Abstract

Liquid-Phase Pulsed Laser Ablation (LP-PLA) is a material processing and
fabrication technique that offers distinct advantages over competing techniques.
These include (1) it is a chemically ‘simple and clean’ synthesis, (2) it operates at
ambient conditions (i.e. not extreme temperature and pressure), and (3) it can make
novel materials that are unattainable by conventional, less energetic processes.
These advantages allow us to combine selected solid targets and liquids to fabricate
compound nanostructures with desired functions.

This thesis is mainly concerned with the fundamental aspects governing the
self-assembly of nanomaterials made using LP-PLA. We have demonstrated that
well-organized carbon nitride leaf-like nanostructures can be produced by LP-PLA
using solid graphite and ammonia solution, without the assistance of any surfactants
or pre-treatment. X-ray diffraction, Scanning electron microscopy, Transmission
electron microscopy and X-ray photoelectron spectroscopy evidence shows that the
nanostructured materials produced in this way are composed of crystalline a- or -
C;3Ny4. The effect of various parameters including the reaction time, laser energy, and
ammonia concentration has been studied systemically. A range of different carbon
nitride structures with different length scales can be fabricated via a self-assembly
ordering scheme. The size and morphology of these nanomaterials can be controlled
by adjusting the growth conditions. A growth mechanism has been proposed based
on our experimental observations, which is consistent with measured properties such
as chemical bonding, and the optical bandgap.

We also combined the self-assembly concept with the LP-PLA technique. A
two-step strategy was developed to control 2D or 3D carbon nitride well-defined
hierarchical complex structures. In the first step, carbon nitride seed solutions were
prepared by LP-PLA. In the second stage the chosen seed solution was deposited

onto a silicon substrate. Via controlling the rate of evaporation, the starting seed



solution, and the size and the quantity of nanocrystals within the droplet, it was
possible to create a range of nanoscale structures, including dense nanospheres,
highly-symmetric flowers, hollow core-shell and uniform grass-like structures,
respectively. The growth of such complex structures is governed by an evaporation-
driven self-assembly process. The small building blocks, such as nanoparticles (NPs)
or nanorods (NRs), nucleate on the existing crystals and share the same edges, to
form a close-packed arrangement. By varying the design of the building blocks,
materials combination, interfacial chemistry, and confining dimensions, we
fabricated new structured materials with useful functional properties.

A similar growth by LP-PLA had been applied to a ZnO system. When
ablating a zinc target in an aqueous solution of sodium dodecyl sulfate (SDS), ZnO
nanostructures with a wide range of morphologies similar to those of carbon nitride
were observed. The formation mechanism of highly ordered structures again appears
to involve an increase of the structural complexity from zero-dimensional NPs to
one-dimensional NRs, and then broadening of these into two-dimensional nanoleaves.

Our studies indicated that the self-assembly process can easily incorporated
into current LP-PLA process with standard facilities. We believe such a combination
is an effective method to synthesize a series of nanomaterials with controlled size
and morphology via suitable choice of solid target material and liquid media. A
thorough understanding of this controllable self-assembled growth is the key step
towards nanosystem applications. Further work in this regard would be very

interesting.
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The average particle size is ~8-12 nm. (d) SAED pattern of the NPs, which
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Figure 4.7 (a) TEM image of carbon nitride NRs synthesized using a solid-liquid
laser ablation system for 5 h (50 mJ laser power). (b) SAED pattern of the tip
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composed of smaller NRs. For longer ablation times, (c), the leaf-like structures
increase in size and coalesce to form larger, denser, structures. The higher
magnification image (d) of the region enclosed by the dashed lines shows that
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Figure 4.11 TEM images of C3N4 nanostructures synthesized at 75 mJ / pulse laser
fluence for different ablation times. (a) After 10 min ablation, spherical NPs
appear, with an average particle size of 15-20 nm. Adjacent particles are
aligned with one another along their main axes, highlighted by the inset
rectangles. Short rods (highlighted by circles) have already formed, and serve
as the starting structures for the subsequent formation of leaf-like structures. (b)
After 30 min ablation there is a mixture of leaf-shaped structures and their
component NPs. (c) After 3 h ablation the leaf-like structures are larger, better
developed, and have a smooth surface. (d) A single ‘leaf” formed by numerous
small NPs. (e) Interconnected leaf-like structures formed by NRs. Note that
those rods perpendicular to the propagating axis (c-axis, dashed line in the
picture) along the structure were well aligned. (f) High magnification image
showing that after 5 h ablation time the NRs inside the leaf-like structures have
not changed in $iZe Or ShAPE. ......coociiiiiiiiiei e 109

