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The novel technique of liquid-phase pulsed laser ablation has been used to obtain unique, highly ordered
nanostructures of crystalline carbon nitridel) via ablation of a graphite target submerged in aqueous
ammonia solution. Transmission electron microscopy (TEM) analysis shows that the morphology of the
carbon nitride material changes at different length scales, depending upon the synthesis conditions. The
initial ablation product comprises spherical nanoparticles of carbon nitride, which then elongate to nanorods
(10 nm by~200 nm) with further ablation. Given sufficient concentration, the nanorods aggregate to
form multilayered structures, and then ultimately larger, ordered “leaf-shaped” structur&® 3dn by
~200 nm in size. With even higher concentration, these leaflike structures can themselves aggregate to
create interconnected networks of large micrometer scale clusters, which ultimately rearrange to
micrometer-sized flowerlike structures. The various nanostructures were characterized using a number
of analysis techniques, and their composition was found to be consistent with that of crystaltine
p-phase carbon nitride. A formation mechanism for these structures is proposed that rationalizes the
observed morphologies.

Introduction it to be used in applications such as electron emission de-
vices, variable band gap semiconductors, and transparent hard

There have been many ongoing attempts to pmdu.cecoatings". According to theoretical predictiods,CsN, can
covalently bonded compounds from the low-mass atomic . . . .
adopt several different crystalline structures, including

elements, such as carbon and other neighboring elements - ] o i .
in the periodic tablé-® Most of this research is motivated CaNa, 5-CaNs, graphitic-GN4 (g-CNa), pseudocubic-§Ns,

. L . .~ and cubic-GN4. Among these formsa-C3N4 and g-GNg4
by the extraordinary combination of physical properties . :
pzssesse d by the bi)r/1ary compounds thpatyhave bpeeg syntheare predicted to be the most energetically stable phases, then

. . X B-C3N4, with cubic- and pseudocubicsi, being signifi-
sized to date. For example, boron carbide,GBis an . . i X
extremely hard material used in aircraft gyroscopes, silicon cantly higher in energy. The-CsNa structure is based on

carbide (SiC) is a wide band gap semiconductor with uses th.e ﬂ_.SbNA structurg, with carbon beln_g four-cgordlnated
) . . o o with nitrogen and nitrogen three-coordinated with carbon.
in power electronics, and silicon nitride ¢8i) is used as a

S . o .~ 0-C3N4 can be described as an ABAB stacking sequence of
passivation and etch resistant layer in integrated circuit . . :
tabrication layers of 3-CsN4 (A) and its mirror image (B). Because

. . o-C3N, and -C3Ns have similar total energies, crystal
Ofne Irelatt(;,-d t;pmpound£| cz;rbon nltrlt:c?rl:(& hazlr(%%(;lnvid structures, compositions, bulk moduli, band gaps, and atomic
particlrar attention recently because of the predictivia densities, it is very difficult to synthesize a single phase of
it should possess a hardness comparable to that of diamond

. . . . . Only o-C3Ny or ﬂ-C3N4.
tcrzwt;maer? dwéremggéfu?ohn;?_zgngﬁ ;(é::llerr;t tg:)t %ggrle’ ::E)C' Disappointingly, synthesis of crystalline carbon nitride has
IC, cal properties. propert y Wproven to be far from straightforward. To date, a variety of
— _ deposition methods, such as radio frequency plasma deposi-
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are some reports of submicrometer quantities of crystalline of 35% (Fisher Scientific) ammonia solution inside a sealed stainless
material contained within the filmis>15-16 However, to veri- steel cell. The irradiation was supplied by the second harmonic of
fy experimentally the theoretical predictions regarding the @ Q-switched Nd:YAG laser (532 nm, pulse duration 15 ns) oper-
properties of G\, we need to perform measurements on lar- ating at 10 Hz with laser fluence from 25 to 125 mJ/pulse. The beam
ger, isolated crystals or on bulk microcrystalline films. A Was directed by a prism and then focused using a 25 mm focal
step toward this goal was recently reported by Yin and co- length lens through a quartz window in the top of the cell; the beam

. . . then went through a~5 mm layer of the liquid covering the
17
workers,” who reported the synthesis of highly cryStaIIIne_ graphite, forming a~0.5 mm diameter spot on the target surface.

f-carbon nitride nanorods using a combination of mechani- The cel was rotated at 700 rpm during ablation using a standard
cally ground graphite nanoparticles and high-temperature magnetic stirrer in order to reduce the effect of target aging. The
chemical reaction. ablation was typically carried out for periods up to 5 h, after which

