security and Protection
against CBRN Threats, NATO Science for Peace and Security Series B: Physics and
Biophysics, https://doi.org/10.1007/978-94-024-2018-0_28

351

http://crossmark.crossref.org/dialog/?doi=10.1007/978-94-024-2018-0_28&domain=pdf
mailto:girginov@uctm.edu
https://doi.org/10.1007/978-94-024-2018-0_28#ESM


28.1 Introduction

Anodization of aluminum is the most conventional method for obtaining highly
ordered oxide matrices [1–3]. In comparison to other technological approaches, it
does not require specific equipment, such as vacuum chambers, laser sources, etc. In
addition, these highly ordered anodized aluminium oxide (AAO) layers can effi-
ciently protect the aluminum surface against corrosion [4, 5] and can be used as
primers for advanced multilayered corrosion protective coatings.

Another important advantage of these films is the possibility to incorporate
various metals, in order to modify the AAO composition and surface properties
[6]. Furthermore, the resulting Al-O-Metal systems enable the subsequent chemical
deposition of a variety of metallic and semiconductor layers, resulting in formation
of layered conjunctions with valuable properties. In this sense, special attention is
paid to the incorporation of transition elements in the AAO pores. This approach
enables the creation of active layers which can change their chemical composition
and physical properties in contact with reducing or oxidizing environments.
Undoubtedly, such layers can be successfully used as catalysts and sensing elements.
Indeed, several authors have published successful synthesis of doped Ni/Al2O3 [7–
16] and NiAl2O4 spinel [17] catalysts. Further synthesized systems include
Cu/Al2O3 [18–21] and copper alumina systems doped with Ce [22], Pt [23], Cs-Fe
[24], Cs-Zn [25], Cu-Zn [26, 27], Zn-graphene [28], B2O3 [29], Co-Ni [30], Co-Ag-
Pd [31], Mn [32, 33], etc. The great interest towards both Ni and Cu incorporated
Al2O3 has led to intensive investigation of the catalytic activity of the combined
(Cu-Ni-Al2O3)-systems [34–45]. On the other hand, the electrochemical deposition
enables large scale production with relatively simple control of the (Ni/Cu)-O
deposition conditions [7, 46], enabling formation on aluminum [47–51] and copper
[52–56] substrates. In this sense, the current paper represents results of an evaluation
of the surface properties of Ni and Cu containing AAO layers, obtained by
AC-electrochemical incorporation. The respective modified AAO layers are
obtained from aqueous solutions. Some of their most important properties, such as
barrier ability, hydrophobicity, color and spectral characteristics, were examined in
order to define the mechanism and kinetics of metal incorporation.

28.2 Experimental

28.2.1 Sample Preparation

Eight samples of aluminum alloy AA1050 were anodized in 15% H2SO4 by
applying galvanostatic polarization (15 mA cm�2) for 50 min at 20 �C. Before
anodization, preliminary surface treatment was performed, which included etching
in NaOH solution (50 g dm�3) for 2 min at 60 �C and subsequent activation in
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diluted nitric acid (HNO3:H2O – 1:1) for 2 min at room temperature with final
vigorous washing with both tap and double distilled water.

Afterwards, these samples underwent subsequent metal incorporation in different
solutions, in order to obtain four sets of two samples each. The compositions and the
conditions of incorporation are given in Table 28.1.

Regardless of electrolyte composition, the incorporation was performed for
15 min at 20 �C in conditions of AC polarization at 60 Hz with defined voltage of
20 V.

28.2.2 Surface Characterization

The above-described specimens were subjected to systematic analyses, in order to
distinguish their surface properties in respect to the incorporated metal. These
characterizations comprised determination of the color characteristics, the hydro-
phobicity and their electrochemical properties.

Color characteristic determination: The color characteristics were determined
using a Lovibond RT-100 reflectance tintometer, product of “Paragon Scientific Ltd.
(UK)”, according to the CIE (L�,a�,b�) color space. This color space is based on 3D
plots, composed of brightness (L�), green-red tonality (a�) and yellow-blue hue
vectors (b�).

Sessile drop tests: The surface hydrophobicity was determined by Theta Lite
Optical Contact Angle Meter, product of “Dynatesting Co. (UK)”. The contact angle
was determined immediately after falling of a drop of distilled water with 0.10 ml of
volume from Gastight-1001 type syringe, product of “Hamilton (Nevada, USA)”,
mounted 1.0 cm above the surface of the sample.

Electrochemical characterizations: All samples were subjected to comparative
electrochemical measurements after 24 h of exposure to a 0.01 M NaCl solution,
using an Autolab PGStat 30 potentiostat/galvanostat of “Metrohm (Netherlands)”
equipped with FRA-2 frequency response analyzer. These measurements were

Table 28.1 Incorporation conditions of the prepared samples

Sample type Electrolyte composition

Referent
(2 samples)

Porous Al2O3 matrixes

Cu-incorporated
(2 samples)

0.4 Mol dm�3 CuSO4

30 g dm�3 (NH4)2SO4

50 g dm�3 H3BO3

Ni-incorporated
(2 samples)

0.4 Mol dm�3 NiSO4

30 g dm�3 (NH4)2SO4

50 g dm�3 H3BO3

(cu + Ni)-incorporated
(2 samples)

0.2 Mol dm�3 CuSO4 + 0.2 Mol dm�3 NiSO4

30 g dm�3 (NH4)2SO4

50 g dm�3 H3BO3
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performed in a standard, three electrode “flat” cell (ISO 16773-2), equipped with a
platinum mesh as a counter electrode and a Ag/AgCl/3 M KCl reference electrode.
Test areas (2 cm2) from the specimens served as working electrodes. The measure-
ments included electrochemical impedance spectroscopy (EIS) and potentiodynamic
scanning (PDS). The EIS spectra were acquired in the frequency range from 10 kHz
to 0.01 Hz, distributed in 50 measurement points. The excitation signal amplitude
was 35 mV regarding the open circuit potential (OCP), in order to acquire readable
spectra. The PDS measurements were based on curves acquisition (from �60 to
+600 mV vs. OCP) at a sweep rate of 10 mV s�1.

All measurements were performed twice, in order to determine both repeatability
and reproducibility of the obtained results, thus avoiding execution of a large
number of measurements. The results in all tables below are represented in the
following form:

AV ¼ MV1 þMV2

2

� �
� MV1 �MV2

2

� �
ð28:1Þ

where AV is the average value, MV1 (the higher value) and MV2 (the lower value)
the measured values during the first and the second measurements, respectively.

The electrochemical measurements were performed just once for each sample,
since the obtained EIS spectra were completely identical and there was no need for
further measurements. Besides, the potentiodynamic scans could not be repeated,
due to simultaneous polarization of the electrodes, caused by the gradual potential
input signal.

28.3 Results and Discussion

28.3.1 Color Characteristics

Systematic measurements were performed in order to determine the impact of the
Cu, Ni and Cu + Ni incorporation on the outlook of the resulting samples. These
measurements were performed according to the CIE (L�a�b�) color space (Fig. 28.1).
The respective results are presented in Table 28.2.

The data in Table 28.2 reveal that the Cu-incorporation results in an obvious
darkening of the almost white anodized oxide layer to a definitive grey. This effect is
even more pronounced during Ni incorporation, which converts the light anodized
layer to almost black. This color change was observed for the combined samples
(Cu + Ni), as well. The deviation of the rest color parameters is almost indistin-
guishable, tending to zero in all cases. A unique exception appears during copper
incorporation. In this case, the parameter a� was shifted towards the yellow tonality.
Indeed, these samples revealed clear brownish hue, due to their coincident darkening
and yellowing. These simultaneous color changes of the Cu-incorporated samples
reveal that copper is more probably in both oxidized forms: CuO (black) and Cu2O
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(reddish). The applied anodic polarization (i.e. the negative semi-periods during the
AC polarizations) promotes oxidation reactions, resulting in the formation of various
metallic oxides, whereas the cathodic one (i.e. the positive semi-periods) results in
reverse reduction of the already oxidized CuO.

Indeed, the converting into black color for the Ni-incorporated specimens evinces
that this element is probably in the form of black Ni2O3, and the absence of any
change in the color parameter b� shows only insignificant traces or even complete
absence of NiO.

The color related characteristics are a consequence of the reflectance spectra in
the visible wavelength range, which confirms the obvious difference among the
respective groups of samples (Fig. 28.2).

The reference samples show a high reflectance in the entire visible spectrum,
resembling a white color. The opposite aptitude of maximal light absorbance was
demonstrated by the Ni and mixed (Cu + Ni) samples. The samples incorporated
with Cu exhibit intermediate reflectance. Their spectra reveal about 20% reflectance
in the yellow-orange range, which gradually increases up to 40% in the red color

Fig. 28.1 Illustration of the
CIE (L�a�b�) color
determination system.
Reprinted with permission
from [57]

Table 28.2 Results of the color determinations

Sample 1 Sample 2

References L� ¼ 89.21 � 0.34
a� ¼ �0.40 � 0.02
b� ¼ 2.34 � 0.02

L� ¼ 88.20 � 0.25
a� ¼ �0.38 � 0.04
b� ¼ 2.35 � 0.05

(Cu)-incorporation L� ¼ 56.91 � 0.19
a� ¼ 1.21 � 0.15
b� ¼ 16.80 � 0.36

L� ¼ 54.62 � 0.51
a� ¼ 0.77 � n.a.#
b� ¼ 16.35 � 1.31

(Ni)-incorporation L� ¼ 19.53 � 0.01
a� ¼ 1.24 � 0.04
b� ¼ 0.18 � 0.16

L� ¼ 19.03 � 0.04
a� ¼ 0.19 � 0.10
b� ¼ �0.25 � 0.12

(Cu/Ni)-incorporation L� ¼ 17.87 � 0.08
a� ¼ �0.14 � 0.08
b� ¼ �0.51 � 0.24

L� ¼ 18.30 � 0.10
a� ¼ �1.45 � 0.20
b� ¼ �1.77 � 0.21

# the marked deviation value is not determinable, because the MV2 in this case is equal to zero
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range. Both lower reflectance values reveal that these samples are rather darker than
the references due to the occurrence of black CuO. Further, the appearance of two
maxima shows that this oxide is accompanied by two reduced forms: yellowish
metallic copper and red Cu2O.

28.3.2 Sessile Drop Tests

Since both types of treatment (anodization of AA1050 and Cu + Ni incorporation)
are methods for surface modification, they result in changes of the surface properties.
These changes originate from alteration of both morphology and composition of the
treated surfaces. For this reason, sessile drop tests were performed in order to obtain
supplemental information regarding the resulting surface hydrophobicity. Examples
for the obtained drop test results are presented in Fig. 28.3.

The figure shows that the incorporation has no remarkable influence on the
surface tension and all investigated samples remain definitely hydrophilic. Only
Ni-incorporation results in a slightly more hydrophobic surface. That is the reason
for the larger dissipation of the results for the combined Cu + Ni coating, which
suggests the occurrence of domains with uneven Cu and Ni contents. These infer-
ences are confirmed by the data in Table 28.3.

The data do not reveal any remarkable impact of metal incorporation on the
surface hydrophobicity. All Cu, Ni and mixed (Cu + Ni) incorporated samples
possess the same hydrophilic properties, like the reference ones. This fact is evidence
for the preferential incorporation of metals inside the pores, as it was established in
several works on silver incorporation [57–60]. Consequently, the surface of the
anodized aluminum oxide (AAO) layer remains unchanged, being composed of
hydrated Al2O3 and boehmite [61].

Fig. 28.2 Reflectance
spectra acquired from the
samples
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28.3.3 Electrochemical Characterizations

The EIS data acquired after 24 h of exposure to a model corrosive medium (0.01 M
NaCl solution) exhibit a definite capacitive behavior of the specimens due to the
clearly formed anodic oxide films on their metallic surfaces. The incorporation of
metals does not reveal any remarkable impact on the electrochemical characteristics
of the (Cu + Ni)-O-Al films, as it can be seen from Fig. 28.4.

Fig. 28.3 Contact angles
obtained for the anodized
specimens: (a, b) reference;
(c, d) after Cu incorporation;
(e, f) after Ni incorporation;
(g, h) after Cu + Ni
incorporation

Table 28.3 Average values
of the contact angles obtained
from the samples

Sample 1 Sample 2

References 25.65 � 0.96 33.76 � 0.56

Cu incorporation 23.11 � 0.05 29.53 � 2.97

Ni incorporation 33.07 � 5.50 27.22 � 2.97

Cu + Ni incorporation 24.40 � 3.20 31.99 � 3.53
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The obtained results were subjected to further analyses using a suitable model
equivalent circuit (MEC). Since the spectra possess identical shapes, the results were
interpreted with only one MEC, shown in Fig. 28.5.

Following the rule of thumb regarding the simplification of the MEC mentioned
elsewhere [62, 63], it was composed by only one modified time constant (RC unit),
associated with the solution resistance (Rsl). The MEC configuration used for the
present research is a simplified version of that applied in previous works [4–6, 57,
59]. This time constant was composed of the pure capacitance of the dense barrier
layer of the oxide (Coxy), connected to the charge transfer resistance (R(ct + oxy)),
which includes the resistance of the solution, enclosed in the pores of the oxide layer
as well. A constant phase element (CPE(edl + diff)) was assigned to the detected
additional incomplete capacitance. This element combines the electric double layer
(edl) and the hindered diffusion (diff) of the electrolyte inside the pores of the oxide
layer. Thus, the used MEC was composed suggesting an incomplete filling of the
pores with Ni and Cu oxides. The solution penetration and diffusion are namely
hindered by the capillary forces, resulting from the narrow cross-section of the pores.
This suggestion is confirmed by the lack of any remarkable changes in the contact

Fig. 28.4 Bode (a) and Nyquist (b) plots of the EIS spectra acquired from the respective samples

Fig. 28.5 Model equivalent circuit used for EIS data quantification
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angle before (reference samples) and after the metal incorporation. The obtained
results are summarized in Table 28.4.

Although the impedance spectra look identical (Fig. 28.4), their analysis has
revealed that the incorporation of metals results in a drastic change of the capacitance
of the oxide layer from ~500 pFcm�2 to about 266–348 nFcm�2 after the incorpo-
ration. Another interesting phenomenon is the decrement of R(oxy + ct) for the
combined Cu + Ni incorporated specimens with an entire order of magnitude,
probably due to additional redox reactions between the respective Cu and Ni oxides
inside the pores.

The potentiodynamic curves have shown that the oxide layer does not passivate
the substrates completely, since the anodic branches possess a slope for all samples
(Fig. 28.6).

Nevertheless, all potentiodynamic curves are situated at very low current densi-
ties, again showing that the anodization has a much more remarkable impact than the
incorporation of metals. According to the reference samples, it looks that copper
activates the AAO layer, whereas the Ni causes supplemental sealing of the layer.
These results are confirmed by the Tafel slope analysis, whose data are summarized
in Table 28.5.

Since the PDS method is not able to detect capacitance, unlike the EIS, it has
revealed rather high values of the polarization resistance (Rp) reaching 107 Ω cm2,
compared to the more than three orders of magnitude lower R(ct + oxy) values. Again,
the Rp values for all samples look rather similar to each other.

Nevertheless, the corrosion potential (Ecorr) values vary significantly in accor-
dance to the incorporated metal. The registered Ecorr values for all samples are
shifted towards the reference electrode due to an Ohmic drop resulting from the
high solution resistance. Thus, the Ni incorporation alters Ecorr in negative direction,
whereas the Cu incorporation shifts it in the opposite (positive) direction regarding
the Ecorr of the reference electrode.

This fact can be explained taking into account that copper is nobler than nickel
[64]:

Cu2þ þ 2e� ! Cu
�
, þ 337 mV vs: SHE ð28:2Þ

Cuþ þ e� ! Cu
�
, þ 521 mV vs: SHE ð28:3Þ

Niþ2 þ 2e� ! Ni
�
, � 250 mV vs: SHE ð28:4Þ

Finally, the Ecorr values of the mixed (Cu + Ni)-O-Al films tend to these of Cu,
revealing that this metal has a stronger impact on the resulting Ecorr value.
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28.4 Conclusions

The present work summarizes results of systematic elucidation of the surface
properties of Cu, Ni and Cu + Ni containing AAO layers, obtained by
AC-electrochemical incorporation. The barrier ability, hydrophobicity, color and
spectral characteristics were examined, in order to define the metal incorporation
mechanism and kinetics. The color characterizations reveal that the incorporation
results in obvious darkening of the almost white AAO layer to definite grey after
Cu-incorporation, whereas the incorporation of Ni converts the color of the oxide
layer to almost black. This color change remains for the combined (Cu + Ni)
samples, as well. The changes in the rest color parameters remain almost

Fig. 28.6 Potentiodynamic curves obtained after 24 h of exposure to 0.01 M NaCl solution

Table 28.5 Results of the analysis of the polarization curves

Sample 1 Sample 2 Average

Anodized reference samples

Ecorr (Vvs.Ag/
AgCl)

Rp (MΩ
cm2)

Ecorr (Vvs.
Ag/AgCl)

Rp (MΩ
cm2)

Ecorr (V vs.
Ag/AgCl) Rp (MΩ cm2)

�0.168 14.80 �0.166 3.01 �0.167 � 0.01 8.91 � 5.90

Anodized samples with copper incorporation

�0.036 14.99 �0.027 14.90 �0.030 � 0.05 14.95 � 7.48

Anodized samples with nickel incorporation

�0.106 8.14 �0.297 7.02 �0.202 � 0.096 7.58 � 0.56

Anodized samples with combined incorporation

�0.015 12.20 �0.030 9.26 �0.023 � 0.08 10.73 � 1.47
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indistinguishable, tending to zero in all cases. Only the addition of copper leads to a
clear brownish hue, due to the coincident darkening and yellowing, probably due to
the occurrence of metallic Cu (orange), Cu2O (reddish) and CuO (black). The black
color of the Ni-incorporated specimens shows the presence of black Ni2O3, with
complete absence or insignificant traces of NiO.

The sessile drop tests did not reveal any remarkable impact of the metal incor-
poration on the surface hydrophobicity. All modified samples possess the same
hydrophilic properties as the reference ones, probably due to the preferential
involvement of the metals inside the pores of the AAO layer composed of hydrated
Al2O3 and boehmite.

The EIS data revealed definite capacitive behavior of the specimens, due to the
clearly formed AAO films. The incorporation did not induce any remarkable impact
on the electrochemical characteristics of the Cu/Ni-O-Al films. The obtained results
were subjected to further analyses employing a suitable model equivalent circuit. It
included all the basic impedance elements: (i) solution resistance; (ii) AAO capac-
itance; (iii) charge transfer resistance; (iv) electrolyte resistance, enclosed in
the AAO pores, and (v) incomplete capacitances of the electric double layer and
the hindered diffusion inside the AAO pores. The EIS data analysis revealed that the
metal incorporation results in a drastic change of the capacitance of the oxide layer
and decrement of the resistance of the combined (Cu + Ni) incorporated specimens
with an order of magnitude, probably due to additional redox reactions between the
respective Cu and Ni oxides inside the pores.

The PDS measurements showed that the oxide layer does not passivate the
substrates completely, since for all samples the anodic branches possess a slope.
All curves were situated at very low current densities, exhibiting that the anodization
has a much more remarkable impact than Cu/Ni incorporation. The copper inclusion
activated the AAO layer, whereas nickel caused supplemental layer sealing.

The corrosion potential values varied significantly in accordance to the incorpo-
rated metal. The registered values for all samples are shifted towards the reference
electrode due to an Ohmic drop, resulting from the high resistance of the electrolyte.
Thus, Ni incorporation shifts the potential in negative direction, whereas Cu incor-
poration alters its values in the opposite (positive) direction regarding Ecorr of the
reference electrodes. This fact can be explained considering that copper is a nobler
metal than nickel.
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Chapter 29
Testing of pH Nanosensors Based
on Polyaniline/Carbon Nanostructures
Coated Screen Printed Electrode

Aleksandar Petrovski, Perica Paunović, Anita Grozdanov,
and Aleksandar T. Dimitrov

Abstract The aim of this study is to analyze the sensor activity of polyaniline
(PANI) based nanocomposites reinforced with carbon nanostructures (CNSs) such
as graphene (G) and multi walled carbon nanotubes (MWCNT), in order to use them
as pH sensors. For their realization the nanocomposites are applied on screen printed
electrode (SPE) by means of steady state electrochemical polarization. The optimal
conditions for electropolymerization of the PANI/CNSs on gold SPE were defined
by steady state polarization measurements. It was found that the optimal potential for
electropolymerization of the PANI based nanocomposites on gold SPE is
1.15 V vs. saturated calomel electrode (SCE). The prepared nanosensors are char-
acterized by scanning electron microscopy (SEM) and Fourier transform infrared
spectroscopy (FTIR). The stability of the nanosensors was tested in synthetic sea
water with pH ¼ 8.4 and the most stabile was 3% MWCNT reinforced PANI
nanocomposite at average of 12 min time, with minimal deviations for a period of
more than 30 days. The results show also that decreasing the temperature leads to
lower resistivity, which is attributed to reduced diffusion in the process of doping
and dedoping. On the other side this reflects in the increased stabilization time of the
nanosensor. Tests were conducted by two probe method to study the sensor activity
of the nanocomposites against pH changes. The pH changes varied from 8.49 to 7.96
and represent simulation of the changes happening in real sea water. It was found
that with changing the pH of the water, time of 1 min was needed for stabilization of
the sensor resistivity. The resistivity changes versus pH changes show linear depen-
dence by increasing the resistivity of the nanosensor with decreasing the pH of the
water.
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29.1 Introduction

Human activities such as industry, transportation etc. affect the surface waters
leading to pollution, which disrupts the ecological balance of the ecosystem. Mon-
itoring the pH changes of the surface waters is one of the appropriate methods for
detecting the presence of undesirable chemicals and corresponding chemical reac-
tions in these waters. The application of polymer/CNSs nanocomposites as
pH-sensors is one of the new promising approaches for monitoring of the pH
changes, compared to the traditional methods [1].

Due to its excellent properties (electrical, electrochemical, redox behavior, elec-
troluminescence, environmental stability, etc.), the simple preparation and the low
cost of the precursor (aniline), PANI has been considered as one of the most
promising material among the family of the conductive polymers [2–4]. Emeraldine
base is the only one conductive form of polyaniline, when converted into emeraldine
salt. As a result, PANI has been recognized as a suitable material for use in
electronics, optical and energy storage devices, sensors etc. [5–7]. However, there
are also some limitations for PANI applications, which are attributed to its poor
mechanical properties and low processability.

After the discovery of the carbon nanostructures (CNSs) such as carbon
nanotubes (CNTs) [8] and graphene [9], and revealing their extraordinary properties,
one of the first effective applications was for reinforcement of polymers. Reinforcing
of PANI with CNSs is very appropriate method to overcome the limitations of PANI
applications. Due to the synergetic effect that occurs between the polymer matrix
and the reinforcement, the newly formed structure exhibits improved properties and
behavior compared to the pure polymer, and in some cases even better than the pure
nanostructures [10, 11]. PANI/CNSs nanocomposites can be prepared by chemical
or electrochemical polymerization [3, 12].

The aim of this work is to test the sensing activity of our previously prepared
PANI/CNS nanocomposites [13–15], which are deposited on gold screen printed
electrode (SPE) in order to use them for detecting the pH changes in the marine
waters.