Figure 4.12 (a-d) HRTEM images of a series of aggregated particles, scale bar is
2 nm. (a) The interconnection of two leaf-like structures is highlighted by the
two ringed areas. (b) The size of the internal NPs is about 3-5 nm. (c) The
lattice planes go straight through the interface between the particles, which
means that the particles are fused together with no interlayer separating them.
(d) High magnification image of a grain boundary, shown by the arrows. (e)
The NR aggregates exhibit a long-range order; arrows indicate the projecting
direction along [111]. (f) SAED pattern of a NR from the [111] zone-axis
indicating the area is a single crystal and consistent with crystalline B-carbon
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Figure 4.13 TEM images of as-synthesized C3;N4 nanoleaf structures prepared using
a laser fluence of 100 mJ per shot and 35% ammonia solution for ablation times
of (a) t=1h, (b) 3h, (c) 5h and (d) 7h. The concentration of the nanoleaf
structures decreases with ablation time, but the average length of each nanoleaf
increases. (e) The corresponding nanoleaf length distribution for samples
grown under different ablation times (with Gaussian fits to the data, dashed
lines), as determined from TEM images. N =number fraction of nanoleaf

structures, expressed as a percentage. Statistical analysis of the length of the
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CsNy nanoleaf structures yields average lengths </> of 235, 272, 336 and
399 nm for different ablation times ¢ =1, 3, 5, and 7 h, respectively.............. 111
Figure 4.14 TEM images of C;N,4 nanostructures synthesized for 1 h ablation time
and 35% ammonia solution using different laser fluences. (a) 50 mJ/ pulse, (b)
75 ml)/ pulse, (c) 100 mJ/ pulse, (d) 125 ml/pulse, arrowhead marked the
boundary area between the semi-sphere and the small ball (see text for the
QISCUSSION). ...uitiieeeciiiie e ettt ee et ee e ettt e e e et e e e e tbeeeeesebaeeeessbaaesesssaeaeessseeeaesnnes 113
Figure 4.15 TEM images of C3N4 nanostructures synthesized for 3 h ablation time
and 35% ammonia solution using different laser fluences. (a) and (b)
25 mJ/ pulse, leaf-like structures containing spherical NPs. Inset in (b) is a sharp
SAED pattern indicating the structures are crystalline. Note that there appear to
be voids inside the leaf-like structures (the white areas in the grey area of image
(b)). (c) and (d) 50 mJ/ pulse, denser leaf-like structures containing longer NRs
which protrude from the surface. (e) and (f) 75 mJ/ pulse, leaf-like structures
beginning to aggregate into larger clumps. (g) and (h) 100 mJ/ pulse, carbon
nitride nanospheres and flower-like spiky crystallites..........cccccceveeeerrciiernnnes 114
Figure 4.16 TEM images of C3;N4 nanoflowers synthesized for 12 h ablation time
and 35% ammonia solution using different laser fluences. (a) 50 mJ/ pulse, (b)
75 ml/ pulse, (c) 125 mJ/ pulse (see text for the discussion)..........ccceernneee. 116
Figure 4.17 TEM images obtained by LP-PLA in 25% ammonia solution: (a)
isolated carbon nitride NRs (50 mJ/pulse, #=1h) (b) Branched NRs
(50 mJ/ pulse, ¢=3h) (c) highly branched flowerlike architectures
(100 mJ/ pulse, t=12h). (d) Rod-like structures showing straight, long and
sharp tips. (e) Enlarged image of the region at the top of the NRs indicated by
the open box in (d). (f) HRTEM image of a single NR, the inset shows the
atomic arrangement, scale bar 1 M. ........ccccoeviiiiiiiiiiieicee e, 117
Figure 4.18 Raman spectra (325 nm excitation wavelength) from the C;Ny leaf-like
structures following different ablation times at 100 mJ per shot laser fluence.
The spectra are fitted in terms of two independent Gaussian functions (solid
curves) centred ~1600 cm™ (‘G band’) and ~1380 cm™ (‘D band”), respectively,