We now report the successful nanoscale growth of a colloidal suspension of nanoparticles remained in the container.
crystalline carbon nitride using the novel method of liquid- The suspension changed from colorless to a pale brown as laser
phase pulsed laser ablation (LP-PLA). This technique irradiation progressed, |n_d_|cat|ng an increase in solid product and/
involves focusing a high-power laser beam onto the surface?’ 2 changg in composition of the .SO"d because O.f prolonggq
of a solid target (in our case, graphite), which is submerged mteract_lon with the Ias_er. The suspension was _stable, with no precipi-
beneath a liquid. The interaction of the laser with the target iitztawl::)enr:grzﬁzerved it the sample tube remained untouched for up
causes the surface to vaporize in the form of an ablation '

| hich . . h . For analysis by transmission electron microscopy (TEM), the
plume, which contains species such as atoms, ions, andsuspension, containing a mixture of unreacted graphite and carbon

clusters, travgling with high _kinetic energy. The Species. iN nitride product(s), both in the form of nanoparticles, was pipetted
the plume colhde and react with molecules'of the surrounding onto a carbon-coated TEM grid, washed several times (using
liquid, producing new compounds containing atoms from deionized water) to remove ammonia traces, and then allowed to
both the original target and the liquid. Because of the dry to a powder in air. For analysis by X-ray photoelectron
intensity of the laser and the nanosecond time scales, thespectroscopy (XPS), the concentration of ablation products in the
instantaneous temperatures and pressure within the reactioguspension needed to be increased by evaporation of some of the
volume can be extreme (many thousands of Kelvin at tens liquid phase in an oven. This concentrated suspension was then
of giga-Pascals). Such high-temperature, high-pressure, and)?pett_ed onto a glass slide and dried to produce a_thin Iayc_er. This
high-density conditions provide a “brute force” method of pipetting and drying procedure was repeated many times to increase

. . . . the thickness of the layer until it was sufficient to obtain a high
synthesizing novel materials that have hitherto been inac-_.~ _ "~ o :

. . . . . signal:noise ratio in the subsequent analysis.

cessible using milder, more conventional techniques. Indeed, Elemental analvsis of the powder was performed USing micro-
LP-PLA has proven to be an effective method for the 4 P P g

fi f tructured terials. includi combustion, which gave quantitative values for the atomic percent-
preparation _O m_any nanos ruc_ure ma e_rla_l S, Including age of C and N present. Powder X-ray diffraction (Bruker-AXS
nanocrystalline diamont,2° cubic boron nitride! and

D8 powder diffractometer) was used to obtain information on bulk
nanometer-sized particles of #i,Ag,>® Au,* Zn? and and microstructure composition. TEM and selected area electron
TiC.%6 However, to date, successful synthesis of crystallite diffraction (SAED) were used to identify the structure and morphol-
carbon nitride by LP-PLA has not been reported in the ogy of the prepared materials. TEM was performed in bright-field
literature. mode using a JEOL 1200 EX electron microscope operating at 120
kV. High resolution (HR) TEM was carried on a JEOL 2010
electron microscope at 200 kV. X-ray photoelectron spectroscopy
(XPS, Thermo VG Scientific) was used to search for evidence of
The experimental setup has been described in detail previgusly. C—N, C=C, and G=N bonds, with Al-Ko (1486.6 eV) radiation

Briefly, a solid graphite target (Testbourne Ltd., 99.99%) was oOperating at 400 W (15 kV). High-resolution scans were acquired

Experimental Section
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Figure 1. TEM images of samples produced by pulsed laser ablation of a graphite target in ammonia solution (laser fluence at 100 mJ per pulse) for
durations of (a, b) 1, (c, d) 3, and)(® h (laser power at 120 mJ). (a) Leaflike structures are formed after only short ablation times. The higher magnification
image of these, image (b), shows that these structures are composed of smaller nanorods. For longer ablation times, image (c), the leaflikestasgure
in size and coalesce to form larger, denser, structures. The higher-magnification image (d) of the region enclosed by the dashed lines sharfadkat the s
of these structures is smooth. For even longer ablation times, image (e), the denser structures begin to assemble together to form microscgfe network
A typical SAED pattern from the leaflike nanostructures in image (a), which corresponds closely to the calculated ittespeaping off3-CsNa.