29.2 Experimental

PANI/CNSs nanocomposites were deposited on SPE in order to produce
nanosensors for monitoring the pH of the marine water. The procedure is actually
steady state electropolymerization of aniline to PANI in presence of CNS such as
graphene and MWCNT. The electrochemical polymerization was performed in a
standard electrochemical cell with capacity of 50 ml, equipped with three electrode
system (Fig. 29.1). Gold SPE was used as working electrode and platinum mesh net
as a counter electrode, while a saturated calomel electrode (SCE) was used as a
reference electrode. The electrolyte contained 0.1 M aniline and 0.5 M H2SO4. CNSs
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(produced by molten salt electrolysis in the laboratory of the Faculty of Technology
and Metallurgy in Skopje) were firstly modified in concentrated solution of H2SO4

and HNO3 with ratio 3:1 respectively, then purified with boiled deionized water and
dried at 70 �C in air atmosphere.

Before the electropolymerization process, CNSs were dispersed in the electrolyte
by sonification for 30 min in an ultrasonic bath. Electropolymerization was carried
out at a constant potential of +1.15 V vs. SCE until the current reached 1.1 mA.
These data were obtained from the steady-state polarization measurements presented
in Fig. 29.2. The prepared nanocomposites have CNSs content of 3 wt. % vs. wt. of
the aniline.

V A

Au – SP elecrode

Aniline + CNS + H2SO4, pH∼1

1.15 V vs SCE

PANI - CNS (film)
on gold SPE

CNSs dispersed in electrolyte

Fig. 29.1 Electrochemical polymerization of PANI/CNSs nanocomposites on SPE
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Fig. 29.2 Polarization curve of electropolymerization of PANI (electrolyte: 0.1 M aniline +0.5 M
H2SO4 + CNSs)
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The morphology of the nanocomposites was analyzed with a scanning electron
microscope FEI Quanta 2000 using a secondary electron detector and acceleration
voltage of 30 kV. FTIR spectroscopy was conducted in a region of 400–4000 cm�1

using Perkin Elmer spectrum 100 system. For analyzing the sensor activity of the
nanocomposites vs. pH changes, two probe method was applied with YH187 Digital
Meter Electrical Auto Multimeter High Accuracy DMM True RMS AC/DC OHM
Tester.

29.3 Results and Discussion

Figure 29.2 shows a steady state polymerization measurement for
electropolymerization of aniline in presence of CNSs. The measurements were
performed in the region from 0 to 2 V. All steps of transformation from aniline to
polyaniline were observed. The most important is the part from a to b, where the
emeraldine form of PANI is formed. Therefore, from this investigation it can be
found that the optimal potential is 1.15 V in order to obtain emeraldine salt with 50%
oxidized and reduced amino groups. This form of PANI actually possesses the
highest electrical conductivity [16, 17]. After production, the nanosensors were
characterized by SEM and FTIR.

From the SEM microphotographs (Fig. 29.3) it can be seen that the PANI has
granular and porous morphology [18] and the diameters of the grains vary from 10 to

Fig. 29.3 SEM images of the PANI/CNSs nanocomposites on SPE (yellow arrows show PANI,
red – CNSs)
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300 nm. CNSs are embedded into the polymer matrix forming conductive nets,
which play a role of catalysts in the electropolymerization process. From both types
of nanocomposites, PANI/MWCNTs have shown better morphology than the PANI/
G nanocomposites.

All the characteristic chemical bonds in the obtained nanocomposites were
detected by FTIR spectroscopy. The peaks around 1050 cm�1 are characteristic
for the activated CNSs, the peaks around 1480 and 1580 cm�1 for the emeraldine salt
form of PANI, and those around 1150, 1250, and 2920 cm�1 for the formed
nanocomposites [19] (Fig. 29.4).

After the characterization of the nanosensor morphology and structure, the next
step was to test its stability (Fig. 29.5a). The obtained results revealed that the
nanosensor is stable for 30 days with several changes that are classified in four
main periods. In the first period the nanosensor is stable for 9 days in synthetic sea
water and after that its resistance decreases. This resistivity remains only for 1 day
and after that the sensor tries to recover in its previous stable form, due to
the processes of doping and dedoping in the polymer matrix. After this period, the
sensor is stable for 9–10 days and the same processes start all over again. From the
results it is confirmed that the processes of doping and dedoping occur without any
obstacles when the sensor is rinsed in water, and this should be taken into account
within the pH sensor assembling.

The dependency of the nanosensor resistance versus the temperature changes and
the time of stabilization were also investigated within this period (Fig. 29.5b). The
stabilization time was measured from the moment when the sensor was plugged until
the moment when the resistance reached a stabile value without oscillations. This
can be seen from the yellow curve in the Fig. 29.5b. The initial stabilization time
varied around 12 min (green curve in Fig. 29.5b) with some deviations which can be
attributed to the temperature changes (black curve in Fig. 29.5b). It was found that
the nanosensor resistivity decreases with decreasing the temperature, but the time of
stabilization increases. This is due to the diffusion impacts in the processes of doping
and dedoping.

The sensor activity was investigated in synthetic sea water by varying the pH
from 8.49 to 7.96, which was a simulation of the real pH changes of the marine
waters (Fig. 29.6). It was confirmed that the nanosensor shows linear dependency
and the time for stabilization of the resistivity between every pH change is only
1 min. By decreasing the pH of the water, the resistivity of the nanosensor increases
following a linear function.

29.4 Conclusion

From the presented results it can be concluded that the optimal potential for
electropolymerization of PANI/CNS based nanocomposites on gold SPE is
1.15 V vs. saturated calomel electrode. The best stability was exhibited by 3%
MWCNT reinforced PANI nanocomposite nanosensor at average of 12 min with
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Fig. 29.5 Resistivity changes of the nanocomposites vs. time (a) and vs. temperature and time of
stabilization (b) in a period of 30 days
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minimal deviations. The sensor is stabile for more than 30 days. Temperature
decrease leads to decreased resistivity, which is attributed to the reduced diffusion
in the processes of doping and dedoping. On the other side this reflects in the
increased stabilization time of the nanosensor. With changing the pH of the water,
response of 1 min is needed for stabilization of the sensor resistivity. The resistivity
changes versus pH show a linear dependence of increasing the resistivity of the
nanosensor with decreasing the pH of the water. Based on the obtained results,
processes of doping and dedoping in the polymer matrix can be considered as the
main sensory mechanisms for these types of nanocomposites.
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Chapter 30
WO3-Based Glass-Crystalline Sensor
for Selective Detection of Ammonia Gas

Mohamed Ataalla, Amr Mohamed, Mohamed A. Ali, Mohamed Hassan,
Nagat Hamad, and Ahmed Sabry Afify

Abstract In this study, WO3-based glass-crystalline material from the WO3-ZnO-
La2O3-Al2O3 system, containing high amount of tungsten oxide was synthesized by
melt-quenching technique. The sol-gel technique was used to prepare the glass
powder which was then dispersed in an organic solvent to make a printable ink.
The latter afterwards was screen-printed as a thick film on an alumina substrate
having interdigitated platinum electrodes in order to be used as a gas sensor. The
fabricated material was characterized by X-ray diffraction (XRD), field emission
scanning electron microscopy (FE-SEM) and thermo-gravimetric analysis (TGA).
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The sensitivity of the prepared sensor was noticeably high at low concentrations of
NH3 at different temperatures. Moreover, the sensing film was selective as there was
no response toward both CO2 and CH4 at the same conditions.

Keywords WO3-based glass · Melt-quenching · Screen printing · Ammonia sensing

30.1 Introduction

The fabrication of selective gas sensors useful in different fields such as agriculture,
food, medicine, and industries has been of a high interest during the last decade.
Among various gases, NH3 is one of the major toxic atmospheric pollutants which
causes adverse effects on human beings as well as on the whole ecosystem. There-
fore, it is crucial to continuously monitor the levels of NH3 gas [1]. Tungsten is the
most widely used transition element in the sensor technology utilized to measure the
levels of H2S or NO2 in addition to some other gases [1–4]. Moreover, different
WO3-based systems including other non-transition metal oxides, such as ZnO and
SnO2, have been prepared to enhance the gas-sensing properties [5–11]. As the
chemical, physical and sensing characteristics of the metal oxide sensors are greatly
affected by the method of synthesis, many preparative routes have been used for the
preparation of WO3 and WO3-based gas sensing materials. They include
electrospinning [12], solvothermal [13], modified thermal evaporation [14], precip-
itation [15], flame spray pyrolysis [16] and sol-gel technique [17]. Thus, the devel-
opment of new preparation routes as well as the compositional variations are the two
main promising perspectives to achieve significantly improved sensitive and selec-
tive gas-sensing materials.

ZnO is n-type semiconductor oxide with a large excitation binding energy
(60 meV) and a wide band gap energy (3.37 eV). Due to its excellent structural,
optical and catalytic properties, it is often used in many applications [18, 19]. Great
attention is paid to study the ZnO sensing properties towards relative humidity and
different gases such as methanol, ethanol, propyl alcohol and methane [19–23].

Keeping in mind the abovementioned information in addition to our previous
results [24, 25] utilizing melt-quenching and crystallization for the preparation of
materials in the WO3-ZnO-Nd2O3-Al2O3 system for ammonia and humidity sensing
applications, in the current study we have investigated the WO3-ZnO-La2O3-Al2O3

system [25]. The aim of this research was to synthesize glass-crystalline materials
from the WO3-ZnO-La2O3-Al2O3 system containing high content of WO3 by apply-
ing controlled glass crystallization methods and to validate its sensitivity towards
ammonia under different conditions.
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30.2 Materials and Methods

30.2.1 Powder Preparation and Characterization

The raw materials (reagent gradeWO3, ZnO, La2O3 and Al2O3) purchased from Alfa
Aesar, USA, were with purity of 99.95%. Two batches with nominal compositions
76WO3�9.5ZnO�9.5La2O3�5Al2O3 and 60WO3�7.5ZnO�7.5La2O3�25Al2O3 were
mixed and homogenized using porcelain pestle and mortar, and afterwards molten
in platinum crucible at 1240 �C for 20 min in an aerobic atmosphere. Those thermal
conditions were selected based on the phase diagrams for the desired system. The
melt was then quenched (fast cooled) by pouring and pressing between two copper
plates (cooling rates 10–102 K/s). The obtained powders were characterized by
X-ray phase analysis in the range 0 < 2θ < 60 with a Bruker D8 Advance Diffrac-
tometer, using Cu-Kα radiation in order to study the phase formation in the prepared
samples.

The glass transition (Tg), crystallization (Tp) and melting temperatures (Tm), as
well as the thermal stability were determined using differential thermal analysis
(DTA) (instrument STA PT1600 TG-DTA/DSC). The obtained glasses were
subjected to a heat treatment for 6 h at 530 �C then for 3 h at 550 �C and finally
for 12 h at 560 �C in air in platinum crucibles, where the glass-crystalline specimens
were obtained. The phase formation of the glass-crystalline samples was investigated
by XRD analysis.

The glass-crystalline samples were studied by scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS). SEM analyses were
performed on a JSM 6390 electron microscope (Japan) in conjunction with energy
dispersive X-ray spectroscopy (EDS, Oxford INCA Energy 350) equipped with
ultrahigh resolution scanning system (ASID-3D) in regimes of secondary electron
imaging (SEI) and back scattered electrons (BEC) imaging. The samples were
carbon-coated (time of coating was about 20 s), at that thickness carbon should
have little or no effect on the elemental analysis. The accelerating voltage was 20 kV
and the current 65 mA. The pressure was on the order of 10�4 Pa.

30.2.2 Ammonia sensor Preparation and Sensing Mechanism

The sensors were prepared and tested as follows:

30.2.2.1 Preparation of the Interdigitated Platinum Electrodes

Platinum conductor paste (ESL 5545, from Electro-Science, King of Prussia, PA,
USA) was deposited manually by screen-printing technique onto 0.85 cm � 5 cm
planar α-alumina substrates (ADS-96 R, 96% alumina, Coors Tek, USA) by using a
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rubber squeegee through a 270 mesh steel screen. After drying overnight, these
devices were heated at 500 �C for 20 min with a 2 �C/min heating/cooling ramp to
optimize the electrical conductivity of the electrodes (based on the ink manufac-
turer’s recommendations).

30.2.2.2 Preparation of the Screen-Printable Ink

The ink was prepared by dispersing the prepared powders in a suitable amount of the
organic solvent ethylene glycol monobutyl ether (Emflow 227, Emca-Remex prod-
ucts, England) to reach the appropriate rheological behavior, adherence to the
substrate, and to achieve the correct thermal shrinkage properties during the process
of screen-printing to obtain a consolidated film.

30.2.2.3 Preparation of the Sensing Film

The screen-printable ink was then manually deposited onto the interdigitated plati-
num electrodes by the conventional screen-printing technique using a rubber squee-
gee through a 270-mesh steel screen. Once these films were dried, the sensors were
heated at 500 �C for 1 h with a 2 �C/min heating/cooling ramp. The formed thick
films had thicknesses of about 30–40 μm and surface areas of about 1 cm2. Scotch
tape tests on the films revealed a good adhesion onto the substrates.

30.2.2.4 Testing of the Ammonia Sensors

The sensors were electrically characterized using a laboratory apparatus including a
thermostated chamber working at 25 �C in which the relative humidity (RH) could
be controllably varied between 0 and 96% where the experimental details have been
previously reported [26]. RH values were measured by a commercial humidity and
temperature probe (Delta Ohm DO9406, Italy) with accuracy of �2.5% in the
5–90% RH range. The NH3 concentration (in ppm) was estimated by chemical
computation from the vapor pressure of ammonia at 27 �C diluted into water in
the ratio 1:20 [27]. These values were then transformed in mole fractions in order to
determine the amount of ammonia in 1 L air and to obtain the ppm corresponding
value from the volume of 1 mol ammonia at 27 �C. All sensors were first tested in
humid atmosphere, then in NH3 atmosphere and their electrical characterizations
were evaluated by comparing the gas response to the RH and the ammonia concen-
tration. In particular, the sensor response expressed in % (SR %) was defined as the
relative variation of the initial resistance compared to the resistance measured in the
atmosphere of the intended gas, as in Eq. (30.1):
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SR %ð Þ ¼ 100
R0 � Rgj j

R0
ð30:1Þ

where R0 is the original resistance in the presence of air flow and Rg the resistance
after exposure to NH3 gas at equilibrium, i.e. when the active surfaces of the sensor
are saturated by the gas in the atmosphere (specifically NH3).

30.3 Results and Discussions

30.3.1 Materials Characterization

The two studied compositions of the obtained glass phase before the heat treatment
of 76WO3�9.5ZnO�9.5La2O3�5Al2O3 and 60WO3�7.5ZnO�7.5La2O3�25Al2O3 will
be referred to as “A” and “B”, respectively. The samples will then be annotated as
“C” and “D” for the obtained glass-crystalline samples which contain WO3 and
glass. Both A and B were amorphous according to the XRD analysis, which was also
confirmed by the DTA curves of the synthesized glasses (Fig. 30.1). The glasses are
characterized by a hump in the DTA curves, corresponding to the glass transition
temperature (Tg) followed by an exothermic effect connected with the crystallization
temperatures of the glasses (Tx). The calculated ΔT ¼ Tx � Tg was 80 �C for the
sample A and 100 �C for the sample B, which corresponds to a good thermal stability
of the obtained amorphous specimens.

Heat treatment was applied for different durations at a temperature around the
crystallization temperatures Tx for the samples A and B. The obtained phases in the
treated samples were investigated using XRD, showing that glass-crystalline spec-
imens were obtained for samples C and D, since they contain WO3 as a crystalline
phase. The XRD results for the samples C and D were in a good agreement with the

Fig. 30.1 XRD patterns (left) and DTA curves (right) of the samples A and B
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SEM analysis. The glass-crystalline samples are amorphous with some peaks indi-
cating the presence of WO3 crystals (JPCD card 43-1035), which was also confirmed
by the EDX elemental analysis that calculated the WO3 content at about 16 mol% as
can be seen in Fig. 30.2.

30.3.2 Measurement of Sensitivity Towards NH3

It is well known that the oxygen from the atmosphere is adsorbed on the exposed
layer of the sensor and then captures electrons from it, increasing the concentration
of the holes. For that reason, when the sensor is exposed to an NH3 atmosphere, the
electrons are trapped which causes a strong decrease of the electrical resistance,
resulting in a strong increase of the sensor response.

The electrical responses of both investigated samples C and D varied starting
from 10 ppm NH3, then the increase of NH3 concentration induced capillary
condensation although sample C showed better response and sharp increase starting
from 45 ppm NH3 which can be seen in Fig. 30.3. This may be attributed to the
higher content of WO3 in its composition, which enhanced the electron transfer in
the sensing layer if compared to sample D.

The response and recovery times of both samples are reported in Table 30.1,
where the response time is the time taken by a sensor to achieve 50 or 90 ppm of NH3

in the case of gas adsorption, and the recovery time is the time necessary to describe
the total resistance changes in the case of gas desorption. These response and
recovery times are quite fast for both samples, although the sample C is quite faster
than the sample D.

Fig. 30.2 XRD patterns of the samples C and D (left) and SEM and EDX of the sample C (right)
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30.3.3 Cross-Sensitivity Measurements

Cross-sensitivity measurements were finally performed with respect to CH4

(100 ppm) and CO2 (200 ppm), where the concentrations of both gases were
determined by a specified probe. It was found that there was no variation in the
electrical resistance of both samples when exposed to these gases, which means that
the sensor was selectively sensitive towards NH3 and insensitive towards CH4 and
CO2.

30.4 Conclusions

Glass-crystalline materials of the system WO3�ZnO�La2O3�Al2O3 with different
compositions were prepared using screen-printed technique to be employed as
ammonia gas sensors. In NH3 atmosphere, the samples showed good responses
starting from 10 ppm NH3. The best response was found for the sensor with the
higher content of WO3. The response and recovery times were quite fast for both
tested samples. Additionally, the fabricated gas sensors showed selective sensitivity
towards NH3, and insensitivity towards CH4 and CO2 gases.

Fig. 30.3 Sensor responses
(SR) of the samples C and D
toward NH3 changes

Table 30.1 Response and
recovery times of the samples
C and D

Response time (min) C D

From 0 to 50 ppm NH3 2.8 5.1

From 0 to 90 ppm NH3 4.5 5.7

Recovery time (min) C D

From 50 to 0 ppm NH3 0.8 1.6

From 90 to 0 ppm NH3 1.1 2.3

30 WO3-Based Glass-Crystalline Sensor for Selective Detection of Ammonia Gas 385



References

1. Kulkarni S, Navale Y, Navale S, Stadler F, Ramgir N, Patil V. Hybrid polyaniline-WO3 flexible
sensor: A room temperature competence towards NH3 gas. Sensors and Actuators B: Chemical.
(2019); 288:279–288.

2. He M, Xie L, Zhao X, Hu X, Li S, Zhu Z-G. Highly sensitive and selective H2S gas sensors
based on flower-like WO3/CuO composites operating at low/room temperature. Journal of
Alloys and Compounds. (2019); 788:36–43.

3. Kamble C, Panse M, Nimbalkar A. Ag decorated WO3 sensor for the detection of sub-ppm level
NO2 concentration in air. Materials Science in Semiconductor Processing. (2019); 103:104613.

4. Staerz A, Liu Y, Geyik U, Brinkmann H, Weimar U, Zhang T, et al. The effect of platinum
loading on WO3 based sensors. Sensors and Actuators B: Chemical. (2019); 291:378–384.

5. Lee I, Choi S-J, Park K-M, Lee SS, Choi S, Kim I-D, et al. The stability, sensitivity and
response transients of ZnO, SnO2 and WO3 sensors under acetone, toluene and H2S environ-
ments. Sensors and Actuators B: Chemical. (2014); 197:300–307.

6. Sun J, Sun L, Han N, Pan J, Liu W, Bai S, et al. Ordered mesoporous WO3/ZnO
nanocomposites with isotype heterojunctions for sensitive detection of NO2. Sensors and
Actuators B: Chemical. (2019); 285:68–75.

7. Shakya V, Pandey NK. Structural and moisture sensing properties of WO3-ZnO
nanocomposites synthesized by a soft chemical route. Materials Today: Proceedings. (2018);
5(3):9082–9088.

8. Park S. Enhancement of hydrogen sensing response of ZnO nanowires for the decoration of
WO3 nanoparticles. Materials Letters. (2019); 234:315–318.

9. Zheng H, Ou JZ, Strano MS, Kaner RB, Mitchell A, Kalantar‐zadeh K. Nanostructured tungsten
oxide - properties, synthesis, and applications. Advanced Functional Materials. (2011); 21
(12):2175–2196.

10. Potje-Kamloth K. Semiconductor junction gas sensors. Chemical Reviews. (2008); 108
(2):367–399.

11. Kamali Heidari E, Marzbanrad E, Zamani C, Raissi B. Nanocasting Synthesis of Ultrafine WO3

Nanoparticles for Gas Sensing Applications. Nanoscale Research Letters. (2009); 5(2):370–
373.

12. Leng J-y, Xu X-j, Lv N, Fan H-t, Zhang T. Synthesis and gas-sensing characteristics of WO3

nanofibers via electrospinning. Journal of Colloid and Interface Science. (2011); 356(1):54–57.
13. Liu B, Cai D, Liu Y, Wang D, Wang L, Wang Y, et al. Improved room-temperature hydrogen

sensing performance of directly formed Pd/WO3 nanocomposite. Sensors and Actuators B:
Chemical. (2014); 193:28–34.

14. Ponzoni A, Comini E, Ferroni M, Sberveglieri G. Nanostructured WO3 deposited by modified
thermal evaporation for gas-sensing applications. Thin Solid Films. (2005); 490(1):81–85.

15. Sriyudthsak M, Supothina S. Humidity-insensitive and low oxygen dependence tungsten oxide
gas sensors. Sensors and Actuators B: Chemical. (2006); 113(1):265–271.

16. Siriwong C, Wetchakun K, Wisitsoraat A, Phanichphant S, editors. Gas sensing properties of
WO3-doped ZnO nanoparticles synthesized by flame spray pyrolysis. SENSORS, IEEE; 25–28
Oct. (2009).

17. Kim S-J, Cho P-S, Lee J-H, Kang C-Y, Kim J-S, Yoon S-J. Preparation of multi-compositional
gas sensing films by combinatorial solution deposition. Ceramics International. (2008); 34
(4):827–831.

18. Ong H, Lei D, Li J, Xu J. ZnO platforms for enhanced directional fluorescence applications.
Metal-Enhanced Fluorescence: John Wiley and Sons; (2010); p. 393–418.

19. Hahm Ji. Enhanced fluorescence detection enabled by zinc oxide nanomaterials. Metal-
Enhanced Fluorescence: John Wiley and Sons; (2010); p. 363–391.

20. Kanan SM, El-Kadri OM, Abu-Yousef IA, Kanan MC. Semiconducting metal oxide based
sensors for selective gas pollutant detection. Sensors. (2009); 9(10):8158–8196.

386 M. Ataalla et al.



21. Cheng X, Zhao H, Huo L, Gao S, Zhao J. ZnO nanoparticulate thin film: preparation,
characterization and gas-sensing property. Sensors and Actuators B: Chemical. (2004); 102
(2):248–2452.

22. Nunes P, Fortunato E, Lopes A, Martins R. Influence of the deposition conditions on the gas
sensitivity of zinc oxide thin films deposited by spray pyrolysis. International Journal of
Inorganic Materials. (2001); 3(8):1129–1131.