after subtracting a linear contribution for background fluorescence................ 118
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Figure 4.19 Plots showing the variation of Guax, Dmax and /(D)/I(G) as a function of
ablation time, ¢, for the carbon nitride leaf-like nanocrystals synthesized by LP-
PLA at 100 mJ per Shot. ....c.eeiiiiiiiee e 119

Figure 4.20 Raman spectra for the C;N4 nanostructures following different laser
fluence experiment, i.e. =3 h ablations at 125, 100, 75, 50 and 25 ml/pulse,
TESPECTIVELY. .o e 120

Figure 4.21 C (ls) and N (ls) XPS spectra of C3N4 nanostructures for different
ablation times. Each spectrum has been deconvoluted by fitting to three

Gaussian lineshape functions, with the total fitted line overlaid as a dashed (red)

Figure 4.22 Plots showing the time dependencies of the relative areas of the

Gaussian functions used to fit (a) the N (Ls) XPS peak (key: M 398.5 eV sp’
C-N bonds, @ 399.6 eV C=N bonds, A 400.2 eV sp2 C=N bonds), and (b) the
C (1s) XPS peak (key: l 284.6 eV, @ 285.5¢V, A 288.5eV)..cccecvvvenrnnene 124
Figure 4.23 Plot of UV-visible absorbance from the ablation product (laser fluence
at 100 mJ /pulse) for different ablation times, showing a prominent feature at
~266nm. Key: Bl 1h,A3h, @ 5h, X 7h. cccoeviiiiiiiecieieeeee e, 125
Figure 4.24  Time-dependent relationship of the calculated Tauc band-gap
corresponding to different ablation times. ..........cccoevviiiieeriiieeeeceee e, 126
Figure 4.25 Plot of UV-visible absorbance from the ablation product (3 h ablation)
for different laser fluence, showing a prominent feature at ~266 nm. Key: W
125 mJ, O 100 mJ, x 75 mJ, [ 50 mJ, A 25 mJ. oo 127
Figure 4.26 A wavelength-dispersed optical emission spectrum of the plume
accompanying 532 nm LP-PLA of graphite in 35% ammonia solution. The
spectrum has been split into two halves, (a) and (b), either side of the intense
reflected laser peak at 532 nm (not shown). The features have been assigned to
C, (d3Hg —a’ll,, Av=1,-1), CN (B’Z" - X2, Av=1,0,-1), NH, atomic
H, N, and C, and C" and N' ions (using literature values [115,116] as a
1033 (51 1S) 111 U U U UPUURRP 129
Figure 4.27 The laser fluence dependence of the wavelength-dispersed optical