for a-C3N4 and3-C3N,4 in the hexagonal lattice reported in  structure for3-CsN,.5830-31 On the basis of the assumption
refs 29 and 30. of a hexagonal structure, we calculated the lattice indices of
The TEM analysis revealed that the ablated product a; andc, to be 6.3520 and 2.446 A from the spacing of the
contained a mixture of amorphous carbon and graphite from (110) and (111) planes, which are both slightly lower than
the target, plus a range of unusual carbon nitride nanostruc-the theoretical values reported previousty= 6.4017 A,c
tures depending upon the process conditions and especially= 2.4041 A, space groug®6s/m (No. 176))83° These results
upon ablation time. These nanostructures were most likely are consistent with the SAED patterns and peaks previously
formed as a result of the self-organizing and close packing assigned to single-crystalline carbon nitride nanofdds.
of the nanoparticles as the suspension was dried out. Figure Chemical-Bonding Environment. The XPS spectrum of
la,b shows that aftel h of ablation (laser fluence at 100 the ablation product shows peaks for carbon and nitrogen
mJ per pulse), one-dimensional structures are formed thatas expected, but also for oxygen, other surface impurities
are ~200 nm in length and 3650 nm in width. Because  and adsorbates. The C 1s peak (Figure 2a) has been
both ends of the flat structures taper to a point, they resembledeconvoluted into two peaks centered at 284.8 and 287.7
the shape of a leaf, and so henceforth have been termedV. The peak at 284.8 eV has been assigned previously as
leaflike structures. The high-magnification image (Figure 1b) graphitic carbon, which includes contributions from graphite-
shows that these structures are themselves composed dfke or amorphous carbon within the material along with
a large number of smaller nanorods that have packed to-adventitious carbon adsorbed on the surface (284.6 eV), as
gether in an ordered arrangement to form the leaflike shapeswell as G=C (284.6 eV), spC—C (284.7 eV), and &N
After ablation times of~3 h (Figure 1c,d), the leaflke (284.8 eV)!23234 However, the peak at 287.7 eV has been
structures coalesce to form larger, denser structures with aassigned only to Sgoonded C in GN,% with some
smooth surface, which start to connect together. For ablationworker§2-34 also assigning the highest deconvoluted peak
times aroud 5 h and laser power at 125 mJ (Figure 1e), to s C—N but at a slightly lower energy~«287.0 eV). The
these denser structures form a network of microscale XPS study of CNfilms by Le Normand et ai further states
structures. that the presence of $£—N is indicated by the presence
Figure 1f shows a typical SAED ring pattern (obtained of all peaks between 287.2 and 287.7 eV. Therefore, it can
without any tilting) from the leaflike nanostructures in Figure be concluded that $gC—N bonds are present in the ablated
1a, which indicates that these structures are polycrystalline.product, which is consistent with:8,. The N 1s feature
The four inner rings, with interlayed-spacings of 3.176,
2.727, 1.938, and 1.630 A, respectively, were indexed as(31) Guo, Y.; Goddard, W. A., lliChem. Phys. Lett.995 237, 72.

i (32) Boyd, K.; Marton, D.; Todorov, S. S.; Al Bayati, A. H.; Kulik, J.;
(110), (200), (111), and (220) with reference to the calculated Zhor R, A Rabalais, 3. W veac. Soi. Technol, 996 13 2110

(33) Tabbal, M.; Merel, P.; Moisa, S.; Chaker, M.; Ricard, A.; Moisan,

(27) Liu, A. Y.; Cohen, M. L.Phys. Re. B 199Q 41, 10727. M. Appl. Phys. Lett1996 69, 1698.
(28) Wang, J.; Lei, J.; Wang, RRhys. Re. B 1998 58, 11890. (34) Angleraud, B.; Mubumbila, N.; Tessier, P. Y.; Fernandez, V.; Turban,
(29) Vinu, A.; Ariga, K.; Mori, T.; Nakanishi, T.; Hishita, S.; Golberg, G. Diamond Relat. Mater2001, 10, 1142.

D.; Bando, Y.Adv. Mater.2005 17, 1648. (35) Shi, J. R.; Xu, Y. J.; Zhang, Jhin Solid Films2005 483 169.