23. Pál E, Hornok V, Kun R, Oszkó A, Seemann T, Dékány I, et al. Hydrothermal synthesis and
humidity sensing property of ZnO nanostructures and ZnOIn(OH)3 nanocomposites. Journal of
Colloid and Interface Science. (2012); 378(1):100–109.

24. Ataalla M, Milanova M, Hassan M, Afify AS, Tulliani J, Dimitriev Y. Nano-and microsized
phases in the WO3-ZnO-Nd2O3-Al2O3 system for applications in environmental monitor-
ing. Nanoscience Advances in CBRN Agents Detection, Information and Energy Security:
Springer; (2015); p. 451–459.

25. Ataalla M, Afify AS, Hassan M, Adam A, Milanova M, Piroeva I. Humidity Sensing Properties
of Tungsten Based Glass Crystalline Materials in the WO3-ZnO-La2O3-Al2O3 Sys-
tem. Advanced Nanotechnologies for Detection and Defence against CBRN Agents: Springer;
(2018); p. 417–425.

26. Tulliani J-M, Bonville P. Influence of the dopants on the electrical resistance of hematite-based
humidity sensors. Ceramics International. (2005); 31(4):507–514.

27. Don WG, Marylee ZS. Perry’s Chemical Engineers’ Handbook, 9th Edition. McGraw-Hill
Education; (2019).

30 WO3-Based Glass-Crystalline Sensor for Selective Detection of Ammonia Gas 387



Part XI
Applications: Water Treatment,

Environment and Energy



Chapter 31
Optimizing Bacterial Cellulose Production
Towards Materials for Water Remediation

Víctor Calvo, Javier Torrubia, Domingo Blanco, Enrique García-Bordeje,
Wolfgang K. Maser, Ana M. Benito, and Jose M. González-Domínguez

Abstract Cellulose is a renewable alternative to mass consumption plastics, but its
manufacture by the classical methods is not sustainable due to the use of large
amounts of strong acids, bases and/or organic species (e.g. ionic liquids) in its
production, generating many residues. Bacterial cellulose (BC) has a simpler
processing because it is much more cleanly generated. In this work, BC aerogels
and xerogels are compared in order to ascertain how the bacterial culture conditions
(pH, carbon and nitrogen sources) and the raw hydrogels processing determine their
thermal stability, crystallinity index, swelling ratio and flammability. The most
notable results are the influence of the drying method on the swelling ratio and the
carbon source on the thermal stability. Finally, a feasible application of BC aerogels
is presented by treating contaminated water and by capturing water within a
non-polar solvent, taking advantage of the dry BC sorption capacity.

Keywords Bacterial cellulose · Sustainability · Nanotechnology · Environment ·
Water remediation

31.1 Introduction

Polymers are fundamental materials in our society, being present in a myriad of
products such as computers, food packaging or textiles. The main reasons of their
importance are versatility, low costs of production and a wide variety of properties;
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however, there are different problems related to the environmental burden associated
to polymer production from non-renewable materials (e.g. petrol) [1] and the
deficient management that has been traditionally followed for plastics re-use and
recycling.

Bioplastics are an alternative to the ordinary plastics as they are produced from
renewable sources, entailing a lesser extent of contaminants upon degradation.
Nevertheless, the bioplastics possess a higher cost of production and not so many
areas of application, reasons why it is imperative to continue exploring and inves-
tigating a way to reach a sustainable development of these materials [2].

An additional risk associated with an excessive consumption is the contamination
of drinking water, a renewable resource but not endless, with about four billion
people facing scarcity of drinking water at least 1 month per year [3]. This is a
problem not only derived from a consumer society but also due to different industrial
processes and to the degradation of plastics and other materials in rivers and
underground wells.

Cellulose is the most abundant biopolymer on Earth, and the main structural
component of plants, widely used to produce paper and cardboard, or more specific
applications like coatings, membranes or pharmaceuticals. Its structure is fibrillar
and is formed by polymerized D-glucose rings linked by β-1,4 bonds. Its most
important characteristics are a hydrophilic character, chirality, biodegradability and
the possibility of chemical modification to create products like cellulose acetate or
nitrocellulose [4].

There are multiple renewable sources containing cellulose, namely cotton, wood
pulp or agricultural/food waste, but in these vegetable materials the concomitant
presence of other biopolymers such as lignin or hemicelluloses (that are not as useful
as cellulose) makes it necessary to perform a thorough separation procedure to
isolate the cellulose. Traditional methods to process cellulosic materials need strong
acids and bases, or even organic liquids, in order to obtain cellulose with a certain
degree of purity. This approach does not match at all with the principles of green and
sustainable chemistry because of the excessive energy and reagents input, signifi-
cantly rising the price of the final products [4, 5].

To improve the sustainability and affordability of cellulose production, besides
improving its native properties, it is of paramount importance to develop a straight-
forward process leading to a high purity product with the minimum generation of
residues. These principles can be fulfilled by bacterial cellulose (BC). Aerobic
bacteria belonging to the acetobacter genus are able to produce hydrogels of BC
by oxidative fermentation of simple sugars (mono and disaccharides) like glucose,
fructose or saccharose. Such cellulose hydrogels are produced at the interface
between the culture medium and the air, generating a three-dimensional network
of nanosized fibres, randomly oriented with high surface area and porosity [6].

Bacteria produce BC without the need of any other inputs, easing the processing
and generating purer and more crystalline cellulose. The composition of the culture
medium can be optimized to increase the production rate and the characteristics of
the materials [5]. The as-made hydrogels can be dried, ending up in xerogels or
aerogels, having a critical influence on the swelling degree and the porosity of the
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final material [6]. Actually, there is a huge investigation effort to make use of
residues, derived from large-scale production surpluses, to generate BC; for instance,
corn steep liquor [7] or industrial waste [8], thus reasserting the feasibility and
affordability of the BC production. However, every bacterial strain needs particular
conditions not only to optimally produce BC, but also to provide useful materials
with the best features, being the reason why it is of special relevance to study the
influence of the bacterial culture conditions on the eventual characteristics of
processed BC materials.

In the present work, we report on the synthesis and characterization of BC
materials, in which the composition of the bacterial culture medium (namely pH
and carbon source) has been explored to be related to the final properties of derived
xerogels and aerogels, with particular focus on their thermal stability and crystallin-
ity. The aim is to achieve nanocellulose materials with optimal properties to be used
for water remediation by tuning the production step.

31.2 Experimental

31.2.1 Materials and Production Methodology

BC hydrogels were produced by Komagateibacter xylinus bacteria, bought from the
Colección Española de Cultivos Tipo (CECT), Valencia (Spain), in a fresh form
(CECT/473). All reagents were purchased from Sigma Aldrich (reagent grade) and
applied without further treatment. The initial culture medium was the Hestrin-
Schramm (HSM) broth [9]. To modify the pH, sodium hydroxide or citric acid
were used. Additionally, different carbon sources were tested, e.g. glucose, fructose
or saccharose. The bacterial culture was carried out in 250 ml Erlenmeyer flasks at a
stable temperature in the range of 28–30 �C. At the interface between the air and the
culture medium BC hydrogels are formed, and when their size is large enough, they
tend to fall to the bottom of the flask, so then they can be removed and processed.
Once a hydrogel pellicle falls from the culture medium interface, another hydrogel is
formed subsequently, being some sort of a discontinuous multilayer production.

31.2.2 Cleaning and Drying of Bacterial Cellulose Hydrogels

Hydrogels need to be cleaned in order to eliminate the residues from the bacteria and
the culture medium. The cleaning procedure, for every hydrogel pellicle, starts by
immersion in 250 ml of boiling deionized water for 40 min. Afterwards, it is soaked
four times in 150 ml of fresh 0.1 M NaOH solution at 90 �C for 20 min. A
subsequent neutralization is then performed with an excess of deionized water for
at least 24 h until pH becomes neutral. Once the hydrogels are clean, they can be
dried by two different means: on the one hand, the drying under an extraction hood
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followed by desiccator renders BC xerogels; on the other hand, the freezing of BC
hydrogels with liquid nitrogen and incorporation into a freeze-dryer (Telstar
Cryodos, �49 �C, 0.3 mbar) provides BC aerogels.

31.2.3 Characterization

The production rate in the different culture media has been carefully analysed and
compared. To evaluate the properties of the BC xerogels and aerogels generated by
drying BC hydrogels, four techniques have been applied:

31.2.3.1 X-Ray Diffraction

A Bruker D8 Advance diffractometer was used, and the data were processed with
Topas 5.0 software. The source of the X-rays was a copper tube with 40 kV
acceleration voltage and 40 mA current. Diffractograms were registered in intervals
of 0.05� and 3 s of accumulation time, in a Bragg-Brentano methodology in a range
of 2θ¼ [10–40�] [10]. They were processed with the Origin 9.1 software to compare
the diffractometers, the crystallinity index (CI) was calculated from the relationship
between the (200) peak intensity, I(200), and the valley of the amorphous cellulose
I(am) [6]:

CI %ð Þ ¼ I 200ð Þ � I amð Þ
� �

I 200ð Þ
� 100

31.2.3.2 Thermogravimetric Analysis

Samples were registered with a Netzsch TG 209F1 device in a nitrogen atmosphere.
The heating ramp was 10 �C/min from 30 �C to 800 �C [10]. The thermal degrada-
tion profiles were evaluated according to three parameters: the temperature of the
degradation onset, the temperature of maximum degradation rate (Tmax) and the final
residue ratio (in %). This latter value can be related to the oxygen index (OI) and the
flammability of the sample through the empirical Van Krevelen equation [11]:

OI %ð Þ ¼ 17, 5þ 0, 4 � %Residueð Þ

A material can be considered flammable when OI � 26%.
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31.2.3.3 Swelling Degree

With this procedure, the capability of water uptake exhibited by BC xerogels and
aerogels was assessed. The samples were weighed in dry form and then immersed in
water. The weighing was performed again (preceded by gentle removal of the excess
water) at intervals of 1 min until reaching 15 min. From this point on, the weighing
was made at 30 min, 1 h and day by day until a stable and unchanged mass is
recorded (meaning that the material has reached its maximum water uptake capac-
ity). This maximum swelling degree was calculated with the following equation, in
which m is the maximum mass and m0 the initial mass:

Swelling degree ¼ m� m0

m0
� 100

31.2.3.4 Scanning Electron Microscopy

Images of the surface microstructure and morphology were acquired with a JEOL-
200FXII scanning electron microscope and collected in the secondary electron
mode. Given the electrically insulating nature of BC, it was necessary to cover its
surface with a thin layer of gold (15 nm) before visualizing.

31.3 Results and Discussion

31.3.1 Influence of the Drying Methods

As stated above, from the produced BC hydrogels, one can obtain useful
nanocellulose-based materials upon drying. The characteristics of such materials
can be very dependent on the drying method, what we illustrate here. From the
various possible drying methods which could be applied, we have focused on two
specific ones: drying in ambient conditions (by aid of a fuming hood and a desic-
cator), and lyophilization (by aid of a freeze-drying device).

The as-obtained aerogels and xerogels from the same culture conditions were
compared, in order to isolate the influence of the drying method. The biggest
difference found was in the swelling degree (Fig. 31.1), the aerogels have about
six times more water absorption capacity than the xerogels and are able to take a
mass of water nearly 100 times its weight. This aspect is determined by the lack of
pore-filling fluid in the xerogels, whereas in the aerogels the original porous structure
of hydrogels is maintained, but these are filled with air. The porosity is also
appreciable by SEM (Fig. 31.2), in which the space between the fibres within the
aerogel is clearly seen, but in contrast, the xerogel fibres are visibly compact. In the
real images of the samples (insets in Fig. 31.2), this aspect is also observed, the
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aerogels are thicker and more opaque than the xerogels. The obtained morphologic
profiles present a similar aspect like those reported in the literature with the same
bacterial strain or with K. sucrofermentans but differ from others like the ones
produced with Gluconacetobacter hansenii or G. europaeus [6–8]. This reveals
the influence of the bacterial strain on the microstructure of the BC aerogels and
xerogels.

Differences in thermal stability were noticed as well (Fig. 31.3). According to
their respective thermograms, the BC aerogels generated less amount of solid residue
upon heating than the xerogels, but their degradation profile is very similar. The
influence of the drying method on the percentage of residue can be critical as for the
material’s flammability. In Fig. 31.3, the xerogels are non-flammable (residue above
20 wt%, hence OI � 26%) and their lyophilized counterparts are mostly flammable
(residue below 20 wt%, hence OI � 26%).

The comparison between the X-ray diffractograms of the xerogels and the
aerogels displays also differences between both types of BC materials (Fig. 31.4).
The (110) crystalline plane is more intense in the aerogels, as compared to xerogels,

Fig. 31.1 Swelling degree of a BC xerogel and a BC aerogel coming from the same hydrogel,
cultured in optimal conditions, but dried differently

Fig. 31.2 SEM images of a BC xerogel (left) and a BC aerogel (right). Insets show real photo-
graphs of these materials
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and the inverse trend is observed for the (1–10) plane. The CI is also different,
slightly higher in the xerogels (89.31%) than in aerogels (86.08%), evidencing the
influence of the drying method on the ordering of the cellulose fibres. By comparing
our XRD profiles with other ones from BC produced with different bacteria, such as
G. hansenii [7] or Asaia bogorensis [12], the relative intensity between the two main
peaks is somewhat different, but the difference in XRD profiles between the aerogels
and the xerogels is not observed, as it was reported elsewhere for the same bacteria
[6]. So the drying method is particularly influent in the case of K. xylinus. In essence,
the selected drying method of BC hydrogels stemming from K. xylinus is of
paramount importance to tailor the BC physical properties, being able to provide a
specific water uptake capacity or thermal degradation and flammability profiles.

Fig. 31.3 Thermograms, in a relative scale, of dried BC hydrogel samples (3 equivalent replicas of
a given hydrogel). Solid lines correspond to aerogels, while dotted lines correspond to xerogels

Fig. 31.4 X-ray diffractograms of dried BC hydrogel samples (3 equivalent replicas of a given
hydrogel). Solid lines correspond to aerogels, while dotted lines correspond to xerogels. Miller
planes are indicated by grey fringes
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31.3.2 Bacterial Culture Conditions

In general terms, the production of BC hydrogels from K. xylinus was optimized by
varying certain parameters, namely the medium pH, the incubation temperature, the
carbon and the nitrogen sources. By simple visual inspection, the amount and quality
of the hydrogels were taken as representative features to decide the most suitable
parameter choices. The temperature influence perfectly matched with that reported in
the literature: 30 �C provides an optimal production rate (less than 7 days per
hydrogel pellicle) [9], whereas temperatures above (up to 37 �C) and below (down
to 5 �C) are detrimental for the production (hydrogels produced in a time span of
14–21 days). The pH values were varied systematically from 4.4 to 7 (at a fixed
temperature of 28–30 �C) and the production rate of each hydrogel pellicle was more
favorable at lower pH values: 5 days at pH ¼ 4.4; 6 days at pH ¼ 5–5.5; 6–7 days at
pH ¼ 6; and finally no appreciable BC production at pH ¼7; this tendency is also
observed elsewhere [13]. As regards to the carbon source, no hydrogels were formed
with lactose or sorbitol, while mannitol gave a low production rate (~10 days) and
with a very low quality. Fructose provided much better results, but the best carbon
sources were glucose and saccharose, the former being even better than the latter.
The best nitrogen source was a mixture of yeast extract and peptone (0.5% m/m
each), whereas a mixture of yeast extract and ammonium sulfate was not as good as
the former. For all these reasons, the best culture conditions, directed towards the
best quality and the highest yield of BC hydrogels were chosen to be glucose
(4–5%), pH ¼ 4.4, and yeast extract + peptone (0.5–1% each). Besides, the culture
needs to be as static as possible, because the stirring of the culture medium prevents
the formation of a consistent hydrogel. Indeed, the medium stirring leads to a
shapeless coil, devoid of all physical consistency, which was extremely difficult to
extract. The bacterial culture in a medium with a small amount of ethanol was also
tried and no appreciable change in the production rate was noticed, but conversely, a
total loss of the production occurred when NaCl was introduced in the culture
medium.

All the aforementioned statements are given for the optimal hydrogels produc-
tion, but these do not take into account the characteristics of BC upon drying. The
possible influence of the bacterial culture conditions on the physical properties of the
final materials (i.e. the BC aerogels and xerogels) has hardly ever been explored
[6, 7, 13]. In the following sections, we attempt to compare the particular effects that
the bacterial culture conditions may exert over the physical properties (thermal
stability and crystallinity) of the resulting aerogels and xerogels.

31.3.2.1 Influence of the pH of the Culture Medium

The comparison of samples cultured at different pHs has been carried out using
glucose as a carbon source. The selected pH values were 4.0, 5.5, 6.0 and 7.0, but as
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commented earlier, no hydrogel was produced at pH ¼ 7.0. The highest production
rate was observed at pH 4.4 in 5 days. Once these hydrogels were obtained, both
aerogels and xerogels were produced from them respectively, and subsequently
characterized. In Fig. 31.5, an example is given for BC xerogels, and it is visible
that there are not significant differences in their thermal degradation profile, con-
cluding that pH does not have a clear influence on the thermal stability of the dried
BC. A similar observation was inferred from the BC aerogels (data not shown).

The same observation can be made when comparing the X-ray diffractograms
(Fig. 31.6). There are no shifts in the position of the peaks and the normalized

Fig. 31.5 Thermograms of BC xerogel samples stemming from hydrogels cultured at different pHs

Fig. 31.6 X-ray diffractograms of BC xerogel samples stemming from hydrogels cultured at
different pHs
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intensities are similar for all samples. However, the CI values are higher when the pH
of the culture medium is increased, the average is 91.47% for pH ¼ 6.0, 88.45% for
pH ¼ 5.5 and 88.00% for pH ¼ 4.0. Thus, it can be concluded that a higher pH
results in a BC with a higher CI but entailing a slower production rate.

31.3.2.2 Influence of the Carbon Source in the Culture Medium

This section is focused on the three carbon sources that provided a satisfactory
production of BC hydrogels, namely glucose, fructose and saccharose. With these
three sources, the hydrogels quality is similar, but the production is faster with
glucose (5 days per hydrogel pellicle), in contrast to the 6–7 days needed with
fructose and saccharose.

The BC materials produced with fructose show higher thermal stability with a
large upshift of about 50 �C in the Tmax value in comparison to the other carbon
sources. The saccharose-derived ones are a bit more stable than those from glucose,
but this difference is small. This trend is observed in both BC xerogels and BC
aerogels, but as a matter of example only the aerogels are shown (Fig. 31.7). The
residue amount reveals that the fructose-derived dried samples have a smaller OI
(22.9% with glucose and 27.3% with saccharose) making it flammable in contrast to
the others, which are not. In other words, fructose-derived dried BC materials show
excellent thermal stability but a flammable behaviour, whereas the glucose- or
saccharose-derived ones show lower thermal stability but a strong
non-flammability. However, no clear trends or visible effects of the carbon source
were noticed neither in the XRD profiles, nor in the CI values.

Fig. 31.7 Thermograms of BC aerogel samples coming from hydrogels cultured with different
carbon sources
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31.3.3 Application of Optimized BC Materials in Water
Remediation

After revealing the effects that the bacterial culture conditions have, not only on the
rate and quality of BC hydrogels production, but also on the eventual aerogels/
xerogels derived from them after drying, we have attempted to apply them in a
simulated application regarding the safety, such as remediation of contaminated
water. For this specific purpose, we have selected the optimized BC aerogels for their
higher capacity to absorb water. Two cases have been studied: (i) a small quantity of
water in toluene (previously dyed with Sudan III) (Fig. 31.8, top panel); (ii) an
emulsion of dyed toluene into water (Fig. 31.8, bottom panel).

We observed a more pronounced and faster sorption effect in the case of the water
in toluene, because the cellulose is a very hydrophilic material. A more modest, yet
appreciable, effect is also observed in the case of the toluene-in-water emulsion,
probably because the sorption of toluene is irreversible. This test reasserts the fact
that BC aerogels are extremely useful for water-related applications, such as the
drying of apolar solvents, water decontamination or control of an organic spill.
These applications can be studied from a nanotechnological and sustainable

Fig. 31.8 Sorption tests with a BC aerogel. Top panel, an impurified toluene with water; bottom
panel, an emulsion of toluene in water. Left side images represent the starting point while right side
images show the eventual result after soaking the hydrogel (few seconds in each case)
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perspective, and have important repercussions in human safety, as regards to the
management of drinking water and control over possible threats in this matter. To
improve the efficiency, it is possible to modify the BC to remove contaminants [14].

31.4 Conclusion

BC hydrogels production, stemming from K. xylinus, has been optimized in terms of
bacterial culture and subsequently tailored in their physical properties after drying. It
is possible to control the BC hydrogel properties by rationally selecting the appro-
priate drying method. In this regard, the aerogels (obtained by lyophilisation) have a
much larger sorption capacity and a higher porosity, whereas xerogels (obtained by
drying in open air) are more compact, as observed by SEM. Contrary to the aerogels,
the BC xerogels are non-flammable. The pH of the culture medium does not have a
great influence on the thermal stability of the xerogels and aerogels, but it is
important for the hydrogel production rate and slightly influences the CI. The carbon
source has a greater influence in the thermal stability of the final materials. Fructose
provides a higher thermal stability; however, its dry materials are flammable;
glucose and saccharose show an inverse trend as compared to fructose. The advan-
tage of glucose over the fructose and saccharose is its somewhat faster
production rate.

The accomplishment of a sorption test demonstrates that BC aerogels, once
optimized in production and physical properties, can be applied as an efficient
sorbent, taking advantage of their porosity and hydrophilic character. There are
other possible implementations, such as filters to purify water, with critical implica-
tions in human safety and defence against chemical threats.
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Chapter 32
Sodium Ferrites: New Materials to Be
Applied in Energy Storage Devices
in a Wide Frequency Range

Sílvia Soreto Teixeira, Manuel P. F. Graça, and Luís C. Costa

Abstract Materials for energy storage have been a subject of high interest in recent
times. The development of new materials with high dielectric constant and low
losses is one of the main goals in scientific research for electronic applications. These
properties allow reduction of the size and weight of the electronic devices. In this
work, powders of sodium ferrite were prepared by sol-gel, using iron nitrate and
sodium acetate as raw materials, according to the Pechini route. In order to optimize
the synthesis parameters, the materials were heat-treated, and structural, morpholog-
ical and dielectric characterization was performed to find the most suitable ones for
storing energy. The sample structure was characterized by X-ray diffraction (XRD),
Raman spectroscopy and the morphology surface by scanning electron microscopy
(SEM). The dielectric properties were studied in a frequency range between 100 Hz
and 1 MHz at temperatures from 200 up to 370 K by impedance spectroscopy
measurements. The complex permittivity at 2.7 GHz and 5 GHz (T ¼ 300 K) was
determined using the small perturbation method through resonant cavities. The
sample of sodium ferrite heat-treated at 1100 �C is the most promising for energy
storage with a dielectric constant of �818 ( f ¼ 1 kHz; T ¼ 300 K) and �6 ( f ¼
5 GHz; T ¼ 300 K), with low losses. The dielectric constant increases with the
presence of Na3Fe5O9 phase and with the grain size and consequently porosity
decreases. At low frequencies, this sample presents two relaxation processes
described by Cole-Cole model and the relaxation time versus temperature has an
Arrhenius behaviour.
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32.1 Introduction

Ferrites belong to the ceramic soft materials which show interesting properties with
potential to be applied in industry, for instance, as gas sensors [1], ion batteries [2],
gas absorbers [3] among others. Oxides of the type (AFeO2) (A ¼ Li, Na, Ag) can
have characteristics of multiferroics [4, 5] and are a type of ferrites in which,
depending on the conditions of preparation, polymorphous compounds can be
formed. The sodium ferrite NaFeO2 can occur through three structures: γ-NaFeO2,
α-NaFeO2 and β-NaFeO2 [6], which possess different properties. According to the
literature, α-NaFeO2 crystal phase, which is paramagnetic and with a cubic system of
oxygen atoms where the octahedral interstices are occupied by sodium and oxygen
ions, is obtained at the lowest temperature [7]. Around 800 �C, this structure changes
to an orthorhombic crystal system, known as β-NaFeO2 [8] and around 1010 �C the
γ-NaFeO2 crystal phase with tetragonal structure can be formed. The β-NaFeO2

crystal phase (Fig. 32.1a) presents a weak ferromagnetic behavior, at room temper-
ature [9] with Néel temperature (TN¼ 723 K) [4]. In the system Na2O-Fe2O3, a phase
different from the others can be found, Na3Fe5O9, showing a monoclinic crystal-
line system. It presents an antiferromagnetic behaviour and can be formed just at
higher temperatures (� 1100 �C). Actually, under specific conditions of pressure and
temperature ( p > 20 kbar; T � 500 �C), this structure can also decompose into
NaFeO2 and Fe2O3 [7].