emission spectra of the plume accompanying 532 nm LP-PLA of graphite in
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35% ammonia solution. The spectra have been split into two halves, (a) and (b),
either side of the intense reflected laser peak at 532 nm (not shown). The
assignment of the different peaks is the same as Figure 4.26. ....................... 130
Figure 4.28 The laser fluence dependence of the wavelength-dispersed optical
emission spectra of the plume accompanying 532 nm LP-PLA of graphite in
25% ammonia solution. The spectra have been split into two halves, (a) and (b),
either side of the intense reflected laser peak at 532 nm (not shown). The
assignment of the peaks is the same as Figure 4.26. ..........ccoooeeviiieneennnenns 131
Figure 4.29 TEM images of (a-b) the type (I) organization to form dense leaf-like
carbon nitride structures. (b) A single leaf-like unit formed from numerous
small NPs (inset area framed with white box). (c-d) type (II) organization with
the NRs arranged parallel to the long-axis of the nanoleaf. (e-f) type (III)
organization with the NRs arranged perpendicular to the long-axis of the
nanoleaf. (f) A single leaf-like type (III) nanocrystallite made from 1D NRs
preferentially aligned perpendicular to the long-axis (dashed line). ............... 133
Figure 4.30 (a) TEM image of two carbon nitride nanoleaves. Note that the
interconnected boundary is blurred (highlighted by arrowheads). (b) HRTEM
image of the tip of the nano-leaf indicated by the open box in (a). It shows an
oriented but imperfect attachement of 2 NPs. The dark side indicates that a
numbers of NPs rest on the other crystals. (c) HRTEM image of the edge
region at the left side of the nanoleaf indicated by the open box in (b).
Arrowheads mark the interface between the primary particles. (d) MD pattern
from the edge of the nano-leaf in (C). ......cccveveiiiiiiniiiiii e, 135
Figure 4.31 Representative lattice-resolved HRTEM image of carbon nitride
crystalline aggregates (white arrows indicate the boundaries between the
crystalline NPs, lines show the lattice planes within the crystallite.), the
numbers denote the individual NP..........c.c.coocoiiiiiiiiiice 137
Figure 4.32 Proposed sequential growth pathway model involving structural and
morphology modifications of carbon nitride, with increasing ablation time (and
concentration) going from (a) to (f). (a) The ablation plume creates energetic C
and N species. (b) The species condense into monodispersed spherical C3N4 0D

nanoparticles. (c) Nanoparticles elongate into 1D rods, and these start to
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aggregate to form multilayer structures. (d) The multilayered structures
increase in size until they form two-dimensional (2D) leaf-like structures of size
40 nm by ~200 nm. (e) The leaf-like structures aggregate into a network of
three-dimensional (3D) joined clusters. (f) Clusters undergo a phase
transformation to produce micron-scale ‘flowerlike’ particles with multi-fold
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Figure 5.1 (a) ZnO ‘dandelions’ formed from ZnO NRs [21]. (b) Uniform Sb,S;
bundles formed from the coalescence of numerous NRs [22].......cccceeoeeennnn. 151
Figure 5.2 (a) Schematic illustration of the growth process leading to the observed
four main classes of hierarchical structures, labelled I to IV. (b)-(d) Scanning
electron microscopy (SEM) images of carbon nitride ‘nano-petals’ following
ablation times of: (b)0.5h, (¢)2h, and (d) 3 h. (e-f) Overall ‘flower-like’
structure following 5 h laser irradiation (synthesis conditions: laser power
125 mJ, 35% ammonia solution, drying in air). (g-h) 2D flattened flower,
sample conditions identical to (e-f) except it was dried on a hotplate at 200°C (g)
and an oven 80%C (N). ......eiiiiiiiiiiiiiie e e 154
Figure 5.3 Representative XRD pattern of carbon nitride nanopetals prepared by LP-
PLA (synthesis condition as Figure 5.2(C)). ...ccceeervrienniiieeniiiieeeiiee e 155
Figure 5.4 (a) Nanospheres with rounded edges (synthesis conditions: laser power
50 mJ, ablation time 2h, 35% ammonia solution, drying in air). (b-c)
Nanoflowers with numerous protruding spiky surfaces (synthesis conditions:
laser power 100 mJ, ablation time 8 h, 35% ammonia solution, drying in air). (d)
Hollow-flowers with tunnels connecting from the centre to the outward shell
(synthesis conditions: laser power 100 mJ, ablation time 10 h, 35% ammonia
solution, drying in a sealed tube). The numbers denote the individual hollow-
flower. (¢) HR-TEM image of a single NR, the inset shows the atomic
arrangement and scale bar 1 nm. (f) The Fourier-Filtered Transform (FFT)
pattern corresponding to the region shown in (e). K, J, H, G, P and P' label the
positions of the six domains (see text for details)..........ccceveeeevieeenciieeeninennn. 157
Figure 5.5 FTIR spectra of three different carbon nitride structures: (a) nanosphere,