(30) Zimmerman, J. L.; Williams, R.; Khabashesku, V. N.; Margrave, J. (36) Le Normand, F.; Hommet, J.; Szorenyi, T.; Fuchs, C.; Fogarassy, E.
L. Nano Lett.2001, 1, 731. Phys. Re. B 2001, 64, 235416.
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Figure 2. (a) C 1s and (b) N 1s XPS spectra of the product obtained from LP-PLA &fiteof ablation. After background subtraction, the spectra were
deconvoluted into two Gaussian line-shaped peaks centered at 284.8 and 287.7 eV in (a) and 398.8 and 400.0 eV in (b).

(101) . ._|i||'_|
-
(1my ®oly .

Figure 3. TEM images of GN4 nanostructures synthesized at 75 mJ/pulse
laser fluence for different ablation times. (a) After 10 min ablation, spherical
nanoparticles appear, with an average particle size 6205nm. 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 o
leaflike structures. (b) After 30 min ablation, there is a mixture of leaf-

: - ) the two ringed areas. (b) Size of the internal nanoparticles is abehbt 3
shaped structures and their component nanopatrticles. (a) ;feblation, : : - ;
the leaflike structures are larger, better developed, and have a smooth"M- (c) Lattice planes go straight through the interface between the particles,

surface. (d) Single “leaf” formed by numerous small nanoparticles. (e) which means the particles are fused together with no interlayer separating

Interconnected leaflike structures formed by nanorods. Note that those rodsthem. (d) High-magnification image of a grain boundary, shown by the
arrows. (e) Nanorod aggregates exhibit a long-range order; arrows indicate

perpendicular to the propagating axtsakis, dashed line in the picture) ST S
L Fh e f the projecting direction along [111]. (f) SAED pattern of a nanorod from
along the structure were well-aligned. (f) High-magnification image showing the [111] zone axis indicating the area is single crystal and consistent with

that afte 5 h ablation time, the nanorods inside the leaflike structures have - .
not changed in size or shape. crystalline-carbon nitride.

]Figure 4. (a—d) HRTEM images of a series of aggregated particles; scale
bar is 2 nm. (a) Interconnection of two leaflike structures is highlighted by

Also, it should be noted that=€N bonds can also produce
three peaks in this region, at 3987398.13 and 400.1 e\??
However, these assignments have been discounted, because
they are outside the experimental accuracy of the XPS

(Figure 2b) is more difficult to assign unambiguously,
because it is known that N can give broad XPS peaks in
some materials. Thus, the feature around 399 eV could be
one broad peak from N in a single-bonding configuration.
Alternatively, the feature can be deconvoluted into two peaks : _ _ .

(as shown in Figure 2b), one at 398.8 eV assigned o sp (37) ?gglga, J. M.; Montero, |.; Galan, Diamond Relat. Mater1998
C—N bonds, and one at 400.0 eV assigned té Gg=N (38) Ogata, K.; Chubaci, J. F. D.; Fujimoto, . Appl. Phys1994 76,
bonds?3%736 However, within experimental accuracy, it is 791

. ] Y . i (39) Khabashesku, J. V. N.; Zimmerman, L.; Margrave, Them. Mater
impossible to distinguish between these two alternatives. 200Q 12, 3264.
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Figure 5. TEM images of GN4 nanostructures synthesized 8 h ablation time using different laser fluences: (a, b) 25 mJ/pulse, leaflike structures
containing spherical nanoparticles and short nanorods. Inset in (b) is a sharp SAED pattern, indicating the structures are crystalline. étetaphaath

to be voids inside the leaflike structures (the white areas in the gray area of image (b)); (c, d) 50 mJ/pulse, denser leaflike structures cogtaining lo
nanorods that protrude from the surface. (e, f) 75 mJ/pulse, leaflike structures beginning to aggregate into larger clumps. (g, h) 100 mapulggdearb
nanospheres and flowerlike spiky crystallites.