The sol-gel process is widely used to develop nanoparticles. In this method, first
the metallic ions are complexed with a chelate agent and then the mixture is
polymerized with a polymer, which aims the formation of a three-dimensional
network. The sol-gel routine used is the Pechini’s method [10, 11].

The impedance spectroscopy technique allows us to investigate the fundamental
aspects of the dielectric properties and the results can be correlated with other
properties, such as the structural, studied by X-ray diffraction (XRD) and Raman
spectroscopy, and morphologic by scanning electron microscopy (SEM).

Fig. 32.1 Crystalline systems: (a) β-NaFeO2 (cubic) and (b) Na3Fe5O9 (monoclinic)
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32.2 Experimental

The sodium ferrite powders were obtained by the sol-gel method, through the
Pechini route. In this case, the citric acid (CA) was used in excess (1:3 molar ratio
between metallic ion and CA) as a chelate agent to obtain the esterification reaction
[12]. Ethylene glycol (EG) was applied for polymerization with a molar ratio
between CA-EG of 2:3 [12, 13]. Metal solutions of sodium acetate
[NaCH3COO.3H2O, purity >99%, VWR] and iron nitrate [Fe(NO3)3.9H2O, purity
>99%, Mateck], were used as initial materials. The suspension contained stoichio-
metric amounts of each metal. To promote the solubility, the suspension was stirred
for 30 min, at room temperature. The final suspension, after the addition of EG, was
mixed and stirred together for 24 h in order to obtain a gel. To evaporate the solvent,
the mixture was dried at 250 �C for 60 h. After that, the powders were pressed into
pellets and heat-treated at 600, 800, 1000 and 1100 �C for 4 h with a heating rate of
5 �C/min.

X-ray diffraction (XRD) patterns were obtained with a PANalytical Empyrean
powder X-ray Diffractometer (CuKα radiation, λ¼ 1.54056 Å) at 40 kV and 30 mA,
with a curved graphite monochromator, an automatic divergence slit (irradiated
length 20.00 mm), a progressive receiving slit (height 0.05 mm) and a flat plane
sample holder in a Bragg-Brentano parafocusing optics configuration. Intensity data
were collected by the step counting method (step 0.02� in 1 s) in the 2θ angle range
of 10–60�.

The micro-Raman spectroscopy measurements were performed in backscattering
geometry at room temperature with a 532 nm laser line using a HR-800-UV Jobin
Yvon Horiba spectrometer. A microscope objective with amplification lens 100 x
focused the exciting light onto the sample.

The surface morphology was analysed by scanning electron microscopy (SEM)
using a TESCAN - Vega III. Before the microscopic observation, the samples were
covered with carbon to improve the surface conductivity.

The impedance spectroscopy (IS) was used to analyse the samples in the pellet
form with a thickness less than 1 mm and a diameter �10 mm. The surfaces of the
opposite sides were painted with silver paste. These measurements were performed
in the frequency range from 102 to 106 Hz using an Agilent 4294A at temperature
between 200 and 370 K in the Cp–Rp configuration. During the measurements, in
order to improve the heat transfer and to homogenize the temperature, the sample
holder was kept in a helium atmosphere. At microwave (MW) frequencies, the
measurement of the complex permittivity ε� ¼ ε0 – iε00 was performed using the
small perturbation theory with a resonant cavity operating in TE1,0,5 mode at a
resonant frequency of 2.7 GHz and a second cavity operating in the TE1,0,11 mode
at 5 GHz. To apply this method, the diameter of the samples must be, at least, half of
the thickness. In this work, the samples had a diameter of 5 mm maximum. These
measurements were carried out using a HP 8753D network analyser, coupled to the
cavity resonator.
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32.3 Results and Discussion

The diffractograms of the samples heat-treated at 600, 800, 1000 and 1100 �C are
shown in Fig. 32.2.

The diffraction peaks at 29, 34 and 55� correspond to the crystalline phase of
NaFeO2 [1, 4] which is present only in the sample treated at 600 �C. This phase is
orthorhombic, with space group Pna21(33) being also known as β-NaFeO2.
According to the literature [8], this phase is obtained at approximately 800 �C.
Also in this sample, diffraction peaks characteristic of the α-Fe2O3 phase at 24, 33,
35, 41, 49 and 54� are detected [14, 15]. At higher temperatures, structural trans-
formations occur, where β-NaFeO2 reacts with α-Fe2O3 giving rise to the monoclinic
crystalline phase Na3Fe5O9, represented by Eq. (32.1):

3NaFeO2 þ Fe2O3 ! Na3Fe5O9 ð32:1Þ

The crystalline phase of Na3Fe5O9 is detected in the sample treated at 800 �Cwith
diffraction peaks at 22.2, 26.9, 30.4, 33.7, 34.6, 35, 49.4 and 53�, together with the
crystalline hematite phase. The Na3Fe5O9 is obtained by this sol-gel method and
these raw materials at a lower temperature than the reported in the literature
(�1100 �C) [7].

Above 800 �C heat treatment temperature, a decrease of the crystalline phase
containing sodium is visible, which leads to increase of the hematite phase,
suggesting the sodium volatilization through the release of sodium oxide according
to Eq. (32.2).
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Fig. 32.2 XRD patterns of the powders treated at 600, 800, 1000 and 1100 �C
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2Na3Fe5O9 ! 3Na2Oþ 5Fe2O3 ð32:2Þ

By Raman spectroscopy (Fig. 32.3), the main vibration modes of the α-Fe2O3

phase were identified at 225, 245, 292, 411 and 611 cm�1 approximately in all the
samples [16]. In the sample treated at 600 �C according to the XRD results, the
phases of α-Fe2O3 and β-NaFeO2 are present, whereas the 405 cm�1 centred band
may be characteristic of the β-NaFeO2 phase, since it is the only sample that contains
this crystal phase. The β-NaFeO2 and Na3Fe5O9 structural properties are not well
described in the literature, so according to the spectra of the samples treated at
800, 1000 and 1100 �C, it can be inferred that the vibration modes centred at
266–267, 317, 376, 450, 581, 592, 639 and 676 cm�1 are assigned to the
Na3Fe5O9 phase.

Figure 32.4 presents the micrographs of the surfaces of the samples, from which it
is visible that the average grain size increases with the heat treatment temperature.

100 200 300 400 500 600 700 800

220

266

290

225

610
240

676639

676639

606

592
581

498522

450

411
376

355317
289

267

239

410

408

376

298
318 450

257

290
266

244203
186172142112

123

121

610

405
290

240
220

121

141

123
112 225

217
203

185
172

1100 ºC

1000 ºC

800 ºC

600 ºC

In
te

ns
ity

 [a
rb

. u
ni

ts
]

Raman shift [cm-1]

581592
610

Fig. 32.3 Raman spectra of all samples studied in the current work

Fig. 32.4 SEM micrographs of samples treated at 600, 800, 1000 and 1100 �C
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The grain habits of the sample treated at 600 �C are different from the others,
showing a needle-like habit which, according to XRD and Raman spectroscopy
results, can be attributed to the β-NaFeO2 crystal phase [1] and another prismatic
type habit attributed to the α-Fe2O3 phase [15], wherein the sample treated at
1100 �C is present in clusters. The samples treated at 800, 1000 and 1100 �C
show grains with prismatic habit but with different sizes, i.e., growing tendency
with the heat treatment temperature. According to the previous results, these grains
can be attributed to the crystalline phases Na3Fe5O9 and α-Fe2O3.

The impedance spectroscopy allows the determination of the real and imaginary
parts of the permittivity by the measured Cp and Rp, values [17]:

ε0 ¼ Cp
d
Aε0

ð32:3Þ

ε00 ¼ d
ωRpAε0

ð32:4Þ

where d represents the sample thickness, A the area of the electrodes, ε0 the empty
space permittivity and ω the angular frequency. Figure 32.5 shows the dependence
of the real part of the permittivity and the dielectric losses on the frequency for all
samples at 300 K.

The most suitable sample to store electric energy is the one treated at 1100 �C,
since it has a high dielectric constant with low losses. Due to that, just this sample
was characterized for the dependence of the relaxation time with the temperature,
allowing the construction of the relaxation map and giving the dynamic fingerprint
of the material. As shown in the representation of the imaginary part of the permit-
tivity (ε00) as a function of the frequency, the relaxation processes are not visible,
probably because they are masked by the high conductivity and/or electrode polar-
ization (Fig. 32.6a). Furthermore, in the modulus formalism (M� ¼ 1/ε�)
(Fig. 32.6b), the experimental data are not enough to ensure this characterization.
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Fig. 32.5 (a) Dielectric constant and (b) dielectric losses (tan δ) versus frequency for all samples at
300 K
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Therefore, a completely different method was used, known as Wubbenhorst or
derivative method [18]. This has the added benefit of not considering the effect of
conductivity and the polarization due to the electrodes allowing the detection of the
relaxation processes. The imaginary part of the complex permittivity can be obtained
from Eq. (32.5):

ε00 ωð Þ � � π
2
� dε0 ωð Þ
dln ωð Þ ð32:5Þ

According to the 3D permittivity plot (Fig. 32.6a), the dependence of ε00 on the
temperature at low frequencies seems to show two relaxation processes in the studied
sample (1100 �C) but this analysis is not conclusive and needs further study. Also,
the curve in Fig. 32.6b is broad and centred below the x-axis (M’) suggesting that
only one Debye relaxation mechanism cannot describe this system. Figure 32.7
shows the analysis of the dependence of ε00(ω) obtained by the derivative method
which is helpful to interpret this kind of relaxation mechanisms.

Using the software WinFit from Novocontrol, the experimental data (ε0(ω) and
the ε00(ω) obtained by derivative method) (Fig. 32.7) were fitted using the Havriliak-
Negami (HN) function [19], expressed by Eq. (32.6):

ε� ωð Þ ¼ ε1 þ Δε

1þ iωτÞαð Þβ
� ð32:6Þ

where α and β are the form parameters, ε1 the dielectric constant for high frequency,
Δε the dielectric strength and τ the relaxation time. In the HN empiric model, if α 6¼ 1
and β ¼ 1 it can be interpreted as the Cole-Cole model [20]. Also, by Cole-Cole
representation (ε00 vs. ε0), each semi-circle corresponds to a relaxation process,

Fig. 32.6 (a) 3D plot of ε00 versus frequency/temperature and (b) Nyquist plot at different
temperatures for the sample heat-treated at 1100 �C
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differing from the Debye model because of the translation of the centre of the circle,
corroborating with the previous suggestions by the analysis of Fig. 32.6a, b.

The dependence of the relaxation time (τ) with the inverse of the temperature,
shows that the two relaxation processes have a behaviour (Fig. 32.8), described by
the Arrhenius equation. This analysis allows the calculation of the thermal activation
energy (Ea) of each relaxation process:
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τ / exp � Ea

k:T

h i
ð32:7Þ

where k is the Boltzmann constant and T the temperature.
By the small perturbation theory, using a resonant cavity, it is possible to

determine the complex permittivity (ε�) at microwave frequencies
[21]. Figure 32.9a shows the perturbation in the transmission of the 2.7 GHz
resonance frequency by the insertion of a PTFE (standard sample with known
permittivity ε0 ¼ 2.1 and ε00 ¼ 0.00042) and a sample treated at 800 �C. The sodium
ferrite sample perturbs much more the cavity than the PTFE, indicating a higher
dielectric constant. Figure 32.9b shows the real part of the complex permittivity and
the dielectric losses measured at 2.7 and at 5 GHz frequency as functions of the heat
treatment temperatures.

The results in MW frequency region maintain the same tendency, i.e., higher
dielectric constant is obtained in the samples which contain the Na3Fe5O9 crystal
phase. The sample treated at 1100 �C again presents the lowest dielectric losses. It
must be noticed that considering the experimental error (<10%), the values of the
dielectric constant at 2.7 GHz are as expected lower than at 5 GHz. Table 32.1
summarizes the results for all studied samples.
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Table 32.1 Dielectric constant and dielectric losses at 1 kHz, 2.7 GHz and 5 GHz at 300 K

Heat treatment
temperature [�C] ε0 ε00

tan
δ ε0

ε00
(10�2)

tan δ
(10�2) ε0

ε00
(10�2)

tan δ
(10�2)

600 370.9 1008.5 2.72 4.49 8.09 1.80 4.26 1.94 4.55

800 119.4 196.8 1.65 5.37 1.07 0.20 5.08 2.49 4.91

1000 109.4 63.38 0.58 6.87 60.6 8.82 6.16 1.93 3.12

1100 817.8 285.1 0.35 5.97 7.31 1.22 6.21 3.14 5.06

f ¼ 1 kHz f ¼ 2.7 GHz f ¼ 5 GHz
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32.4 Conclusions

Sodium ferrites can be obtained by a sol-gel method using iron nitrate and sodium
acetate as raw materials. Different crystal phases of sodium ferrite were obtained:
β-NaFeO2 at lower heat treatment temperature (600 �C) and Na3Fe5O9 for heat
treatments at higher temperatures. The structural changes and the increase of the
grain sizes with the temperature of the heat treatment promote the increase of the
dielectric constant keeping the dielectric losses low. The most promising sample for
energy storage in the studied range of frequencies is the one treated at 1100 �C. The
dependence of the dielectric processes on the temperature was characterized show-
ing the presence of two relaxation processes described by the Cole-Cole model. This
analysis was performed using the derivative or Wubbenhorst method.
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Chapter 33
Fluorescent Thin Film Probe for Nitro
Compounds: Si Containing Poly
[Diphenylacetylene] Case Study

Diana Harea, Jiři Zednik, Evghenii Harea, and Vladimir Sedlařík

Abstract This article examines poly[1-phenyl-2-(p-trimethylsilyl) phenylacetylene]
(PTMSDPA) films as fluorescent probes for detection of water dissolved
p-nitrophenol (NP) and 2.4-dinitrophenol (DNP). Thin film probes exhibited a
tenacious quenching effect, manifested through a persistent decrease of lumines-
cence, evolved with an increase of pollutant concentrations (1.0�10�2 M,
5.5�10�3 M, and 1.0�10�3 M) and resulting in their detection. Quenched samples
presented time dependent florescent emission recovery reaching up to 88% from the
initial intensity for DNP and more modest 70% for NP solutions after 24 h condi-
tioning in ambient atmosphere. The quenching mechanism employing the internal
charge transfer complexes formation between the solid probe and the liquid pollutants
is discussed and accounted for.

Keywords Chemosensors · Fluorescence · Quenching · Water pollutants

33.1 Introduction

Nitro compounds are broadly used in the synthesis of many products, including
dyes, polymers, pesticides, and explosives. Their extensive application in diverse
human activities led to heavy soil and groundwater contamination. During the last
two decades, numerous methods for nitro compounds detection were developed
including gas chromatography-mass spectroscopy [1], Raman spectroscopy [2],
electrochemical methods [3], capillary X-ray imaging [4], and chemiluminescent
methods [5]. Each method has its own advantages and disadvantages. Development
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of new methods for environmental pollutants detection, including water pollutants
recognition, is still in high demand.

Nowadays various types of fluorescent chemical (FLC) sensors are under inten-
sive research, and they are highly appreciated because of their sensitivity and
selectivity in various fields of applications. FLC sensors have already demonstrated
their ability to detect explosive compounds [5], heavy metals ions [6], and to
measure dissolved oxygen concentrations [7]. Furthermore, luminescent molecular
sensors are frequently used for selective detection in biochemistry [8]. FLC sensors
are mainly based on the fluorescence quenching effect, consisting in a decrease of
fluorescence intensity caused by excited state reactions, energy transfer, complex
formation, and molecular collision [9]. An important role in the FLC sensors
progress played the advances in the synthesis of π-conjugated polymers (CPs)
which often demonstrate good fluorescent behavior. CPs exhibit significant fluores-
cence quenching even in the solid state owing to a strong intermolecular π � π
interaction. CPs fluorescent sensing mechanisms depend on modifications of the CP
backbone or side chains to include specific recognition elements, while others rely
on nonspecific Coulombic attraction between charged CP components with oppo-
sitely charged dipoles or ionic moieties of the target analytes [10]. Being in contact,
thin polymer films readily absorb organic molecules. This process may be
completely reversible [11].

PTMSDPA (Fig. 33.1) is a substituted acetylene polymer that can be dissolved in
numerous organic solvents and easily shaped into freeze-dried nanofibers, spin-
coated films and solvent-cast thin films [12]. The incorporation of Si containing
groups into the conjugated polymer backbone leads to some advantages for solid-

Fig. 33.1 3D view of
PTMSDPA, NP and DNP,
used in the current work
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state FLC probes such as maintaining high fluorescence quantum yields and spec-
troscopic stability through prevention of π-stacking of the polymer backbones, and
modifying the solubility characteristics of the polymers because of reduced
interpolymer interactions (similar to ref. [13]). PTMSDPA thin films are highly
fluorescent and possess an extremely large fractional free volume of about 0.26
[14]. Various gases and liquids easily diffuse into the film due to high porosity at a
molecular level [14, 15]. A strong fluorescence (FL) in PTMSDPA occurs in the
visible region due to the effective exciton confinement within the main chain by the
steric hindrance or intramolecular electron interactions of the aromatic substituents
[16]. Such a FL emission is highly sensitive because PTMSDPA exhibits collective
properties that are susceptible to slight electronic perturbations generated by the
external stimuli such as light or heat [17].

Among nitro compounds, nitro-aromatic ones make up a class of materials
subjected to extensive research because of their toxicity, carcinogenicity, and muta-
genicity [18]. In this paper, water-dissolved p-nitrophenol (NP) and 2.4-
dinitrophenol (DNP) (Fig. 33.1) were used as detectable pollutants. The spin-coated
films of PTMSDPA on quartz substrates were applied to investigate the influence of
water dissolved nitro-aromatic compounds on their FL emission properties. Besides
the study of possible FL reversibility in the FLC probes, the FL sensing mechanism
was in the focus of the present research that includes the formation of a complex
between the electron-rich π-system of the FLC sensor and the electron deficient
π-system of the nitro-aromatic analyte [19]. The appeared decrease of the FL
emission can be measured to evaluate the presence and concentration of water
pollutants.

33.2 Experimental

33.2.1 Materials

PTMSDPA was used as synthetized at Charles University, Prague, following the
method described in [20]. An analytical grade solvents and nitro-aromatic com-
pounds were used as purchased from Sigma-Aldrich Co. Ltd. with purity over 99%.

33.2.2 Sample Preparation and Treatment

PTMSDPA conjugated polymer was dissolved in chlorophorm to a concentration of
0.67 wt%. Films with thickness of 300 nm were prepared on quartz substrates
(Fig. 33.2) by spin coating for 30 s at 3000 rpm using WS-650-23B Spin Coater
(Laurell Technologies Corporation, USA).

The solutions of nitro-aromatic compounds were prepared by direct dissolution in
ambient atmosphere of the following components: DNP/water and NP/water. Direct
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dissolution was preferred to simulate a natural water contamination process includ-
ing atmospheric moisture, pressure, temperature, etc. Three stock solutions with
concentrations of 1.0�10�2 M, 5.5�10�3 M, and 1.0�10�3 M were prepared for each
nitro-aromatic ‘pollutant’.

PTMSDPA thin films on quartz substrates were fully immersed in the stock
solutions for 5 min followed by 3 min drying in ambient atmosphere just before
FL emission testing.

33.2.3 Measurements

Phenom Pro Desktop scanning electron microscope (SEM, Thermo Fisher Scientific,
USA) was used for imaging the PTMSDPA film surface.

Steady-state photoluminescence spectra were obtained with FLS1000 spectroflu-
orometer. The excitation source was a 900 W Xenon Light Source (λmax ¼ 425 nm)
focused on the sample. The spectra were recorded with a CCD-detector in the
wavelength range of 400 to 750 nm. UV/vis absorption spectra were measured
with a Cary Varian 300 spectrophotometer (Agilent Technologies, USA).

Fig. 33.2 SEM image of
PTMSDPA film pilled area
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33.3 Results and Discussion

33.3.1 PTMSDPA Thin Films for Sensing of Nitro-aromatic
Compounds

As was already mentioned in the Introduction, FLC sensors are usually used in liquid
states and it is a big challenge to find an adequate solvent compatible simultaneously
with the FL polymer solute or dye and the contaminated water. There, besides the
often-observed immiscibility of the organic solvents and the water, many different
phenomena should be also carefully taken into consideration, such as the modifica-
tion of the partial molar volumes of the water and the alcohols which are miscible in
water and good solvents for a range of luminophores. Solid state FLC sensors (films,
fibers, powder, etc.) were considered more convenient in this sense, but in the case of
nitro-aromatic compounds mainly vapors detection was performed. Just a few
reports on the detection of water-dissolved analytes can be found, for example
Ref. [21].

PTMSDPA thin films exhibited a well visible yellowish FL emission under UV
illumination (Fig. 33.3a). A contact between the films and the water, or the stock
solutions of the nitro-aromatic compounds, did not present any observable differ-
ences upon white light (Fig. 33.3b). However, UV illumination identified the naked-
eye detectable quenching of FL emission caused by the investigated pollutants,
while the interaction with pure water did not affect the FL at all (Fig. 33.3c). An
unexpected result was the difference in the diffusion of the analytes in the
PTMSDPA film in vertical direction, easily detected by the aforementioned
quenching process. Explicitly, the NP solution quenched not only the contact region
but the whole surface of the probe. More modest was the diffusion process of the
DNP solution, where the emission was quenched below the solution-air interface and
only partially above it. This finding may be very useful for fast comprehension of the
pollutant nature.

Fig. 33.3 (a) FL emission of PTMSDPA thin film on quartz substrate inside dry quartz cuvettes
upon exposure to UV light; (b) Image of the same cuvettes filled with water, DNP, and NP stock
solutions (10�3 M) upon white light; (c) Image of the cuvettes with water, DNP, and NP stock
solutions upon UV light
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More detailed information on the quenching processes was obtained by FL
intensity measurements preceded by absorbance spectra detection. A typical absor-
bance spectrum of the PTMSDPA film is shown in Fig. 33.4. The polymer film has a
strong absorbance maximum around 425 nm and a weaker absorbance peaks at
370 nm. Both of these transitions are assigned to π–π� transitions in the conjugated
polymer backbone.