(b) nanoflower, (c) hollowW-TIOWeT. .......ccccvviiiiiiiiiiiee e, 159
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Figure 5.6 TEM image of the flower-like structures produced by LP-PLA of a
graphite target in 35% ammonia solution (laser fluence 125 mlJ/pulse) for 5 h.
(b) A higher magnification image of the framed region in (a), showing a high
density of NPs surrounding the nano-petal framework. (c) [001] zone-axis
MDP from the tips of the nano-petals in (b), which corresponds closely to the
calculated interlayer d-spacing of B-C3sN4. Arrows point to different sets of [001]
reflections (see text). (d) HR-TEM image recorded from the edge of the flower
nanostructure that is oriented along [001]. (e) TEM image of a hollow flower
formed after 8 h LP-PLA and prolonged drying. (f) Semi core-shell structure.
(g) core-shell structure with a hollow tunnel. ...........c.c.cooeviiiiiciiiieiniee e, 161
Figure 5.7 Examples of coalescence (eventually leading to clustering) of dense
carbon nitride nanospheres and porous nanoflowers. (a) A single nanospheres,
(b) 2 nanosphere touching, (c) 2 nanospaheres fused together. (d) A single
nanoflower, (¢) 2 nanoflowers partially fused together, (f) 2 nanoflowers
COMPIEElY TUSEA. ... evviieiiiiieece e 163
Figure 5. 8 (a-b) nanospheres (carbon nitride seed solution is identical to that used
for Figure 5.4(a)). The fused nanospheres are marked by arrows. (c-d)
nanoflowers (carbon nitride seed solution is identical to Figure 5.4(b-c)). The
drying process was in air. The arrow in (d) shows possible fused nanoflowers.
Note that image (b) and (d) are recorded in higher magnification from (a) and
(€), TESPECLIVELY. 1eiiiiiiieeiiiee ettt ee e e e et e e seerae e e eaneee e e eeneas 164
Figure 5.9 Fused-flower (carbon nitride seed solution is identical to that used in
Figure 5.4(b-c)). Drying process is in a sealed tube (~ 8 h evaporation). See
text for discussion. Arrows in (¢) and (d) are marked for clarity. .................. 165
Figure 5.10 (a-b) 3D interconnected flowers. (c-d) 2D flattened flowers (synthesis
conditions: 35% ammonia solution, laser power 100 mJ, 3 h ablation and dried
in a sealed tube, (c-d) seed solution was diluted by using deionised water).
Numbers in (a-d) denote the individual flower. ...........ccccceeiiiiiiiiiiiiiieeeens 166
Figure 5.11 Time-dependent evolution of grass-like crystal morphology at different
growth stages for (a) 30 min, (b) 2h, (c) 8h, (d) 12h, and (e-f) 24 h,
respectively. The box in (f) was marked for clarity of nanopetals arrangement.