The maximum of emission is exhibited n at wavelength of 550 nm (Fig. 33.4),
which originated from intramolecular excimer emission because of a confocal
phenyl-phenyl stack in the side chains [22].

Further investigations were performed on samples fully immersed into the
corresponding stock solutions according to the procedures described in the Exper-
imental section of the present paper.

Quenching of the fluorescent emission intensity of the PTMSDPA films was
observed for both used nitro-aromatic compounds at all concentrations. An excited
wavelength was set at 425 nm. Figure 33.5 shows the FL spectra of probes recorded
immediately after 5 min immersing, then 3 min conditioning, and drying in ambient
atmosphere, regardless the time for occurring of FL quenching steady state regime.
This regime of measurements was selected to keep the same conditions and time of
reaction between the probes and the pollutants.

Regarding the sensing performance of the PTMSDPA films, the results revealed
an important difference not only between the different pollutants but also with
respect to their concentrations. The FL intensity of the PTMSDPA films is reduced
upon exposure to DNP and NP solutions and can reach steady-state values within
tens of minutes [19]. Several factors contribute to the observed fluorescence
quenching including the mechanism of electron transfer from the excited polymer
to the analyte and PTMSDPA film oxidization upon exposure to nitro-aromatic

Fig. 33.4 Absorption and FL spectra of PTMSDPA film
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compounds. More detailed discussion on the quenching mechanisms will be
presented below in the text.

The enhanced sensitivity towards DNP (Fig. 33.5a) is ascribed to a higher
electron transfer quenching rate and a larger adsorbate binding constant compared
to those of NP. It can be assumed that the nonbonding electrostatic interactions
between the electron-rich polymer and the electron deficient nitro-aromatic mole-
cules are critical in the case of a rapid FL response processing (before reaching the
steady-state quenching), corresponding to the implemented measurement regime. In
such a way, the maximal quenching was obtained for the maximum pollutant
concentrations exhibiting a 58% and 41% decrease of FL intensity of DNP and
NP, respectively, for 10-2 M concentrations of both of them. As a general trend, also
a quenching decrease via decreasing the pollutant concentration can be mentioned
(see Table 33.1).

Fig. 33.5 FL spectra of
PTMSDPA films reacted
with (a) NP; and (b) DNP,
with various concentrations
in comparison with the
initial FL
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33.3.2 Reversible Quenching

An important parameter for any probe sensing is the reversibility of changes induced
by the analyte, which opens a wide opportunity for repeated usage of the sensors.
The reversible quenching in polymers was largely discussed [19, 23], including
reversible quenching of PTMSDPA emission [12]. Repeated measurements of FL
emission of quenched samples exhibited a FL enhancement with the time (Fig. 33.6).
As can be observed, FL quenching by the used nitro-aromatic compounds has been
only partially reversible, and this process was faster in the first 10 h followed by a
slowly reached equilibrium in the next 14 h.

A reversible quenching was more evident in the samples treated with DNP
solutions, and FL reached approximately 88% on the average of its initial value in
24 h (Fig. 33.6a). For the NP solutions, the recovery was lower - 70% on the average
(Fig. 33.6b).

According to Ref. [19], the FL quenching mechanism can be divided into two
parts: reversible quenching of luminescence and irreversible one. The reversible
quenching may be realized by an interfacial charge transfer, an interfacial energy
transfer, introduction of nonradiative surface traps, and dielectric medium effects. In
the PTMSDPA films, the mechanism of FL attenuation can be attributed to the
electron transfer [17] from the excited polymer to the electron acceptors (NP or
DNP). The irreversible quenching mechanism of FL is explained by the film
oxidization upon exposure to nitro-aromatic compounds, both in presence or
absence of oxygen [19].

When analyzing water contaminations, which actually motivated the present
research, it is necessary to work with water solutions and this fact adds some
additional complications. Water itself can be detected by FL sensors based on
PTMSDPA films. For example, in ref. [24] the authors reported on-line real-time
monitoring of water concentration in organic solvents. In our case, pure water did not
react with the studied probes and did not affect their FL emission. On the contrary,
the nitro-aromatic compounds dissolved in water drastically changed the properties
of obtained solutions. Even different concentrations of the identical solute lead to
differences in pH, electrical conductivity, etc., and finally affect the complex for-
mation at the polymer/pollutant interface and the internal charge transfer. All these
phenomena disturb the quenching process, but the exact relationship between pH of
stock solutions and the quenching of the PTMSDPA film FL emission is not the case
of this report. Since the topic of the present work is the detection of nitro-aromatic
compounds, the FL quenching/recovery based on the complex formation/

Table 33.1 Quenching ratio for various pollutant concentrations

Concentration, M Quenching by DNP, % Quenching by NP, %

1.0�10�2 58 41

5.5�10�3 46 37

1.0�10�3 30 33
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dissociation is discussed below taking into consideration the π-stacking interactions
between the aromatic rings of PTMSDPA films and the analyte.

The term “complex” is defined here as a group of atoms with a binding energy
that is higher than their thermal energy kT but lower than that yielded by new
chemical species [28].

It is well known that in NP and DNP molecules there are different electron
displacement effects (mesomeric, resonance, inductive) and an intramolecular

Fig. 33.6 Time evolution of normalized florescent spectra for PTMSDPA films reacted with (a)
NP; and (b) DNP solutions with various concentrations. PTMSDPA FL shows normalized initial
emission intensity of the untreated samples, considered to be constant in time
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hydrogen bonding. When dissolved in water, these molecules form a stable conju-
gated base (Fig. 33.7) involving the nitro groups that can easily delocalize the
negative charge of the phenoxide anion and finally create the electron deficiency
of the aromatic ring.

The electron between the rich polymer film and the analyte anion are dominated
by electrostatic and ion-induced polarization [26], leading to formation of a quite
stable complex when immersed in solution. The nature of the electrostatic interaction
can be explained by the presence of permanent quadrupole moment of the arene. The
π–π interaction in the benzene dimer is governed by dispersion effects [26].

Due to steric hindrance and positive inductive effect of the p-trimethylsilyl group
in PTMSDPA, the most convenient place for complex formation is the pendant
benzene ring situated in a trans position with respect to the benzene ring containing
p-trimethylsilyl group in each repeat unit of the π-conjugated polymer backbone
(Fig. 33.8).

The complexes formed by internal charge transfer events led to considerable
quenching of PTMSDPA FL emission. Sensor immersing in an analyte solution
starts two processes: complex formation and solution diffusion into the polymer
film. The second process is highly facilitated by the porous structure of a PTMSDPA

Fig. 33.7 Scheme of (a) NP anion and its stable conjugated base; and (b) DNP anion and the
corresponding conjugated base

Fig. 33.8 Scheme of
π-stacking interaction
between the PTMSPDA
sensors and the electron
deficient aromatic ring
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film. Unreacted solution, which is localized in pores, continues to create complexes
even after withdrawing and drying the film.

In a liquid, the component species are typically in equilibrium with the complex
(es) and for a wide range of interactions the forward and back reactions are fast
[25]. After withdrawing of the film from a liquid, the process of formation of the
charge transferring complexes inside the filled pores and the dissociation of the
formed complexes exposed to ambient atmosphere take place simultaneously until
the FL emission quenching reaches steady-state values [19]. A longer exposure to
ambient atmosphere led to evaporation of the analyte and a gradual recovery of FL.

After 24 h of atmosphere exposure, the FL intensity quenched by the studied
nitro-aromatic compounds was restored gradually for all tested samples and finely
achieved a quasi-stable value. Therefore, the quenching of FL was almost reversible
for DNP, but only partially reversible for NP (Fig. 33.6).

To enhance the dissociation of the complexes, all samples were immersed in a
triethylamine solution as suggested in ref. [27] for 6 h. According to the authors, the
contact with a triethylamine liquid or its vapors almost completely recovered the
original emission of the solvent quenched PTMSDPA film due to an electric bias
effect induced by the reducing agent (triethylamine).

The results depicted in Fig. 33.9 showed up to 93% FL intensity recovery,
compared with the initial one, for the samples treated with 10�2 M, and 98% for
those treated with 10�3 M of DNP solutions (Fig. 33.9). The recovering process of
the polymer thin films treated with NP solutions was much more modest and did not
show an essential improvement of FL – 70% for the samples treated with 10�2 M

Fig. 33.9 FL recovering for PTMSDPA films treated with different concentrations of NP and DNP
in water solutions in comparison with untreated one
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and 75% for those treated with 10�3 M of NP, indicating probably some locked
π-stacking complexes inside the film.

33.4 Conclusions

In summary, PTMSDPA conjugated polymer films have been produced and tested as
sensing probes for water-soluble nitro-aromatic compounds. They exhibited appre-
ciable FL quenching behavior in contact with the investigated stock solutions and
can be conditionally used for detection of nitro-aromatic pollutants. The results of
the quenching and its recovery should be carefully taken into consideration for
correct appreciation of pollutant concentration. Although the recovery effect was
largely present in PTMSDPA films, the repeated usage of the probes can be
considered undesirable because the recovery of the FL even after long term treatment
with trimethylamine was dependent on the pollutant origin and concentration. A
mechanism for the complex formation with internal charge transfers was proposed
based on a π-stacking theory of conjugated polymers.
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Chapter 34
Determination of Surface Groups
of Activated Carbons from Different
Sources and Their Application for Heavy
Metals Treatment

Halyna Yankovych, Viktoriia Novoseltseva, Olena Kovalenko,
Inna V. Melnyk, and Miroslava Václavíková

Abstract Investigation of the carbon content and the concentration of surface
groups is important for making activated carbons selective to pollutant adsorption.
Potentiometric Boehm titration was applied to study the quantitative composition of
the surface groups for three activated carbons – granulated activated carbon and
biochars prepared from pea peels and grape woody vine. It was found that all
examined activated carbons have carboxylic groups, which make a major contribu-
tion to their acidity. The most basic character due to total basicity/total acidity ratio
had the biochar prepared from pea peels. The ability of the activated carbons to
remove Ni(II), Fe(III), Cd(II), Cu(II), Pb(II), Mn(II) ions from aqueous solutions by
adsorption was tested.
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34.1 Introduction

The surface of activated carbons does not consist of only carbon atoms, but contains
other heteroatoms like hydrogen, oxygen, nitrogen, sulfur, phosphorus, halogens,
etc. The clean carbon surface is hydrophobic. Surface oxides provide sites for
adsorption of water and other polar compounds. The more surface oxides, the
more distinct is the hydrophilic behavior of the carbon [1]. The chemical composi-
tion influences the charge of the surface, its character and affinity towards different
species. The existence of surface functional groups such as carboxyl, lactone,
phenol, etc., determines surface acidity. The basicity of the activated carbon is
predetermined by two types of structures: the presence of oxygen containing groups
with basic character such as pyrone, chromene and carbonyl structures, and oxygen
free Lewis basic site on the graphene layers. The Lewis basicity of delocalized π
electrons is influenced by the aromatic system on the carbon surface [2].

Hanns-Peter Boehm developed in 1966 a titration method for simple determination
of surface oxides on activated carbon, graphite, diamond, silica, titanium oxide and
alumina [3]. This technique was named after him and is commonly used until now.
The main idea is to determine the acidic oxygen surface functional groups on the
carbon samples whereby bases of various strengths (NaHCO3, Na2CO3 and NaOH)
neutralize different acidic oxygen surface functionalities. The weakest base, NaHCO3,
neutralizes only the carboxylic groups, while Na2CO3 neutralizes carboxylic and
lactonic groups. The strongest base typically used, NaOH, neutralizes carboxylic,
lactonic and phenolic groups. The number of each type of acidic groups can be
determined by the difference between the uptake of each reaction base [4]. The total
basicity can be calculated from titration curves of the activated carbon previously
neutralized by HCl. It must be pointed out that the identified acidic and basic groups
on oxidized carbon usually do not account for all of the oxygen present on the surface.

In our investigation we examined three activated carbons – commercial granulated
activated carbon (GAC) and two self-made biochars obtained from pea peels (PP) and
grapeswoody vine (GWV). The total basicity and total acidity, as well as the amount of
carboxylic, lactonic and phenolic surface groups were determined by Boehm titration
and screening adsorption tests for a mixture of several heavy metals were performed.

34.2 Experimental

Granulated activated carbon from ITES Vranov, s.r.o. (Slovakia) [5] and two
previously obtained biochars from pea peels [6] and grape woody vines were used.
Solutions of 0.05 M NaHCO3, Na2CO3 and NaOH were prepared by dissolving of
accurate weight of these compounds in 500 mL distillated water. HCl solution was
obtained by dilution of concentrated hydrochloric acid (36%). NaOH and HCl
solutions were standardized by potentiometric titration before use. Nitrate salts of
copper (II), cadmium (II), iron (III), manganese (II), nickel (II) and lead (II) were
used for screening adsorption experiments. Adsorbent dosage was 2 g/L and agita-
tion time 24 h. All reagents were purchased from ITES Vranov, s.r.o. (Slovakia). The
pH of the solutions was measured by MeterLab PHM210 pH meter.
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For Boehm titration, 0.5 g of different activated carbons were placed in different
flasks with 50 mL of 0.05 M Na2CO3, 0.05 M NaHCO3, 0.05 M NaOH and 0.05 M
HCl, respectively. The suspensions were carefully mixed by magnetic stirrer for 24 h
with rotation speed of 800 rpm. Then, an aliquot of 10 mL of each filtrate was titrated
by standardized HCl for basic solutions and by standardized NaOH for acidic
solutions. The total acidity was calculated from the equivalent volume of HCl
used for neutralization of the residual volume of NaOH under the assumption that
NaOH neutralizes carboxylic, lactonic and phenolic groups. In the same way,
Na2CO3 neutralizes carboxylic and lactonic groups and NaHCO3 only carboxylic
ones. The amount of phenolic groups was calculated as a difference between the total
acidity and the sum of carboxylic and lactonic groups obtained from Na2CO3

titration. The amount of lactonic groups was calculated from the difference between
the results from sodium carbonate and sodium bicarbonate titrations. The total
basicity was obtained from titration of HCl solution as the amount of acid that
reacted with carbon basic surface groups [7].

34.3 Results and Discussion

The surface oxides on activated carbon can have acidic as well as basic properties.
The potentiometric titration curves of the three examined samples are presented in
Fig. 34.1.

Based on the obtained data, the amount of carboxylic, lactonic and phenolic
surface groups, the total acidity and total basicity were calculated (Table 34.1).

These results reveal that GAC possesses three types of surface groups which
cause its acidity. The acidity of CWV sample is predetermined by the carboxylic and
lactonic groups, and of PP – only by the carboxylic ones. The presence of these
groups on the surfaces of biochars could be explained by incomplete carbonization
of the raw materials that had high content of organic matter such as lignin, cellulose,
hemicellulose, natural pigments, etc. [6]. The most basic properties possesses the
biochar from pea peels, as revealed by the TB/TA ratio.

The adsorption ability of activated carbons towards metals ions was investigated
by a screening test. For this purpose, an aqueous mixture of Ni(II), Fe(III), Cd(II), Cu
(II), Pb(II), Mn(II) nitrates with concentration of 20 mg/L of each metal was
prepared. The values of hydration energy -ΔGh for these cations decrease in the
following order: Cu2+ ¼ Ni2+ > Mn2+ > Cd2+ > Pb2+ > Fe3+. The pH of the prepared
mixture was ~3 and the calculated ionic strength was 0.02. The results of the
adsorption test are shown in Fig. 34.2.

The adsorption order for GAC determined by the uptake values was as follows:
Pb2+ > Mn2+ > Cu2+ > Fe3+ ¼ Ni2+ > Cd2+. For PP and GWV samples the order was
identical: Fe3+ > Pb2+ > Cu2+ > Mn2+ > Cd2+ > Ni2+. It is known that for adsorption
of Fe3+, Pb2+ and Cu2+ ions the carboxylic and N-containing basic groups play
predominant role through ion exchange mechanism and complexation, respectively
[8]. Since PP and GWV acidity is mainly caused by the carboxylic groups and the
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amount of basic adsorption centers is sufficient, they showed high uptake capacity
for these ions. The iron ions have higher removal due to the lower hydration energy
in comparison to lead and copper ions.

GAC sample showed low uptake capacity towards all inorganic cations. The
highest uptake for lead ions reached only 10%. It can be assumed that the groups on
the GAC surface are at considerable distance from each other and ion exchange
between the oxygen-containing groups and the metal ions cannot be realized. As the
removal efficiency for Mn2+, Cd2+ and Ni2+ is less than 10%, further studies seem to

Fig. 34.1 Potentiometric titration curves of granulated activated carbon (GAC), biochar from pea
peels (PP) and biochar from grape woody vine (GWV): (a) 0.05 M Na2CO3, (b) 0.05 M NaHCO3,
(c) 0.048 M NaOH, titrant 0.038 M HCl in all cases; (d) 0.044 M HCl, titrant – 0.048 M NaOH

Table 34.1 Amounts of surface oxides of the examined samples calculated from Boehm titrations

Functional group

Samples

GAC GWV PP

Carboxylic, mmol/g 0.10 0.22 0.21

Lactonic, mmol/g 0.15 0.06 0

Phenolic, mmol/g 0.05 0 0

Total acidity (TA), mmol/g 0.30 0.28 0.21

Total basicity (TB), mmol/g 0.61 0.33 0.61

TB/TA ratio 2 1 3
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be unprofitable. However, since the adsorption mechanisms are still not clear, further
investigations are needed.

34.4 Conclusions

Three activated carbons were examined by Boehm titration and the content of the
main surface groups was calculated. It was found that the commercial granulated
activated carbon has three types of acidic groups on its surface and high content of
basic surface groups. The biochars prepared from natural raw materials (pea peels
and grape woody vine) possess mainly carboxylic acidic groups. This fact can be
explained by incomplete carbonization of the source materials with high lignin,
cellulose and hemicellulose content. In order to study their removal ability towards
heavy metals a model mixture of Ni(II), Fe(III), Cd(II), Cu(II), Pb(II), Mn(II) was
prepared and subjected to screening adsorption test. The results showed that both
biochars can be used as effective adsorbents for iron, lead and copper ions removal.
The granulated activated carbon exhibited low affinity towards all inorganic cations.
The adsorption mechanisms are still not clear and further studies are needed.

Acknowledgments The research has been supported by the project VEGA 2/0156/19 of the
Scientific Grant Agency of the MŠVVaŠ SR, Marie Curie Program H2020-MSCA-RISE-2016-
NANOMED project No 734641 as well as by the National Scholarship Program of the Slovak
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Fig. 34.2 Adsorption efficiency towards heavy metals by their simultaneous presence in the
mixture (pHmixture~3, concentration of each metal 20 mg/L). Black columns are related to granu-
lated activated carbon, red columns to biochar from pea peels and blue columns to biochar from
grape woody vine
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Chapter 35
Recent Trends of the Use of Rare Earth
Elements for Efficient Environmentally
Compliant Corrosion Protection
of Aluminum and Its Alloys

Stephan Kozhukharov and Christian Girginov

Abstract Aluminum and its alloys find various applications in both mass produc-
tion and hi-tech industrial sectors. This metal is widely used in the form of both low
and high-doped alloys. The low-doped Al-alloys are generally used for household
and hi-tech applications since they do not possess satisfactory mechanical strength
related properties. The extended mechanical properties of the high-doped alloys
enable their use as construction materials for the aircraft and automotive industries,
for marine transport, as well as for exterior and interior architectonic constructions.
However, reliable long-term exploitation of the Al-based facilities and equipment is
strongly restricted due to their aptitude to undergo corrosion, especially in neutral or
alkaline media with dissolved O2

2� and Cl� ions. Recently, cerium compounds were
found to be efficient environmentally friendly corrosion inhibitors and protective
primer layers. In this sense, the present brief review aims to comprise the recent
trends in the field of cerium compounds use for the elaboration of advanced
corrosion protective coatings.
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35.1 Introduction

The exceptional aptitude of lanthanides to form insoluble hydroxides in alkaline
media [1] predetermines their high cathodic corrosion inhibitive efficiency.
Recently, it was evinced that cerium compounds possess the highest corrosion
inhibition activity among the lanthanides [2], being the most promising candidates
for advanced coating systems elaboration. Besides, the cerium oxide/hydroxide
precipitates possess excellent adhesion to the substrate and cover the entire metallic
surface by forming Ce-O-Al covalent bonds [3]. Alternatively, an approach for
cerium inhibitor encapsulation in the exterior coating layers is also proposed [4, 5].

Since the corrosion protective coating systems nowadays are multilayered and
each layer has its own function [6–8], the present brief review summarizes the
options for Ce-compound introduction for elaboration of advanced multilayered
corrosion protective systems, following the recent concepts regarding environmental
compatibility and active corrosion protection.

35.2 Corrosion Inhibition

In simple terms, the Ce3+ or Ce4+ ions of any dissolved Ce-salt in the corrosive
medium form insoluble Ce(III) or Ce(IV) hydroxides near the metallic surface with
the OH� ions, produced by the oxygen reduction reaction (ORR) on the cathodic
zones. Nevertheless, the mechanism is more complicated and includes intermediate
stages of aqua-complex formation [9, 10]. This mechanism was practically con-
firmed, since the Ce(IV) compounds appear rather activators, instead of inhibitors of
the aluminum corrosion [11]. The interaction of the Ce-ions with hydroxyl anions
results in island-like deposition, followed by sealing of the cathodic areas of the
respective alloy [12] (Fig. 35.1).

Fig. 35.1 Visual model of Al-Cu alloy with Ce-inhibitor deposits on its surface: (1) inhibitor
deposits, (2) surface oxide layer, (3) aluminum matrix, (4) intermetallic inclusions. Reprinted with
permission from [12]
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The activation of the corrosion process in the case of Ce(IV) compounds can be
explained with the activation of the ORR by the reduction of Ce4+ to Ce3+ near the
cathodic areas.

Although the Ce-based water soluble compounds are considered as definite
cathodic inhibitors, the anionic parts of the respective Ce-compounds have an impact
on the entire inhibitive efficiency (IE), as well [13]. Thus, when the IEs of basic Ce
(III) compounds were compared, it was established that at the optimal concentration
(i.e. 0.03–0.05 M), the higher efficiency belongs to CeCl3 and Ce(NO3)3, whereas
(NH4)2Ce(NO3)5 and Ce2(SO4)3 possess lower IEs. The superior behavior of the
former salts was explained by the more intensive OH� ions generation by the ORR,
which leads to more intensive Ce-hydroxide precipitation and sealing of the respec-
tive cathodic zones. It is promoted either by enhancement of the anodic zones, due to
the oxide layer perforation by Cl� ions or by removal of the Cu2O/CuO thin layer on
the copper enriched cathodic zones by the NO3

� ions, whereas the SO4
2� ions did

not have any distinguishable effect on the inhibition efficiency.
The recent trends in the use of cerium salts for corrosion mitigation include their

combination with organic inhibiting compounds [14–18], which are known as mixed
or anodic inhibitors [19–21]. Similar combinations are examined by mixtures of
other compounds, such as LaCl3 and Na-dodecyl benzene sulphonate as surfactant
[22]. In this sense, Zheng et al. [23] have proposed the use of combination between
Ce(NO3)3 and levofloxacin for corrosion protection of AA2024-T4. This approach
enables to reach a synergism between the cathodic inhibition by the Ce-compound
and prevention of Microbially Induced Corrosion (MIC) by the antibiotic. Another
approach for achievement of such synergistic corrosion inhibition effect is by direct
use of cerium based organometallic compounds, such as (CH3COO)3Ce [24], cerium
cinnamate [25], cerium tartarate [26] and others [27].

Nevertheless, the direct addition of inhibitors to the corrosive medium has only
limited application in liquid recycling systems, such as heat exchange and cooling
installations, or in offshore drilling, even though the liquid flow could disturb the
corrosion inhibition by mechanical removal of the Ce deposits at more intensive
hydrodynamic regimes. Consequently, it is more reasonable to apply the
Ce-compounds in form of thin layers and films, instead of adding them as dissolved
corrosion inhibitors.

35.3 Cerium Oxide Primer Layers (CeOPL)

Recently, the concepts of Sholes et al. [9] and Aldykiewicz et al. [10] were extended
by Conde et al. [28], who propose supplemental chemisorption processes on the
superficial oxide layer of the aluminum, enabling the entire covering by uniform Ce-
O-Al layer. Consequently, the CeOPL formation begins from the nobler intermetal-
lic inclusions until their complete sealing and subsequently spreads over the rest of
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the surface. Hence, the CeOPL growth passes through alteration of the formation
mechanism from island-like nucleation [9, 10] to subsequent layer formation [28], as
shown in Fig. 35.2. This assumption was evinced in previous research works, where
globular morphology was observed by scanning electron microscopy.

Nevertheless, the practical deposition of CeOPL has some related difficulties,
originating from undesirable precipitation, instead of formation of uniform, dense
and adhesive layers. In this sense, it was recently evinced that the optimal concen-
tration of the Ce-precursor should be between 0.03 and 0.05 mol dm�3 [29–33], and
the maximal possible amount of added 30% H2O2 as deposition activator is up to
about 10 ml for 1000 ml of precursor solution. The experience so far has shown that
the deposition of these coating layers can be performed by dip-coating [29, 30] or by
electrodeposition in galvanostatic [31, 33] or potentiostatic [32] regimes. In all cases,
the CeOPL formation requires activation energy in form of elevated temperatures
(up to 60 �C, in order to avoid considerable thermal H2O2 decomposition), applied
potential (i.e. up to �1 V) versus Ag/AgCl reference electrode or defined current
density (from �2 to �5 mA cm�2). In all cases, the superior values of these
parameters result in Ce(OH)3/Ce(OH)4 precipitation, instead of formation of thin,
uniform CeOPL. Regardless of the method of CeOPL deposition, the sequence of
the related operations includes: (i) preliminary treatment; (ii) layer deposition pro-
cedure and (iii) final CeOPL sealing [34, 35]. These additional stages impose the
study of other important factors related to the CeOPL deposition, such as the
concentrations of the alkaline and acidic pretreatment solutions, the temperature
and continuation of the pretreatment process and the final sealing [36, 37], etc. In this
sense, it was recently demonstrated that the anodization procedure predetermines the
formation of thick Ce-O-Al layers with uniform element distribution. Furthermore,
the remarkable durability of these films (up to 2520 h in 3.5% NaCl, prior to pitting
initiation) has revealed dense structure of the Ce-O-Al layers, obtained by filling of
the alumina layer pores by Ce(III)/Ce(IV) species [38].

Fig. 35.2 Illustration of CeOPL layer on Cu-doped Al alloy: (1) grain boundaries, (2) grains of the
basic aluminum matrix, (3) cathodic copper intermetallic inclusions, (4) native oxide layer, (5)
CeOPL layer, (6) initial Ce-oxide/hydroxide deposits
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35.4 Encapsulation of Cerium-Based Inhibitors
in Self-Healing Protective Coatings

Among the basic concepts, related to the active and passive corrosion protection,
described in a recent review paper [39], the encapsulation of free corrosion inhibitors
was described as a main approach for elaboration of advanced self-healing corrosion
protective coatings. Both approaches of encapsulation and preliminary incorporation
of the corrosion inhibitors result in their gradual release near the area of coating
disruption, as illustrated on Fig. 35.3 [40].

These approaches promote deposition of corrosion inhibitors near the naked
corroding zone under the coating damage (Fig. 35.3b), instead of corrosion inhibitor
leaching and loss (Fig. 35.3a). In this sense, various corrosion protective composite
coatings are tested in recent years [41–47].

Finally, it should be mentioned that due to their remarkable mechanical proper-
ties, the CeO2 [48] and Ce-Al-O [49] nanoparticles can be used for increasing the
wear resistance of various types of protective coatings or to be added directly to high
strength Al-based composites [50], as well.

35.5 Other Main Fields of Application
of the Ce-Compounds

Since the oxidation state of cerium can vary reversibly, its oxides can often be in
mixed CeO2/Ce2O3 states. For this reason, highly defected crystalline lattices with
elevated ionic conductivity [51] are formed. This advantage was recently applied in
CeO2-TiO2-SiO2 [52], CeO2-TiO2-SiO2-ZrO2 [53] humidity sensors, as well as in
efficient ZrO2-Ce2O3-Y2O3 electrocatalysts for chlorine generation [54] and
Ce-CeO2-Al2O3 catalyst for the transesterification reaction of canola oil [55].

Fig. 35.3 Schematic view of the role of nano-containers for decrease of undesirable leaching of the
inhibitor: (a) inhibitor included directly in the hybrid matrix and (b) inhibitor loaded nanoparticles
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35.6 Conclusions

The water-soluble cerium compounds can be successfully used as cathodic corrosion
inhibitors, since these compounds have an aptitude to form insoluble hydroxide
precipitates on the cathodic areas. However, recent studies have shown that the
mechanism of their precipitation is more complicated and in the cases of high
concentration additions, especially of Ce(IV) compounds, corrosion activation
could be observed. Despite the cathodic character of the corrosion inhibition by
Ce-compounds, their anionic moieties also affect the inhibition mechanism and
kinetics. The recent trends in the field of Ce-assisted corrosion inhibition are related
to the enhancement of the resulting inhibition effect by use of Ce-based organome-
tallic compounds or by addition of mixed organic or anodic inhibitors. In this sense,
the use of detergents or antibiotics looks like a rather perspective approach.

The mechanisms of Ce-hydroxides precipitation can also be used for spontaneous
and electrochemical cerium oxide primer layers (CeOPL) deposition. However, the
CeOPL formation process requires moderate conditions, in order to obtain a uni-
form, dense and adherent layer, instead of precipitates. Furthermore, the properties
of the resulting Ce-based protective layers depend on the preliminary treatment and
the final sealing stages, as well. In this sense, the preliminary anodization results in
formation of thick combined Ce-O-Al layers with remarkable protective properties.

The encapsulation and incorporation of Ce-based inhibitors in nanoparticles prior
to their addition in the final paint compositions improves the self-healing effect. In
these cases, the inhibitor precipitates on the bare metallic surface under the coating
damage, instead of inhibitor loss due to leakage. Furthermore, CeO2 and Ce-Al-O
nanoparticles can be used to increase the wear resistance of various types of
protective coatings or to be added directly to high strength Al-based composites.
These compounds can be also used for hosting Ce-based corrosion inhibitors. In
addition, the ionic conductivity of the cerium oxide lattices enables to elaborate
advanced sensing elements and catalysts.

Finally, it can be concluded that the Ce-based compounds can be successfully
used in various forms, as (i) free corrosion inhibitors; (ii) primers for multilayered
coatings; (iii) encapsulated or incorporated inhibitors, and (iv) reinforcing phase,
able to host any corrosive inhibitor (including Ce-based one). The exceptional
properties of the Ce-based compounds enable versatile applications of these sub-
stances for corrosion protection, environment monitoring sensors and catalysts for
novel synthesis and contaminant decomposition.
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Part XII
Applications: Health and Biological Threats



Chapter 36
Synthesis of PLGA-PEG-PLGA Polymer
Nano-Micelles – Carriers
of Combretastatin-Like Antitumor Agent
16Z

Gjorgji Atanasov, Iliyan N. Kolev, Ognyan Petrov,
and Margarita D. Apostolova

Abstract One of the most important tendencies for the development of modern
chemistry is related to the new trends in biomedicine and pharmacy. Today, signif-
icant advances have been made in the development of biodegradable and biocom-
patible polymer materials and the synthesis of corresponding polymer nano-
micelles. In this work we aimed to synthesize new biodegradable and biocompatible
block copolymers based on poly(lactide-co-glycolide) (PLGA) and poly (ethylene
glycol) (PEG) with linear (ABA-type) architecture, to investigate their ability to
form nanosized micelles and its aptitude to acts as carriers of combretastatin-like
antitumor agents. The synthesis of linear PLGA1000-PEG1000-PLGA1000 block
copolymer was carried out in line with standard procedures. The size and morphol-
ogy of the obtained micelles were determined by transmission electron microscopy
(TEM) and dynamic light scattering (DLS). The capability of obtained micelles to
adsorb and deliver combretastatin-like antitumor agents into living cells was also
demonstrated. We showed that the obtained copolymers formed nanosized micelles
with the combretastatin-like antitumor agent 16Z. In vitro biocompatibility results
denote that all tested blank-nano-micelles are devoid of cytotoxic effects and may be
used as non-toxic drug carriers to target cells. Cellular uptake of 16Z-loaded
PLGA1000-PEG1000-PLGA1000 micelles by HepG2 cells showed continuous uptake
up to 72 h and a delay in the cytotoxic effect of 16Z. In an attempt to design new
biomimetic analogs of natural combretastatin A-4 (CA-4) and its synthetic amino-
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derivatives, we selected benzothiazolone heterocycles as a scaffold for a bioisosteric
replacement. In silico, drug-likeness and toxicity predictions showed better proper-
ties of benzothioazolone CA-4 analogs. The obtained results are very promising and
need future detailed investigations.

Keywords Nano-micelles · Combretastatin · Drug-likeness · Toxicity

36.1 Introduction

Cancer is one of the most life-threatening diseases and the second major cause of
death worldwide. A series of changes brought by cancer cells via DNA modifica-
tions gives them an advantage over normal cells. Despite the advancement, combat-
ing cancer remains to be a challenge and thus, a prime focus nowadays.

The cellular microtubule system is essential for many important cellular processes
such as cell division, formation and maintenance of cell shape, regulation of motility,
cell signaling, secretion and intracellular transport [1]. Microtubules are generally
recognized as an attractive target for the development of potential new anticancer
agents [2]. Among the tubulin targeting agents, combretastatin A-4, derived from the
bark of the South African tree Combretum caffrum [3, 4], is one of the well-known
natural tubulin-binding molecules. CA-4 is a very attractive leading compound
because of its simple structure, as well as its high cytotoxicity against a variety of
human cancer cell lines, including the multi-drug resistance phenotype [5]. CA-4
strongly inhibits the polymerization of tubulin by binding to the colchicine site and
displays selective toxicity toward tumor vasculature by inhibiting their blood supply
[6]. However, the application of CA-4 as an anticancer agent is limited by its poor
solubility. This failing led to the development of a water-soluble phosphate deriva-
tive as a prodrug, which is currently in human clinical trials. The obtained hopeful
results encouraged the synthesis of a large number of CA-4 analogs [7].

Recently, we designed, synthesized and studied a series of styrylbenzoxazolones
as new analogs of combretastatin A-4 with potential anticancer properties [8]. These
styrylbenzoxazolones also have pure water solubility, similar to more than 40% of
the new chemical entities developed in the pharmaceutical industry [9]. To overcome
the pure water solubility, different nanocarrier-based drug delivery systems continue
to gain considerable attention due to their potential to improve the bioavailability
and efficacy of the drugs [10]. Several nanocarriers such as biologically erodible
microspheres [11], micelles [12], different nanoparticles and quantum dots [13–15]
have been investigated as potential drug delivery systems.

The FDA has approved copolymers containing polyethylene glycol and poly-
lactic-glycolic acid blocks for human use. They are attracting great interest both in
academia and industry for biomedical applications due to their biodegradable nature
and biocompatible properties [16, 17]. In our study, we have used PEG and PLGA as
block copolymer compounds for the synthesis of polymeric nano-micelles to make
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an in-vitro evaluation of the biological responses obtained when micelles are loaded
with 16Z, the newly synthesized structural analogs of the CA-4.

36.2 Experimental

36.2.1 Preparation of PLGA-PEG-PLGA Micelles
and Determination of Critical Micelle Concentration

The synthesis of 16Z and the preparation of PLGA1000-PEG1000-PLGA1000 triblock
copolymers are described in detail in Gerova et al. [8] and Ivanova et al. [18],
respectively. The obtained PLGA1000-PEG1000-PLGA1000 triblock copolymer was
lyophilized (Cryodos, Telstar) to dryness and then dissolved in an appropriate
amount of water to obtain a stock solution with a concentration of 500 μM. To
achieve the full dissolution of the polymer, the mixture was stirred for 24 h at 4 �C.

The critical micelle concentration (CMC) of PLGA1000-PEG1000-PLGA1000

block copolymers was determined using 1,6-diphenyl-1,3,5-hexatriene (DPH,
98%) as a hydrophobic probe. The obtained series of copolymer solutions
(0.250–500 μM) were spiked with a standard solution of DPH in methanol. The
final concentration of DPH was 4.0 μM. All samples were kept in the dark at room
temperature for 24 h to reach the solubilization equilibrium of DPH in the aqueous
phase before analysis with UV-VIS spectroscopy (λ¼ 285 nm; Beckman L-80 UV–
Vis spectrometer, Beckman-Coulter, USA).

36.2.2 Formation of 16Z-Loaded PLGA-PEG-PLGA
Triblock Copolymer Micelles

The loading of 16Z into the polymeric micelles was realized by diluting a stock
solution of 16Z with a predetermined volume of aqueous PLGA1000-PEG1000-
PLGA1000 triblock copolymer solution. The final concentration of polymer in the
micellar solution was kept constant (300 μM) and that of 16Z varied from 0.5 μM to
1.5 μM. The resulting solutions were shaken and kept in the dark at 4 �C for 24 h.
Then they were allowed to equilibrate at room temperature for 2 h. The obtained
solutions were filtered through 0.22 μm Teflon membrane filters to separate the
insoluble matter.

The particle diameter of the formed micelles was measured with Brookhaven
instruments 90plus at 37 �C (angle ¼ 90.00, wavelength ¼ 657.0 nm). The mor-
phology of the polymeric micelles was studied by transmission electron microscopy.
A sample from the micellar solution was dropped on copper Formvar coated grid and
naturally air-dried for several hours at room temperature. The experiments were
performed on a JEOL (JEM-100B) microscope with an accelerating voltage of
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80 kV. TEM size and morphology of 16Z loaded micelles were analyzed with
ImageJ [19].

36.2.3 Determination of Drug Encapsulation Efficiency
and Loading Capacity

16Z-loaded micelles were dissolved in ethanol to measure 16Z concentration
through UV spectrophotometry. This method was used to determine the content of
16Z in the micelle solution. The encapsulation efficiency (EE) and drug loading
(DL) were calculated according to Chen et al. [20]. Since 16Z is not soluble in water,
its content in water was ignored when compared with the loading content of 16Z into
the micelles. Thus, the content of free 16Z in water was not included when
calculating the loading content and entrapment efficiency.

36.2.4 In Vitro 16Z Release Study

16Z-loaded micelles and 16Z were dispersed in 2 ml PBS solution in a dialysis
membrane and placed at 37 �C incubator. Aliquots of the solution were removed and
placed in Eppendorf tubes after 2, 6, 8, 24, 48, 72, and 96 h. Before determination of
the drug concentration by HPLC (Proteome Lab PF2D, Beckman-Coulter, USA;
C18 column, a linear gradient of acetonitrile in water from 0% to 100%, 30 min), the
solution was centrifuged at 10000 rpm at 20 �C for 5 min and the supernatants were
tested. The released drug concentrations against time were plotted into a curve.

36.2.5 Cytotoxicity Assay

Human liver hepatocellular carcinoma cell line (HepG2) was obtained from Amer-
ican Type Culture Collection (HB-8065) and maintained in DMEM (Dulbecco’s
Modified Eagle Medium, Applichem, Germany) supplemented with 10% (v/v) FBS
(BioWhittaker, USA), penicillin (100 μg/ml), streptomycin (100 μg/ml), and
4.0 mM L-glutamine at 37 �C in a humidified atmosphere of 5.0% CO2 and 95% air.

The cell proliferation inhibitory effect of 16Z-loaded micelles was assayed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method. The
MTT proliferation assay is based on the ability of live cells to reduce the yellow
MTT dye to purple formazan crystals. Logarithmic growing HepG2 cells were
plated at a density of 1.0 � 104 cells/well in 100 μl DMEM. Twenty-four hours
later, the growth medium was changed with a growth medium containing
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16Z-loaded micelle (16Z concentrations of 250, 500, 750 nM, and 150 μMmicelles)
and the cells were further incubated up to 72 h. Following the incubation period and
a change with 100 μl/well of fresh media, 10 μl of MTT solution (5.0 mg/ml) was
added to the wells and incubated for further 3 h. 16Z was prepared by dissolving in
dimethyl sulfoxide (DMSO) and subsequent dilution with medium to different
concentrations in the range of 25 μM to 10 nM. DMSO in the medium never
exceeded 0.1%. Cells were also treated with a mixture of 100 μl DMEM with
DMSO or 16Z as controls. The formed MTT-formazan product was dissolved in
isopropanol and the absorption at 550/630 nm was measured on a vertical spectro-
photometer (Bio-Tek Instruments Inc., USA). For each concentration tested, a set of
3 independent experiments of eightplicates was performed.

36.2.6 In Silico Drug-Likeness and Toxicity Predictions

In an attempt to design new biomimetic analogs of natural CA-4, we selected
benzothiazolone heterocycle as a scaffold for a bioisosteric replacement of the
CA-4 ring B (Fig. 36.2b). Following the main strategy of bioisosterism, we proffer
the synthesis of novel CA-4 benzothiazolone hybrids S19, S21, S23, and RS10 with
potential antitumor effects. The in silico drug-likeness and toxicity predictions of the
designed CA-4 analogs were carried out using OSIRIS Property Explorer 2017 and
the estimated partition coefficients were calculated with the SwissADME program
(http://www.swissadme.ch/).

36.2.7 Statistical Analysis

The data were evaluated by analysis of variance (ANOVA) followed by Tukey’s
post-hock test. Differences in the results at the level of p < 0.05 were considered
statistically significant. The statistical analysis was carried out using the PASW 18.0
statistical software package (IBM) for Windows.

36.3 Results and Discussion

36.3.1 Preparation and Characterization of 16Z-Loaded
Micelles

The CMC research was carried out to prove the formation of the PLGA1000-
PEG1000-PLGA1000 nano-micelles in aqueous media. DPH was used as a probe in
the measurement of CMC. The plot of DPH’s absorption maximum at 285 nm as a
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function of the polymer content is shown in Fig. 36.1a. The CMC was obtained from
the intersection of the tangent to the curve at the inflection with the horizontal
tangent through the points at low concentrations. It revealed that the CMC of
PLGA1000-PEG1000-PLGA1000 was 100 μM in aqueous solutions, suggesting that
when the concentration of PLGA1000-PEG1000-PLGA1000 conjugates was above
100 μM, nanomicelles would spontaneously form in aqueous solutions. This low
CMC value indicated that there is a strong capacity to form micelles at a lower
concentration.

The size distributions are known to affect pharmacokinetics and endocytosis in a
polymeric drug delivery system. In our research, particle sizes and size distributions
of 16Z loaded PLGA1000-PEG1000-PLGA1000 micelles were measured by particle
size analyzer in an aqueous solution at room temperature. Table 36.1 shows the size
distributions of the micelles for the observed in batch dispersions. The blank
PLGA1000-PEG1000-PLGA1000 micelles showed a narrow size distribution (polydis-
persity index Pdi: 0.106) with main effective diameter of micelles of ca. 70 nm. An
increasing amount of 16Z does not influence the micelles’ size. The dispersions of
16Z-loaded micelles are dominated by a single mode with a peak-size close to
110 nm. In some batch dispersions, there was a second mode (by number) in size-
range around 50–70 nm, probably revealing a presence of non-loaded micelles. The
size results suggested a possible efficient passive targeting potential to tumor tissue.

TEM image was used to observe further the morphology and size of the micelles.
As shown in Fig. 36.1b, the shapes of 16Z loaded PLGA1000-PEG1000-PLGA1000

micelles were almost spherical with diameters ranging from 80 nm to 130 nm, which
confirmed the shell–core structure of the polymeric micelles. The smaller sizes of
80 nm observed by TEM as compared to those measured by the particle size analyzer
might attribute to evaporation shrinkage of the PEG shell during the drying process
of the TEM sample preparation.

Fig. 36.1 Characterization of PLGA-PEG-PLGA-based micelles and its 16Z-loaded forms. (a)
DPH absorbance at 285 nm vs. lgC for PLGA1000-PEG1000-PLGA1000 in water; (b) TEM micro-
graph of 16Z-loaded micelles (scale bar 100 nm)
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Furthermore, we also found that increasing the concentration of 16Z from 0.5 μM
to 1.5 μM has a small impact on the encapsulation and loading efficiencies. The
encapsulation efficacy increased from 56% to 70%, however, the 16Z’s drug loading
efficiencies stayed constant at approximately 25%. These results indicated that the
capacity of the triblock polymer influenced drug loading and encapsulation effi-
ciency with only slight increases when drug concentrations increased.

36.3.2 In Vitro Drug Release Profiles and Effect on HepG2
Viability

To exploit the utility of 16Z-loaded micelles for an effective drug delivery system,
we employed the in vitro drug release of 16Z from PLGA1000-PEG1000-PLGA1000

micelles at different time intervals and compared the results to that of 16Z.
The release profiles of 16Z micelles were investigated in PBS solution at 37 �C.
The cumulative in vitro release of 16Z was significantly different from that of the
micelles. Compared to the fast release of 16Z in dissolution medium, 16Z-loaded
micelles exhibited a slow release in the initial 8 h (40%). 60% of 16Z was released
from the micelles at 24 h, which was followed by the gradual and sustained release of
16Z up to 72 h (80%). The observed slow-release stage might result from a slow
degradation of micelles, whereas the sustained release was attributed to the release of
the encapsulated 16Z from the micelles. Recently, the two-step release pattern was
observed in other drug-loaded micelle formulations [21]. Thus, our results proved
that the release of 16Z from the PLGA1000-PEG1000-PLGA1000 micelles in a con-
trolled manner is beneficial for prolonging the drug release behavior.

We determined the anti-proliferative properties of 16Z-loaded micelles in HepG2
cells. As shown in Fig. 36.2a, blank micelles do not show cytotoxicity at 150 μM
concentrations (48 and 72 h), which confirms that the PLGA1000-PEG1000-PLGA1000

micelles have good biocompatibility. Moreover, Fig. 36.2a indicates that HepG2
cells exposed to 16Z after 48 h of treatment exhibited significant cytotoxicity in a
dose-dependent manner. Although there was a similar cytotoxicity between 16Z and
16Z-loaded micelles at the concentration studied (250 nM, 500 nM, and 750 nM), a
notably greater degree of cytotoxicity was observed at a lower dose (250 nM) of
16Z-loaded micelles when compared to 16Z alone. We might speculate that this

Table 36.1 Characterization of 16Z loaded micelles

Micelles
(μM)

16Z
(μM)

Effective
diameter (nm)

Polydispersity
index (Pdi, nm)

Encapsulation
efficiency (%)

Loading
efficiency (%)

300 0 71.0 � 2.2 0.106 � 0.002 – –

300 0.5 115.2 � 5.4 0.205 � 0.003 56 � 1 24 � 1

300 1.0 111.7 � 7.5 0.214 � 0.005 69 � 2 26 � 1

300 1.5 109.4 � 4.7 0.218 � 0.003 70 � 2 25 � 2
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effect is possibly observed by increased 16Z-loaded micelle solubility and enhanced
micelle-mediated cellular uptake at lower concentrations. Probably the dissolution of
the polymer into water improves the capacity of the solution to dissolve drugs
directly. Furthermore, when concentration increased to 500 or 750 nM, the cytotox-
icity of 16Z on HepG-2 cells was higher than that of 16Z-loaded micelles, thus
indicating a different mechanism of drug release from the micelles. No differences
between the effect of the free 16Z and 16Z-loaded micelles were observed following
72 h of treatment.