(Synthesis conditions: 35% ammonia solution, laser power 75 mJ, 10 min
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ablation, spherical NPs with an average particle size of 15-20 nm were used as
seeds, as shown in Figure 4.11(a). See text for discussion). ........cccccveeennneee. 169
Figure 5.12 Time-dependent evolution of the flower-like crystal morphology at
different growth stages for (a-b) 2 h, (c-d) 8 h and (e-f) 24 h, respectively.
Arrows in (d) and (f) are marked for clarity of bonding components. Note that
images (b), (d) and (f) are recorded at higher magnification from (a), (c) and (e),
respectively. (Synthesis conditions: 35% ammonia solution, laser power 50 mJ,
12 h ablation, a flower exhibited a surface composed of NRs, where the NRs
radiate outward from the centre as shown in Figure 4.16(a). See text for
QISCUSSION). 1eeiiiiriiieeiieee ettt e ettt ee et ee e e ettt e e estaeeeesebbeeeeestraeeeesnseeesasseeeeessnnas 170
Figure 5.13 SEM images of different leaf-like clusters obtained by drying the carbon
nitride colloidal solution in air. (a-b) Sparse, small clusters formed using one
droplet of solution (synthesis conditions: laser fluence of 100 mJ per shot, 35%
ammonia solution 7 h for ablation time). TEM image shows uniform leaf-like
structures with average length about 400 nm, see Figure 4.13(d). Note that
image (b) is recorded in higher magnification from part of (a). (c) Larger,
denser clusters formed when more than one droplet was deposited on the
substrate. (d) Clusters formed when using the seed solution identical to that in
Figure 5.4(a). Individual clusters in (d) are numbered for clarity. ................. 172
Figure 5.14 SEM images of different rod-like patterns obtained by drying the carbon
nitride colloidal solution (a) in air (synthesis conditions: 25% ammonia solution,
50 mJ/ pulse, £=1h, TEM image shows the isolated carbon nitride NRs (see
Figure 4.17(a)). (b) in air and (c) in sealed tube (synthesis conditions: 25%
ammonia solution, 50 mJ/ pulse, r=3h, TEM image shows branched NRs
(Figure 4.17(b)). Image (d) is recorded at a different magnification to (c).....173
Figure 5.15 SEM images of carbon nitride ‘grass-like’ structures following ablation
times (a) 0.5h, (b-d)2h (synthesis conditions: laser power 125mlJ, 35%
ammonia solution, and drying process: (a-b) drying in air and (c-d) drying in a
sealed tube). Note that image (d) was recorded at high magnification than (c).
Arrows in (a) point out the vacancies and cracks within the film. ................. 174
Figure 5.16 (a-b) TEM images of NR building blocks that form the ‘grass-like’

structures shown in Fig.5.15. (Synthesis conditions: laser power 125 mJ, 35%
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ammonia solution, 2 h ablation times, and drying process: (a) drying in air and
(b) drying in a sealed tube). (c-f) HRTEM images recorded from the rods. (c)
and (e) correspond to the region in (a), while (d) and (f) correspond to the
region in (b). Arrows in (a-d) point to the growth direction of the NRs. (g)
Microdiffraction pattern of corresponding (f) HRTEM image. ...................... 176
Figure 5.17 (a) An individual flower exhibiting multi-fold symmetry. (Synthesis
conditions: 35% ammonia solution, laser power 100 mJ, 3 h ablation and dried
in a sealed tube) (b-d) Different arrangements of components construct the final
hierarchical superstructures. Arrows in (c) point to the ‘interwoven’ NRs
FrAMEWOTK. «..eeiiiiiiiiiii i 178
Figure 5.18 Nanopetal construction. Arrows in (a), (b) and (d) point to the inside
surface of the tubular nanopetals. Flattened ends in (¢) are highlighted by
arrows. Inset of (d) shows a single nanocrystal as a building block, scale bar:
IS DML oot 179
Figure 5.19 Schematic illustration of a suggested mechanism for the assembly of
higher-order structures by nucleating new crystals through an edge sharing
CONTIGUTATION. ...viieiiiiiieeiii et et e et ee et e e ettt e e eeeee e e eneeeeeeenneas 180
Figure 5.20 (a) TEM image of isolated carbon nitride NRs obtained by LP-PLA in
25% ammonia solution (laser fluence at 50 mJ per pulse, t=2 h). (b) TEM
image of an incomplete carbon nitride flower (25% ammonia solution, laser
fluence at 125 mJ per pulse, = 10 h) formed by the coalesced NRs. The arrows
highlight the channels between the shell and the core. (c) After drying for 12 h
(sample conditions identical to that in (a)), numerous aligned NRs form the
framework of the flower. (e) Grass-like structure constructed from many
protruding NRs (25% ammonia solution, laser fluence at 75 mJ per pulse,
t=3h, drying at CPD). (f) Stem-like structure consisting of vertical NR
branches (region highlighted by black box), sample conditions identical to that
in (a), but with drying in a sealed tube. (g) After 24 h drying, the NRs have
restructured to form 3D shapes [30]. ....ocovevieeiieiiiieeiiiee e 181
Figure 5.21 SEM images of (a) nanoleaf aggregates (sample conditions identical to
that in Figure 4.29(a), TEM image shows leaf-like unit formed from numerous

small NPs). (b) 3D leaf-like crystals with apparent NPs close-packed on the
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surface. (c) Leaf-like structures consisting of vertical NR branches (region
highlighted by black box). (d) Interwoven NR arrangements to construct the
fiNal SUPETSITUCTUTES. ...eeieiiiiiieeeiiiee et ettt e et e ettt e e et ee e e e e e ee e e 183
Figure 5.22 Schematic image of the lateral capillary force caused by an unstable
meniscus, from 1ef.[S0]. ..o 185
Figure 5.23 Schematic image of evaporation-driven self-assembly....................... 186
Figure 6.1 A collection of various nanostructures of ZnO [3]. Note this image is
listed here only for illustration, scale bar is not ShOWN............cceevvveenneennnen. 193
Figure 6.2 Wurtzite structure model of ZnO. The tetrahedral coordination of Zn-O is
SROWIL [12]. oo e 194
Figure 6.3 An SEM image of aligned ZnO NR arrays grown on a sapphire substrate
coated with a 3 nm-thick layer of Au. (b) Emission spectra from NR arrays at
pump power densities of 20 and 100 kW cm-2 using a Xe lamp with an
excitation wavelength of 325 nm at room temperature [5]. ......cccceveeveeerennnee. 196
Figure 6.4 (a) Representative XRD pattern for the LP-PLA product (0.01 M SDS,
t=2h). TEM images of the samples for different ablation times (b) 0.5 h,
()2 h, (d) 2.5 h, and (e) 5 h. (b) Spherical nanoparticles with a particle size of
~5-25nm. (c) Adjacent particles that are aligned with one another are
highlighted by arrows. (d) Nanorods (highlighted by arrows) which might be
formed by NP 1D growth. (e) Well-developed ‘leaf-like’ structures with rough
and dense surfaces. (f) SEM image of ZnO nano-leaf structures prepared by
0.01 M SDS and 5 h ablation times. ..........ccoceeeveeriirieeiiienienienieeneeeceeens 201
Figure 6.5 (a) HRTEM image of a series of aggregated ZnO NPs. (b) Adjacent
particles from the framed area in (a) showing aligned orientations and lattice
fringes. The arrows point to the boundaries between the crystallites. (c) SAED
pattern taken from the framed area in (a) observed along the [0001] zone-axis,
which is consistent with hexagonal symmetry. The arrows point to the
curvature of the diffraction SPOLS. ........oevieiiiiiiiiiiiee e 202
Figure 6.6 (a) and (b) the aligned packing of the NPs (0.001 M SDS, t=2 h). (c) the
particles lining up, serving as the starting point for subsequent coalescence into
a NR (0.05 M SDS, t=2 h). (d) leaf-like structures (0.05 M SDS, t=5h). (e)
Plot of UV-visible absorbance from the ablation product (0.05 M SDS) for
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different ablation times, showing a prominent feature at ~350 nm. (f) Proposed
model for sequential growth pathway..........cccoecoiiiiiiiiiiiiie e, 204
Figure 6.7 XPS survey spectra of ZnO nanostructures (a) sample prepared by 2 h
laser ablation with 0.001 M SDS concentrations and (b) sample identical to (a),
but after annealling for 2 h at 200 C in an oven in air. (¢) Gaussian fitting curves
for the Ols peaks for the two samples, showing two components (see the

discussion in the text). (d) the detailed region scans of Zn 2p for two samples.

Figure 6.8 PL spectra obtained from 325 nm excitation of the sample following 2 h
laser ablation with SDS concentrations of: (a) 0.001 M, (b) 0.01 M, and (c)
0.05 M. (d) Sample identical to (a), but after annealling for 2 h at 200°C in an
OVEIL I Q1T ettt ettt ettt ettt et et e 208

Figure A.1 TEM images of samples produced by LP-PLA of a graphite target in
water (laser fluence at 125 mJ per pulse) for durations of: (a) £=0.5h, (b)
t=1h. (c) A typical SAED pattern taken from (a). (d) HRTEM lattice planes
corresponding to diamond (111) planes...........ccccceeeeviiiieriiiiie e 223
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