One of the common difficulties with intravenous drug delivery is the low solu-
bility of the drug. In our study, a better solubility of 16Z was accomplished because
the drug has a high solubility in the micelle and the PLGA1000-PEG1000-PLGA1000

micelles have a high solubility in the cell culture media. The phase segregation of
polymer-blocks into micellar morphology creates an environment, where 16Z can
dissolve in the hydrophobic core. PEGs are commonly employed as biocompatible
hydrophilic polymers and PLA and PGA degrade over time into acids that can be
safely eliminated from a living system, thus allowing us to perform future research
for testing the possible anti-cancer effect of 16Z-loaded micelles in vivo.

Fig. 36.2 In vitro cytotoxicity against HepG2 cells after incubation with 16Z-loaded PLGA1000-
PEG1000-PLGA1000 micelles at different concentrations for 48 and 72 h is shown in (a) and
schematic representation of the compounds 16Z, CA-4, S19, RS10, S21 and S23 in (b).
�p < 0.01 versus blank micelles and control group; #p < 0.05 versus 16Z. CA-4: combretastatin
A-4; 16Z@micelles: 16Z-loaded micelles
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36.3.3 In Silico Results of Risks and Drug-Likeness
of Ligands

As a part of our ongoing research program to discover novel anticancer agents, we
previously reported CA-4 analogs with benzoxazolone scaffold as potent anticancer
agents [8]. In continuation of these efforts for development of selective tubulin
polymerization inhibitors as potential chemotherapeutic agents, we have designed
4 (S19, RS10, S21, S23) new compounds structurally based on CA-4 and
benzothiazolone moiety (Fig. 36.2b). The benzothiazolone was chosen based on
its special significance in synthetic chemistry, pharmaceutical chemistry, as well as
its anti-tumor properties, and cardiotonic activity.

ChemDraw was used to generate the simplified molecular-input line-entry system
further used in OSIRIS Property Explorer [22] for calculation of the drug-likeness as
a prediction that determines, whether a particular pharmacological agent has prop-
erties consistent with being an orally active drug [23–25]. It also provides informa-
tion on the hydrophilicity of the compound (cLogP), solubility (LogS), molecular
weight, drug-likeness and drug score. All four compounds (S19, RS10, S21 and
S23) had molecular weights less than 500, which showed that they are likely to be
absorbed and can reach the place of action when administered as oral drugs
(Fig. 36.2b). All six compounds including 16Z and CA-4 had cLogP values less
than 5, suggesting good absorption and permeation across cell membranes
[26]. Among the six compounds, CA-4 had the highest value of drug score (0.48).
All other compounds had a drug score of less than 0.2, which could be a result of
introducing benzoxazolone and benzothiazolone scaffolds. The higher drug-likeness
was calculated for S19 (73.3). The LogS prediction of �5.38 (S19), �5.34 (RS10),
�5.22 (S21), �4.50 (16Z) and �2.25 (CA-4) indicated that all the compounds
should be moderately soluble in water. Low hydrophilicity and therefore high logP
values cause poor absorption or permeation. It has been shown that S19, RS10, S21
and S23 compounds have a reasonable probability of well absorbing, since their
cLogP value is not greater than 5.0. In general, the drug-likeness value of compound
S19 (6.65) is bigger than that of 16Z (�0.53) and CA-4 (4.66). S19 exhibited good in
silico ADMET properties but possessed high mutagenic, irritant, and reproductive
effective toxicity risks and therefore, it has to be studied in detail in vitro before
considering S19 for in vivo drug testing.
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Chapter 37
Poly(ε-caprolactone)/Chitosan
Nanostructures for Cell Cultivation

Hilal Turkoglu Sasmazel

Abstract Hybridization of synthetic poly (ε-caprolactone) (PCL) and natural
chitosan polymers to develop PCL/chitosan core-shell nanostructures for cell culti-
vation was aimed in this study. Coaxial electrospinning method was used for the
fabrication of the nanostructures. The characterizations of the samples were done by
X-ray photoelectron spectroscopy (XPS) analyses and mechanical tests. XPS anal-
ysis of the PCL/chitosan core-shell structures exhibited the characteristic peaks of
PCL and chitosan polymers. The cell culture studies, MTT assay and Confocal Laser
Scanning Microscopy (CLSM), carried out with L929 ATCC CCL-1 mouse fibro-
blast cell line, proved the biocompatibility of all materials. The cell viability on the
hybrid nanostructures was ~two times better then on tissue culture polystyrene
(TCPS) because of its three dimensional (3D) extracellular matrix (ECM)-like
structure compared to 2D flat surface of commercially cell compatible TCPS. The
performance was ~two times and ~ten times better compared to single PCL and
single chitosan, respectively, even though both fabricated similarly by
electrospinning as non-woven fibrous structures, because were either too hydropho-
bic or too hydrophilic to maintain cell attachment points.

Keywords Chitosan · PCL · Core-shell · Fibroblast · Electrospinning

37.1 Introduction

Electrospinning is a simple but very effective process to obtain micro and nanofibers
with high surface area to volume ratio from a large diversity of materials including
polymers, composites, and ceramics for tissue engineering applications [1, 2]. It
includes a rapid evaporation of the solvent during the electrospinning process and
the jet of polymer solution is continuously stretched because of the electrostatic
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forces between the surface charges. As a result, ultrafine fibers are deposited on the
collector. One or more different polymer solutions as a shell and non-polymeric
Newtonian liquid or a powder as a core could be coaxially electrospun by coaxial
electrospinning method. In this process a core-shell droplet occurs at the exit of the
core-shell needle tip, and it forms a Taylor cone with the help of the applied high
electric field. Finally, the core-shell fibers are collected on the counter electrode
[3, 4]. It is found that coaxially electrospun structures for tissue engineering appli-
cations are superior to their blended or individual forms [5].

In this study, 3D electrospun PCL/chitosan core-shell scaffolds for tissue engi-
neering applications are developed. The main idea is to produce composite scaffolds
in which PCL is used as core layer and chitosan is used as shell layer by coaxial
electrospinning method. The characterization of fabricated scaffolds is done by
mechanical tests and XPS analysis. Finally, the cell material interactions of the
prepared materials are examined in vitro with L929 cell line over the course of
7 days.

37.2 Experimental Section

37.2.1 Preparation of PCL/Chitosan Core-Shell Structures
and Their Characterization

PCL (15 wt. %) was dissolved in chloroform/methanol (75/25, v/v) mixture at 30 �C.
Chitosan (8 wt. %) was dissolved in TFA at 50 �C. In order to achieve a stable jet for
the coaxial electrospinning, the two immiscible solutions were fed through coaxial
needles with diameters of 0.9 mm for the shell, and 0.57 mm for the core polymer.
The coaxial electrospinning was performed under ambient temperature (24 �C) for
6 h.

The mechanical properties of the electrospun core-shell structures, cut into
dog-bone shape with dimensions of 40 mm � 5 mm, were determined using a
universal tensile testing instrument (Zwick/Roell 250 kn, Germany) with 100 N load
cell. Furthermore, the surface chemistry of the developed scaffolds was examined
with X-ray photoelectron spectroscopy system (PHI 5000 Versa Probe, Physical
Electronics, USA). The surface composition and the functional carbon and oxygen
groups of the fabricated scaffolds are examined by survey and high-resolution scans.

37.2.2 Cell Culture Studies

In order to observe cell-material interactions of PCL/chitosan core-shell scaffolds,
L929 ATCC CCL-1 mouse fibroblast cell line was used for cell culture studies.
Prepared coaxially electrospun scaffolds were placed in 24-well plate petri dishes
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with the concentration of 1 � 105 cells/mL in medium. Studies of cell viability were
conducted 7 days in a culture medium that consisted of, DMEM/F12 + %10 (v/v)
FBS + 1% (v/v) penicillin + streptomycin (100 units/ml penicillin, 100 μg/ml
streptomycin) in incubator at 37 �C under 5% CO2. Samples were sterilized with
UV for 30 min and cut into circular shapes with 1 cm diameter. Then they were
placed in parafilm coated TCPS (tissue culture Polystyrene) well. In order to
determine cell growth MTT technique was used. In addition to that, cell growth,
proliferation and adhesion were examined by confocal laser scanning microscope
(CLSM).

37.3 Results and Discussion

In this study, coaxial electrospinning method is used for the first time to produce a
composite tissue scaffold with PCL as a core layer and chitosan as shell layer. The
performance of the fabricated scaffolds was investigated by the following charac-
terization methods and cell culture studies:

37.3.1 Mechanical Properties

The mechanical performance is critical for electrospun materials due to the fact that
they need to tolerate the forces created by regeneration and physiological activities to
a certain level [4]. The determined mechanical properties of the prepared materials
are given in Table 37.1. When compared to the PCL nanofibers, the chitosan
nanofibers were found to possess lower elastic modulus and also lower tensile
strength. Additionally, the core-shell structured PCL/chitosan nanofibers were
found to have higher elastic modulus (3.284 MPa � 0.016) and tensile strength
(1.318 MPa � 0.042) and lower strain at break value (11.000% � 2.345), compared
to the chitosan and PCL nanofibers.

When the same load was applied to PCL, chitosan and PCL/chitosan core-shell
structures, the latter exhibited decreased elastic and plastic deformation values. Also,
the strain at break value was the lowest for the PCL/chitosan core-shell scaffolds
comparing to the PCL and chitosan scaffolds; therefore, the PCL/chitosan core-shell
scaffolds were more brittle, resulting in less elongation before failure.

Table 37.1 Tensile properties of the electrospun PCL/chitosan core-shell scaffolds

Sample Elastic modulus (MPa) Tensile strength (MPa) Strain at break (%)

PCL 1.330 � 0.002 0.909 � 0.040 77.020 � 3.000

Chitosan 0.668 � 0.023 0.451 � 0.010 40.090 � 2.500

PCL/chitosan core-shell 3.284 � 0.016 1.318 � 0.042 11.000 � 2.345
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37.3.2 Surface Chemistry Analysis

The X-ray photoelectron spectroscopy (XPS) analysis was applied to get information
on the chemical composition and binding states on the surfaces of the PCL/chitosan
core-shell structures.

Surface chemical composition of 66.9 at% C, 31.4 at% O and 1.7 at% N was
found for the PCL/chitosan core-shell samples by the XPS survey scan. Addition-
ally, high resolution scans of C1s (285.0 eV), O1s (531.0 eV) and N1s (399.8 eV)
peaks were performed for the samples. The analysis showed the characteristic peaks
of the PCL components and chitosan that can be expected for the PCL/chitosan core-
shell scaffolds (Table 37.2).

37.3.3 Cell Culture Studies

37.3.3.1 MTT Assay

The viability of cells was measured by MTT assay. Figure 37.1 shows that coaxially
electrospun PCL/chitosan scaffolds caused no toxicity to fibroblast cells and there is
a notable increase in cell viability and density during the cell culture period of
7 days. The highest cell growth and proliferation were acquired by PCL/chitosan
core-shell nanofibers at the end of the cell culture tests (seventh day). The 3D
structure of the fabricated PCL/chitosan scaffolds gives a higher surface to volume
ratio which yields higher cell density. The combination of the natural polymer
chitosan and the synthetic polymer PCL as a core-shell electrospun structure
consisting of micro and nanosized fibers with inter fiber pores, biomimics the
original ECM structure, which results in the highest cell growth and poliferation at
the end of the cell culture tests.

Table 37.2 Surface compo-
sition (atomic %) of the
PCL/chitosan core-shell scaf-
folds, as determined by
deconvolution of C1s and O1s
XPS peaks

eV Group

PCL/chitosan core-shell

Area %

285.0 C–C 10,254 38.6

285.6 C�
–COO 6511 24.5

286.2 C–N

286.6 C–OH, C�
–OCO 5423 20.4

288.8 COO, COOH 4372 16.5

eV Group Area Ratio
532.1 C¼O 11,456 1.22

531.0 C–O 9354
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37.3.3.2 Confocal Laser Scanning Microscopy (CLSM) Analysis

On the third and seventh days of cell culture tests, cells on/within PCL/chitosan core-
shell scaffolds were observed by CLSM. The cells were in a fusiform or possessed a
spindle-like shape based on the cell response on/within the scaffolds, as shown in
Fig. 37.2. On the third day of culture tests, the cells were able to attach to the matrix
and proliferate and grow in the form of clusters. On the seventh day, the cells were
alinged and their density was increased.
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Fig. 37.1 Absorbance values of the control (TCPS Petri dishes), electrospun PCL, chitosan and
PCL/chitosan core-shell scaffolds

Fig. 37.2 Confocal microscopy images of the cells on/within PCL/chitosan core-shell scaffolds on
the (a) third day; (b) seventh day. The magnification of the images is �20
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37.4 Conclusion

In this study coaxial electrospun PCL/chitosan composite scaffolds were developed
for the first time. Based on the results of this work, it can be concluded that the
electrospun PCL/chitosan core-shell scaffold was better candidate for cell adhesion,
growth and proliferation than the commercial TCPS, PCL or chitosan scaffolds.
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Chapter 38
Preparation and Characterization of Zinc
and Magnesium Doped Bioglasses

Sílvia Rodrigues Gavinho, Mariana Castro Soares, João Paulo Borges,
Jorge Carvalho Silva, Isabel Sá Nogueira,
and Manuel Pedro Fernandes Graça

Abstract Peri-implantitis is an infectious disease that affects about one of five
patients who receive a dental implant within 5 years after the surgery. To minimize
this reaction the development of new biomaterials with antibacterial action is needed
that can be used as a coating material in orthodontic implants. In addition, these
biomaterials can be doped with several ions, which add specific properties that may
act at the cellular level, such as increasing the angiogenesis efficiency. In this work,
45S5 Bioglass® has been used as the base material because it presents higher
bioactivity compared to other biomaterials. To add antibacterial function and
increase positive effects on bone metabolism, zinc and magnesium ions were
introduced in the glass network. The main objective was the synthesis of the 45S5
glass by melt-quenching and study the biological performance as function of the zinc
and magnesium concentrations. The structural and biological properties of the
prepared samples are discussed.

Keywords Biomaterial · Bioactive glass · Implant coating · Cytotoxicity ·
Antibacterial properties
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38.1 Introduction

One of the main focuses in modern medicine has been the extension of human life
with the highest quality of life that can be achieved. In the matter of quality,
biomaterials have proved to be fundamental and their evolution has been remarkable
with their greatest development in the twentieth century, although there are reports
of materials being applied in the field of medicine by older civilizations [1]. A
biomaterial is defined as “any natural or synthetic material that is intended to be
introduced into living tissue as part of a medical device or implant” [2]. Initially,
biomaterials had their main applications in artificial joints and cardiovascular
devices, but recently the field of tissue engineering and organ regeneration began
to be part of their applications [1].

Considering that a biomaterial is designed to interact positively with living tissues
or organs, its main feature should be biocompatibility, which means that when
placed in contact with the biological environment, the latter will not be damaged.
There are three types of biomaterial-tissue interactions that can be observed:
(i) bioinert, where the material is encapsulated by a fibrous tissue and no longer
plays any role in the biological environment; (ii) bioresorbable, where the material is
absorbed by the environment in vivo; or (iii) bioactive, where there is an active
interaction between the implant and the tissues, i.e. superficial bonds are formed
between the two parts [1].

In many cases, the materials that have the best implant characteristics, especially
for bone implants, are metals due to their adequate mechanical properties. However,
metals are not bioactive, and this increases their tendency towards failure. In order to
improve this aspect and create a form of interaction between the metallic implants
and the biological environment, chemical changes are applied to their surface or they
are coated with another type of material. In the field of coatings, ceramics such as
hydroxyapatite and bioglass are used due to their high bioactivity and good resis-
tance to corrosion and compressive stresses [3]. One of the most popular bioactive
ceramics is 45S5Bioglass®, discovered in the twentieth century by Larry Hench.
This bioglass is composed of 45% SiO2, 24.5% Na2O, 24.5% CaO 6% and P2O5

(wt %) [4].
The 45S5Bioglass® is highlighted due to its bioactivity and ability to create

strong bonds with tissues. In particular, when used in a bone environment, bioglass
has the ability to form a hydroxyapatite layer, which will promote adhesion and
proliferation of osteoblasts, the major cells responsible for the formation of new
bone tissue [5–8].

In addition to all the advantages presented, 45S5Bioglass® has some limitations.
For example, this biomaterial presents difficulties in the production of porous
bioactive glass models for bone regeneration. However, this problem is overcome
by adapting the composition of the bioglass, avoiding its crystallization. Sintering
problems can also be avoided by changing the synthesis method and conditions, and
in the sol-gel process the silica matrix is synthesized at room temperature [9]. Besides
the importance of synthesis methods, the ionic modification of the vitreous network
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also influences the functional properties, being possible to change the regeneration
rate of the hard tissue or increase the antibacterial activity and angiogenesis [7].

There are several studies of ionic modification that have increased bioactivity,
stimulated the effects of osteogenesis, angiogenesis and antibacterial properties of
bioglass in a specific physiological environment [7, 10]. Ions such as Sr, Mg, Fe, B,
Zn Li or Zr accelerate hard tissue regeneration and may be beneficial for patients
who need help with tissue regeneration [7]. In addition, some of these ions lead to
increased cell proliferative activity, apatite formation, and bone-related gene
expression.

In this manuscript, we will focus on magnesium and zinc ions. In addition to all
other functions referred above, magnesium has advantages in bone metabolism,
fracture prevention and bone density, and helps to prevent osteoporosis
[10, 11]. Zinc is a metallic substance that is associated with enzymatic reactions,
cell development, immune function, and its deficiency is associated with various
cardiovascular, neurological and bone diseases. Zinc is essential for DNA replication
and also plays an important role in the growth, development and differentiation of
specialized bone cells. In addition, zinc also has antibacterial properties [10]. This
element acts as a cofactor of the alkaline phosphatase enzyme needed for mineral-
ization and bone formation [11]. In relation to bone tissue in particular, zinc plays a
role in its formation since it is responsible for stimulating the osteoblasts and
inhibiting the absorption of osteoclasts by the bones. In addition, there are studies
on zinc-containing ceramic composites showing that these materials exhibit good
antibacterial properties, which may be helpful in decreasing surgical complications,
for example after the introduction of an orthopedic implant [12–14]. Magnesium and
zinc ions are present in the human biological system and both have very different
roles in it. The main objective of this work is to understand what are the main
structural, morphological and biological changes that the addition of these ions
introduced in the bioglass.

38.2 Results and Discussion

Bioglass with magnesium, zinc or both elements were prepared with various con-
centrations (Table 38.1) (1, 2, and 4 wt%). The “base bioglass” was 45S5Bioglass®
and the samples were prepared by the melt-quenching method. The morphological,
structural and biological characteristics were studied.

Table 38.1 Sample compositions by weight percentage

1 Mg 2 Mg 4 Mg 1Zn 2Zn 4Zn 2 Mg2Zn 2 Mg4Zn 4 Mg2Zn

Bioglass 99% 98% 96% 99% 98% 96% 96% 94% 94%

Magnesium 1% 2% 4% – – – 2% 2% 4%

Zinc – – – 1% 2% 4% 2% 4% 2%
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It is possible to verify the similarity of all diffractograms presented in Fig. 38.1,
both among them and in comparison to the bioglass without doping, presented in the
literature [15]. All samples have a mostly amorphous structure, which is character-
istic of any glass, which means that the addition of magnesium and/or zinc in the
amounts used did not promote the crystallization of the glass. However, these
crystalline phases may exist, but according to the diffractograms will be in very
small quantity.

Raman spectra obtained for all samples are shown in Fig. 38.2. It is observed that
both within the sample group and among the three groups, the spectra are quite
similar and do not differ much from the results found in the literature for pure
bioglass [16]. The amorphous structure of the samples is confirmed by this technique
since there are broad bands in the spectra instead of well-defined peaks. Comparing
the spectra of these doped samples with the spectra present in previous investigations
of the bioglass without the presence of the dopant, it appears that the presence of
magnesium and/or zinc in the amounts used does not produce a significant change in
the glass structure.

The presence of broad bands in the FTIR spectra (Fig. 38.3) confirms the
amorphous structure of the samples, which means that the addition of magnesium
and/orzinc did not promote marked crystallization of the bioglass. Absorption bands
are found in the spectra of all samples near 506, 600, 740, 873, 932, 1033 cm�1, and
all these values are in accordance with those described in the literature for the
bioglass used. The stretching and flexing modes of Si-O-Si bonds are associated
with the 1033 and 506 cm�1 bands. When there is a non-binder oxygen atom in SiO2

molecules a different vibration mode is associated, which appears at 932 cm�1. The
remaining two bands (600 and 740 cm�1) are related to P-O-P bonds and the

Fig. 38.1 X-ray diffraction patterns of all samples
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presence of amorphous phosphates. The band centered at 873 cm�1 can certainly not
be associated with any particular mode, since there are several different assignments
made in the literature, such as the presence of calcium or sodium carbonates. This
could be true having in mind that these compounds were introduced by initial mixing
of the sample constituents, as stated in the literature, and may not completely
disappeared, when calcination was performed. However, it may also be associated
with SiO4 units, although this band may be located at wave numbers slightly
deviated from the value present in these samples.

Surface images of all samples were obtained by scanning electron microscopy
and are shown in Fig. 38.4. For the magnesium group, all samples have a surface
with a grainy texture. Using ImageJ software, it was possible to calculate the average
grain size by a pixel-micrometer conversion. The average sizes calculated were
79, 187 and 225 nm for the 1Mg, 2Mg and 4Mg samples, respectively. As the
amount of magnesium added to the glass increases, the average size of the grains that
are present on the surface increases more than double for 2Mg compared to 1Mg.

In the group of samples containing zinc a very different surface is observed
compared to the group mentioned above. In addition to the presence of some
impurities, small spots are observed which decrease in quantity as the percentage
of zinc increases. These spots suggest the existence of a kind of segregation which

Fig. 38.2 Raman spectra obtained for all bioglass samples with: (a) magnesium; (b) zinc and (c)
magnesium and zinc
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only appears by certain amount of zinc incorporated in the bioglass since it is
possible to verify that in the 4Zn sample image these spots are non-present.

In the images of the samples containing both magnesium and zinc, the phenom-
enon that gives rise to the aforementioned segregations is exponent. The segrega-
tions are observed in a larger extent for samples 2Mg2Zn and 4Mg2Zn, which are
those that contain less zinc. For the 2Mg4Zn sample the segregations disappear and
the granular appearance observed by the magnesium samples does not appear either,
leading to the conclusion that this effect is nullified by zinc addition. Such segrega-
tions may be caused by the existence of a second phase within the amorphous
structure of the glass.

38.3 Cytotoxicity Tests

Cytotoxicity tests were performed with three different concentrations by the extrac-
tion method applying SaOS-2 cells (human osteosarcomas). The viability of the cells
was evaluated using resazurin as a colorimetric indicator (Fig. 38.5). The colorimet-
ric indicator used is gray when the environment is cytotoxic and pink when it is not.
None of the samples was cytotoxic except for the 2Mg sample by 25 mg/ml

Fig. 38.3 FTIR spectra for all bioglass samples with: (a) magnesium; (b) zinc and (c) magnesium
and zinc
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concentration. It is thought that by this experiment an error in dilution occurred and
the cells were exposed to a higher concentration of the sample. However, under
normal conditions it would behave in the same manner as the other samples. At the
concentration of 50 mg/ml, it is observed that the sample with the highest amount of
zinc was the only one that was not cytotoxic, although the 2Zn sample also had a
light pink color. By the samples containing both doping elements, the one with the
highest amount of zinc was not cytotoxic. However, at the initial concentration, all
samples were toxic to cells.

Cell culture population percentages for all samples and dilutions are shown in
Fig. 38.6. Light and dark gray bars represent negative (non-cytotoxic environment)
and positive (cytotoxic environment) control cultures, respectively.

From Fig. 38.6, it is possible to analyze more quantitatively the cytotoxicity of the
samples. In general, the results shown in the graph confirm the analysis performed
for concentrations of 100 mg/ml and 25 mg/ml through the images. Within the

Fig. 38.4 Surface images of samples taken by scanning electron microscopy
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intermediate concentration, there are already some variations for the zinc group and
the composites that become more obvious by looking at the graph. For the zinc
samples, it should be noted that the increase in the percentage by weight of dopant is
followed by a decrease of the cytotoxicity. For the samples with both dopants, it is
observed that the sample with the highest percentage of zinc is the only one of the
three that is not cytotoxic at the referred concentration.

38.4 Antibacterial Activity

Figure 38.7 shows the pellets of each sample after a procedure performed to verify
the tested antibacterial activity for two bacteria. The gray ring observed around the
tablets allows to evaluate the inhibitory effect of the samples in relation to the
bacteria in question. The size of the ring is proportional to the inhibitory effect. In
general, it is possible to verify from the images that all samples have a higher
inhibitory effect for S. aureus bacteria than for E. coli. These results are confirmed
by the measurements of the halo diameters, presented in Table 38.2.

Fig. 38.5 Cell culture
images of different samples
at three concentrations
applying colorimetric
indicator
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38.5 Conclusions

This work aimed to study what changes were caused to some of the characteristics of
45S5 bioglass when different dopants with different amounts are added. To under-
stand the changes, various analyses were performed regarding the physical structure
and biological activity of the samples. The results from the structural and physical
characterization techniques allow to conclude that there is no significant change in
the bioglass structure with the addition of magnesium and/or zinc, although the SEM
images show surface changes in some samples compared to the pure bioglass. No
significant differences were observed by Raman, FTIR and X-ray diffraction tech-
niques regarding the analyzes of the base glass in the literature, confirming that the
structure remains amorphous by any addition in the amounts used. The biological
characterization of the samples was made considering their cytotoxicity and
antibacterial activity. For the first property, it is concluded that almost all samples
can only be used in the biological system if their concentration does not exceed
25 mg/ml. This suggests that all samples should then be combined with another
biomaterial, so that the exposure of these doped bioglasses to the medium does not
exceed the lowest concentration. However, the 4Zn and 2Mg4Zn samples show a
favorable behavior at a higher concentration (50 mg/ml) and it is also observed that
the addition of zinc contributed to the decrease of the cytotoxicity. Regarding the
analysis of antibacterial activity, it was concluded that the combination of magne-
sium and zinc produces the best results for the inhibitory effect on S. aureus bacteria,
assuming a joint action by the two substances. Furthermore, the inhibitory effect on
all compositions was found to be most evident for S. aureus bacteria compared to
E. coli.

Fig. 38.6 Percentages relative to cell population
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Microorganism

E. coli

E. coli

S. aureus

S. aureus

E. coli

S. aureus

1Mg 2Mg 4Mg

1Zn 2Zn 4Zn

2Mg2Zn 4Mg2Zn 2Mg4Zn

Fig. 38.7 Images of the pellets of each sample placed in bacterial medium and their inhibition halo
(gray ring around the pellet)

Table 38.2 Average diame-
ters of the inhibition halos

E. coli S. aureus

Halo diameter (mm) Halo diameter (mm)

1Mg 14,75 � 0,64 15,63 � 0,48

2Mg 14,63 � 0,48 15,25 � 0,29

4Mg 14,50 � 0,71 15,13 � 0,48

1Zn 16,00 � 1,15 16,75 � 1,26

2Zn 14,75 � 0,29 16,00 � 0,41

4Zn 14,00 � 0,58 15,25 � 0,29

2Mg2Zn 15,67 � 0,76 17,13 � 0,63

4Mg2Zn 14,00 � 0 15,50 � 0

2Mg4Zn 13,63 � 0,25 16,00 � 0,91
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Chapter 39
Polarized Light for Detection
of Pathological Changes Within Biological
Tissues

Ani Stoilova, Dimana Nazarova, Blaga Blagoeva, Velichka Strijkova,
and Plamen Petkov

Abstract Here we present two techniques using polarized light for detection of
abnormal morphological changes in tissue samples. A Zeta-20 polarized optical
microscope has been used to visualize human lung histologic specimens with
pathological changes caused by anthracosis, tuberculosis, influenzal pneumonia,
pulmonary infarction and malignant tumour formation as well as tissue sample of
normal lung. The images have been taken and reconstructed in accordance to the
method reported by Jacques and Lee (Lasers in surgery: advanced characterization,
therapeutics, and systems VIII: polarized video imaging of skin. In: SPIE. BiOS ’98
international biomedical optics symposium, vol 3245, San Jose, CA, USA, 1998.
https://doi.org/10.1117/12.312307). Tissue polarimetry has been also used to study
the above-mentioned biological samples. The experimental set-up working in reflec-
tance geometry consisted of a DPSS LASER with wavelength of 635 nm, which
passes through linear polarizer, quarter wave-plate and focusing lens before reaching
the biological sample at illumination angle of 45

�
. Basic polarimetric parameters

such as azimuth, angle of ellipticity, degree of polarization and illuminating power
were measured and used to evaluate the change in the polarisation state of the
incident light after interaction with the biological samples.
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39.1 Introduction

Polarized light is used for many purposes in the medicine. It is utilized in sensing
devices for non-invasive blood glucose level measurement [2] or nerve fiber thick-
ness measurement [3], in optical imaging systems as a tool for diagnostic pathology
through visualization of birefringent structures in the human body, e.g. collagen [4]
or metabolites in blood serum [5], or by clinical treatment of dermal burns, diabetic
ulcers as well as by musculoskeletal injuries [6]. When the light is polarized, it can
penetrate deeper into the human tissues and is safer to be used because of the reduced
light emitted energy [7]. Nowadays, the challenges by using polarized light in the
medicine are related to improving the sensitivity of the sensing elements, increasing
the contrast of the images or explaining the mechanism of its healing effect. The
latter is supposed to be due to conformational changes of the lipid bilayer in the cell
membrane, which may influence the energy production of the cell, the immune
processes and the enzyme reactions [7].

To visualize skin lesions at higher contrast Jacques and Lee reported in 1998 the
follow described approach for processing of images obtained with polarized light
[1]. They used an optical system including a light source, a polarizer for parallel
linear polarization of the incident light to the source/sample/camera plane, an
analyzer placed in front of a CCD camera, which was rotated to allow imaging of
the light polarized in planes parallel (Ppar) and perpendicular (Pper) to the polarization
plane of the incident light. The specular reflectance from the glass/skin interface was
reflected obliquely and missed the camera. From Ppar and Pper images they obtained a
final, reconstructed image Ppol using the following equation: Ppol ¼ (Ppar � Pper)/
(Ppar + Pper) [1]. Ppol enables superficial imaging since the light single scattered
elastically from the tissue superficies retains the polarization orientation of the
incident light and vice versa the light returning from deeper tissue layers is multiple
scattered and as a consequence the polarization is randomized. In this equation the
numerator subtracts out the randomly polarized light due to multiple scattering
processes, which the light beam undergoes penetrating deeply in the skin layers.
The denominator takes the sum of the two acquired images, equivalent to a normal
white light image. The resulting polarization picture has a higher contrast to the
superficial skin layer than simple total reflectance images [8].

The approach proposed by Jacques and Lee is mostly developed for visualization
of changes in the cell morphology due to malignant tumour formation aiming the
detection of cancer at an early stage. Here we applied this method to human lung
tissue samples with pathological changes caused by anthracosis, tuberculosis, influ-
enza pneumonia, pulmonary infarction and cancer as well as to normal lung spec-
imen. Our idea was to check if characteristic tissue structure changes caused by
non-cancer diseases can be also imaged with improved contrast.

The paper presents also the results from polarimetric measurements of the tissues
as another method for assessment of histological specimen. For evaluating the state
of light polarization after interaction with the biological sample, the Stokes-Mueller
matrix formalism has been applied [9–11]. The Mueller matrix polarimetry
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represents a label-free technique, which can be easily combined with optical imaging
equipment such as endoscope and microscope [12], therefore it is actively developed
in the last years for surgical and diagnostic applications by malignant tumours [13–
15].

39.2 Experiment

39.2.1 Polarized Light Imaging

In our experiments a Zeta-20 Optical Microscope (Zeta Instruments) operating in
reflection mode was used. Objective lenses with 5� magnification and numerical
aperture NA ¼ 0.15 were chosen to obtain the images presented in Fig. 39.1.

39.2.2 Optical Set-Up for Measuring the Polarization
Parameter

For measuring the azimuth (θ), the angle of ellipticity (χ), the degree of polarization
(DOP) and the illuminating power we used a standard experimental set-up working
in reflectance mode [14]. It consists of a light source, a DPSS LASER at wavelength
of 635 nm, a linear polarizer, a quarter wave-plate for circular polarization, a
focusing lens, a biological sample and a polarization analyzing system (Thorlabs
polarimeter PAX5710VIS-T) [16]. The angle between the sample and the incident
light was 45

�
. The azimuth and the angle of ellipticity were determined with an

accuracy of�0.25� and the degree of polarisation was measured with an accuracy of
�0.50%. Each sample was probed at three points for 15 s. The polarimeter was set to
obtain 3.33 measurements per second, thus providing 50 values for each of the
measured quantities.

39.2.3 Tissues Samples

Science kits containing hematoxylin and eosin stained human lung histological
specimens were purchased from Konus Italia Group S.p.a. The tissue samples
were formalin-fixed and paraffin-embedded, thinly sectioned, stained and placed
between microscope slides.
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Fig. 39.1 Images of the samples: (a) normal lung tissue; Pathological changes in human lung tissue
caused by (b) anthracosis, (c) tuberculosis, (d) influenzal pneumonia, (e) pulmonary infarction and
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39.3 Results

Figure 39.1 presents the images of the samples taken and reconstructed in accor-
dance to the approach proposed by Jacques and Lee. For comparison images taken
with unpolarized light are also presented. It can be seen that on the reconstructed
images more details of the tissue are distinguishable. Diffuse alveolar damages,
necrotic epithelial cells, hyperchromatic nuclei, presence of granulomas, anthracotic
pigments and deposited collagen are more clearly identified in these images.

Figure 39.2 presents the results from the polarimetric measurements. Figure 39.2a
shows a slightly change of the angle of ellipticity (χ) after interaction of the incident
light with the tissue samples as this trend is more clearly expressed by the samples
with pathological changes. Considering the azimuth (θ) in Fig. 39.2b, the values for
all the samples are positive and assembled between 52� and 80�. The change in the θ
values is higher for the lung tissue with pathological changes caused by pulmonary
infarction.

From Fig. 39.2c it can be concluded that the samples with pathologies, except the
sample with pathological changes caused by pulmonary infarction, scatter less the
incident light, as the beam illuminating power decreases much more after interaction
with the normal lung tissue, which means that the samples with histopathological
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Fig. 39.2 Experimental results from tissue polarimetric study: (a) angle of ellipticity; (b) azimuth;
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changes are optically more homogeneous than the healthy tissue. Figure 39.2d
shows that the normal lung tissue depolarizes the incident light more strongly than
the samples with pathologies. Similar behavior has been observed by other authors
for cancerous epithelial structures and attributed to the lower optical anisotropy of
the malignant tumor cells as a result of the reduced amount in collagen [14, 17]. The
values of all polarimetric parameters obtained for the sample with pathological
changes caused by pulmonary infarction show larger fluctuations in comparison to
the other samples studied.

39.4 Conclusions

In this work the phenomenology of light interaction with different lung tissue
pathologies caused by cancer and non-cancerous related diseases was presented.
Polarized light has been used for visualization of the morphological changes in
human lung specimens due to anthracosis, tuberculosis, influenzal pneumonia,
pulmonary infarction and malignant tumor formation as well as in tissue sample of
normal lung. The images, reconstructed in accordance to the method proposed by
Jacques and Lee, have shown an enhanced contrast. For more detailed interpretation
and understanding of the images, they have to be discussed by a medical specialist.
Tissue polarimetry has been also applied to study the transformation of the light
polarization state after interaction with the histological samples. The outcome of this
measurement reveals that the angle of ellipticity, the azimuth, the illuminating power
and the degree of polarization could be used to discriminate among different tissue
pathologies, although this study is still in its early stage.
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Chapter 40
Melanoma Cells Uptake and Hyperthermia
Tests of Iron-Based Magnetic Nanoparticles

Luiza-Izabela Jinga, Gianina Popescu-Pelin, Cristian Mihailescu,
Livia E. Sima, Victor David, and Gabriel Socol

Abstract The aim of this study was to synthesize iron oxide/silica core-shell
nanoparticles (NPs) loaded with Doxorubicin (Dox) as hyperthermia-controlled
drug delivery vehicles for cancer treatment. Simple and core-shell nanoparticles
were evaluated with respect to their performances in the magnetic hyperthermia
tests. The chemical composition and the morphological features of the magnetic
nanoparticles were investigated by X-ray photoelectron spectroscopy (XPS) and
high-resolution scanning electron microscopy (HRSEM). Preliminary flow
cytometry and enhanced darkfield hyperspectral microscopy analyses revealed the
ability of Dox-loaded core-shell magnetic nanoparticles to be uptaken by A375
human melanoma cells.

Keywords Hyperthermia · Iron oxide nanoparticles · Core-shell · Melanoma

40.1 Introduction

Nowadays, magnetic hyperthermia has attracted significant attention as an alterna-
tive method for cancer therapy. In the presence of radiofrequency (RF) magnetic
field, the magnetic nanoparticles generate heat, which increase the temperature in
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tumors in a controlled manner, killing the tumor cells [1–3]. The surface modifica-
tion of magnetic nanoparticles plays an important role in the interaction between the
nanoparticles and the biological systems [3–5]. In this context, a silica coating not
only enhances colloidal stability but also increases the biocompatibility of the
nanoparticles. Moreover, surface functionalization of magnetic nanoparticles with
anti-tumoral agents is expected to increase significantly the success rate of cancer
treatment by hyperthermia [1–4].

40.2 Materials and Experimental

Iron (II) sulfate (FeSO4∙7H2O), iron (III) chloride (FeCl3), ammonia solution (25%),
Triton X, tetraethyl orthosilicate (TEOS) and ethanol were all purchased from
Sigma-Aldrich. Doxorubicin∙HCl was purchased from AvaChem Scientific.

Magnetic nanoparticles were obtained by mixing 2:1 molar ratio of FeCl3 and
FeSO4∙7H2O solutions in a round bottom flask (Fig. 40.1). After 30 min of stirring,
ammonia (NH3) solution (25%) was added by introducing small droplets with a
pipette, Triton-X was subsequently added, and the solution was left to stir one more
hour [1]. The precipitate was collected and washed several times to remove the
excess of ammonia solution [2]. Afterwards, 520 mg of the lyophilized powder was
mixed with 20 mL ammonia solution 25%, 160 mL ethanol and 7 mL tetraethyl
orthosilicate (TEOS). The suspension was allowed to react at room temperature for
18 h. After the reaction, the precipitate was collected with a magnet and washed
several times with ethanol and water.

For loading of Doxorubicin (Dox) on the core-shell magnetic-silica nanoparticles,
10 mg of Doxorubicin was stirred for 24 h with 10 mL suspension from the above
precipitate in 130 mL ethanol. The drug loading was calculated as a difference
between the added and the remaining amount of Dox after the final step of synthesis.
The quantity of unloaded drug was determined by UV-Vis spectroscopy, using a
calibration curve obtained from the measurement of 12 samples with well-known
concentration of Dox. By interpolation, the concentration of the unloaded drug was

Fig. 40.1 The synthesis of Fe3O4, Fe3O4-SiO2 and Fe3O4-SiO2-Dox NPs nanoparticles
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estimated to be 8 ppm. Due to the fact that the initial concentration of Dox was
100 ppm, we can conclude that 92 μg of drug was loaded on the nanoparticles.

40.3 Results and Discussion

40.3.1 Characterization of the Samples

HRSEM images of the synthesized Fe3O4, Fe3O4-SiO2, Fe3O4-SiO2-Dox NPs
nanoparticles show that they are spherical with average size between 18 and
25 nm (Fig. 40.2).

The chemical composition was determined by XPS. The XPS measurements were
performed with ESCALAB Xi+ (Thermo SCIENTIFIC Surface Analysis) equipped
with a multichannel hemispherical electron analyzer (dual X-ray source) working
with Al Kα radiation (hν ¼ 1486.2 eV) and using C 1 s (284.4 eV) as energy
reference. XPS data were recorded on slightly pressed power materials that had been
outgassed in the pre-chamber of the setup at room temperature at a pressure of
<2 � 10�8 Torr to remove the chemisorbed water from their surfaces. The surface
chemical compositions and oxidation states were estimated from the XPS spectra by
calculating the integral of each peak after subtraction of the “S-shaped” Shirley-type
background using the appropriate experimental sensitivity factors by means of
Avantage software (version 5.978).

The presence of carbon, oxygen, silicon and iron was determined by the survey
spectra of the samples as shown in Fig. 40.3.

The elemental composition of the iron-based nanoparticles determined by XPS is
given in Table 40.1. In the case of the core-shell nanoparticles, the iron composition
cannot be detected due to the silica shell. High resolution spectra were taken and
deconvoluted for detailed analysis (Fig. 40.4). The deconvolution of the oxygen
spectra from Fe3O4 NPs shows three peaks, two of them at 529.44 eV and 530.86 eV
typical for magnetite and the third peak at 532.47 eV specific for Fe2O3 which
appears due to the oxidation of the magnetite (Fig. 40.4b). In the agreement with the
peaks identified for oxygen, the deconvolution of the iron spectra shows three peaks
at 710.01 eV, 712.26 eV and 718.41 eV, the first two are specific for the magnetite
phase, whereas the third peak corresponds to Fe2O3 (Fig. 40.4a). The spectra of Si

Fig. 40.2 HRSEM images of (a) Fe3O4, (b) Fe3O4-SiO2, (c) Fe3O4-SiO2-Dox NPs
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Table 40.1 Chemical composition of Fe3O4, Fe3O4-SiO2 and Fe3O4-SiO2-Dox NPs as determined
by XPS

Sample

Atomic %

C (carbon) O (oxygen) Iron (Fe) Silicon (Si)

Fe3O4 NPs 36.52 48.82 14.66 –

Fe3O4-SiO2 NPs 18.86 48.15 – 32.59

Fe3O4-SiO2-Dox NPs 17.65 52.31 – 30.04
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show a peak at 103.43 eV for iron oxide/silica core-shell nanoparticles (Fig. 40.4c)
and two peaks at 103.21 eV and 104.8 eV for their counterparts loaded with Dox
(Fig. 40.4e). For these samples no peak of iron was found, which indicates that the
magnetic nanoparticles are fully covered with a compact layer of silica.

40.3.2 Hyperthermia Tests

Hyperthermia tests were performed with Ultra Heat S Series (RF) with 2 kW
maximum output power and a frequency of 322 kHz from UltraFlex Power Tech-
nologies apparatus. 3 mL of aqueous suspension based on magnetic nanoparticles
are introduced into a Dewar vial, which is further placed inside the water-cooled
copper solenoid [6]. The concentration of the nanoparticles was chosen in a way that
at the end of the test temperature of 45 �C would be reached in maximum 30 min
(Fig. 40.5).

The heating ability of the samples was evaluated by the hyperthermia tests. For
the suspensions containing only Fe3O4 NPs, the specific absorption rate (SAR) was
determined using the following equation:

SAR ¼ C
ΔT
Δt

mwater

mFe

where C is the specific heat of water, ΔT the variation of suspension temperature in
the time interval Δt, mwater and mFe the mass of the water and Fe3O4 nanoparticles,
respectively [1]. Consequently, a SAR value of 47 W/g was obtained for this sample.
To reduce the cytotoxicity of the nanoparticles we optimized their concentration
relative to the heating rate in the hyperthermia tests. Thus, the lowest concentration
at which the samples optimally generate heat is 78 μg/mL for the Dox loaded

Fig. 40.5 Temperature
versus time plots for Fe3O4,
Fe3O4-SiO2 and Fe3O4-
SiO2-Dox NPs
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nanoparticles. In the case of core-shell samples, the heating effect is reduced because
of the silica shell; the content of the magnetic component for the same concentration
of nanoparticles is lower.

40.3.3 Iron NPs Uptake by A375 Human Melanoma Cells

In order to confirm the internalization of magnetic nanoparticles loaded with Dox,
flow cytometry on A375 human melanoma cells was performed at 24 h and 48 h after
treatment with different nanoparticle concentrations (Fig. 40.6). The study was made
by comparing the results of cells treated with pure drug (Dox) with cells treated with
magnetite core-silica shell and Dox loaded NPs. The results revealed a dose depen-
dent decrease of the fluorescence signal for cells treated with Dox only, as shown by
the decrease of the median fluorescence intensity (MFI) of the cell population. The
cells treated with magnetite or silica shell coated magnetite had similar MFI signal

Fig. 40.6 Flow cytometry of Dox internalization (left) and magnetite NPs, magnetite core-silica
shell NPs and Dox loaded NPs (right)
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with untreated cells (MFI between 77 and 84). Melanoma cells treated with 40 μg/
mL Dox loaded NPs had a fluorescence signal comparable with that of cells treated
with 0.1 μM Dox alone. The drug was still detectable in the cells even upon
treatment with as low as 2.5 μg/mL Dox loaded NPs.

Enhanced Darkfield Hyperspectral Microscopy (CytoViva) revealed that the Dox
loaded NPs have been uptaken by the melanoma cells (Fig. 40.7b, d) and concen-
trated around the nucleus, while free Dox was spread in the entire cell. The spectral
profiles proved the loading of Dox on the magnetite core-silica shell NPs, as
indicated by the 590 nm emission peak shift (Fig. 40.7c, d).

40.4 Conclusions

Magnetic hyperthermia studies revealed that the synthesized magnetite nanoparticles
can generate optimal heat in a short period of time even at low concentration. Flow
cytometry confirmed that the magnetite/silica core-shell nanoparticles loaded with
Dox were internalized by human melanoma cells. Moreover, the flow cytometry
results revealed that also by lowering the concentration of the loaded NPs the
behavior was the same as for cells treated with a higher concentration of Dox. In
addition, the dark field microscopy results showed that the nanoparticles success-
fully passed through the membrane of the melanoma cells and concentrated around
the nucleus.

Fig. 40.7 Hyperspectral imaging of A375 melanoma cells: (a) treated with free Dox, (b) Fe3O4-
SiO2-Dox, (c) spectral profile of free Dox (d) spectral profile of Dox loaded NPs
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