spectrometer. The presence of® p—N in the ablated and width of the internal nanorods (widttb—10 nm, length
nanostructures is, again, in agreement withgil {tructure. ~30—-100 nm) remained almost constant (Figure 3f), but the
Varying Ablation Time. To understand the formation number of leaflike structures increased with all the well-
mechanism of nanocrystalline carbon nitride, we performed aligned internal nanorods pointing in the same direction,
experiments for different ablation times with the laser fluence perpendicular to the propagatiepxis (Figure 3e,f).
constant at 75 mJ/pulse. Figure 3a shows that spherical High-resolution TEM images of a series of aggregated
particles appeared after only 10 min ablation. The areasparticles are shown in Figure 4. It is seen that the lattice
highlighted by circles and rectangles in Figure 3a indicate planes of the particles are almost perfectly aligned. Some
that some of the particles may be lining up, which suggests leaflike structures are interconnected (Figure 4a), and the
that they might subsequently coalesce into a nanorod.lattice planes of each particle are fused directly, with no
Alternatively, nanorods may form by one-dimensional nano- evidence for an amorphous boundary interlayer (Figure 4b
particle growth, as nanopatrticles add preferentially to the endsd). Although individual leaflike structures within a local
of a line of nanoparticles. Whichever mechanism is correct, region seem to be randomly oriented, the overall nanorod
it is clear that nanorod formation, growth, and aggregation aggregates still exhibit long-range orderittf (Figure 4e).
all occur on a short time scale. A representative SAED pattern is given in Figure 4f, showing
With longer ablation times, the nanorods start to aggregatediffraction spots from the (10), (110), (101), and (10}
into multilayered structures, serving as the starting points planes of the [111] zone axis, which are aligned parallel each
(or nucleation seeds) for the subsequent growth. Aft80 other. Therefore, a clear crystallographic relationship exists
min ablation time, we observe (Figure 3b) a mixture of among the [111]-oriented crystallitésindeed, in Figure 7a
different sized nanoparticles, along with some that have d, most of the observed lattice planes in these images are
begun to coalesce into leaflike shapes. As ablation continuesthe (111) plane corresponding to crystallfwearbon nitride
these leaflike structures increase in size, as can be seen in
Figure 3c. Figure 3d,e shows that these leaflike nanostruc-(40) Pacholski, C.; Kornowski, A.; Weller, Angew. Chem., Int. E@002
tures are m_ostly made of compon_ent nanoparticles Or (41 étnlglls,_?.' CJ. Mater. Chem2006 16, 649.
nanorods. With even longer ablation times (5 h), the length (42) Liu, B.; Zeng, H. CSmall2005 1, 566.
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(a) Laser (b) (C) the size of the overall nanocrystallites and their basic building
blocks increases with increasing laser power.

Licuicl oD 1D Proposed Mechanism of Formation.In light of these
C o O results, a model for the sequential growth pathway has been
=>C |:> 0O ° o proposed, illustrated in Figure 6, involving structural and
c O o morphology modifications of carbon nitride. This compli-
N o © cated reaction process could generally be expressed in terms

of following overall equation: 4Nk+ 3C— C3N4 + 6H..

This is consistent with the chemical mechanism proposed
in a recent study by Yin et &. The highly energetic C and

N species in the ablation plume (Figure 6a) initially condense
into small monodispersed sphericakNz nanoparticles
(Figure 6b). Because of the very short laser pulse length (15
ns) and the fact that the plume is rapidly quenched by the
surrounding liquid, the growth times of these nuclei are very
short. This may aid the preferential formation of small
metastable nuclei with a uniform particle distributitfras
seen in Figure 3a. With increasing concentration (caused by
longer ablation times), the spherica)NG nuclei begin to
join together to form short rods (Figure 6€)which then
elongate on exposure to more laser energy as a result of
chemical reactions with the liquid pha¥eWhen the

(f) 3D

Figure 6. Proposed sequential growth pathway model involving structural concentration of the nanorods becomes sufficiently high, they
and morphology modifications of carbon nitride, with increasing ablation begin to line up to form muItiIayer leaflike structures (Figure

time (and concentration). (a) The ablation plume creates energetic C and N L . . . .
species. (b) The species condense into monodispersed sphefiaadie- 6d). With increasing density of leaflike structures in the

dimensional nanoparticles. (c) Nanoparticles elongate into two-dimensional suspension, the leaflike structures themselves begin to
rods, and these start to aggregate to form multilayer structures. (d) The aggregate into large connected networks (Figure 6e), which

multilayered structures increase in size until they form leaflike structures tuall to f | truct h
40 nm by~200 nm in size. (e) The leaflike structures aggregate into a eventually rearrange o 1orm mesoscale superstructures, suc

network of three-dimensional joined clusters. (f) Clusters undergo a phase as spheres and finally flowerlike structures (Figure 6f).
transformation to produce micrometer scale flowerlike particles with
multifold symmetry.

Conclusions
with an interplanar distance of 0.193 rifand they lie In this one-step synthesis, a liquidolid mechanism has
perpendicular or parallel to theaxis. been described that uses simple, room-temperature, setution

Varying Laser Fluence.Figure 5 shows TEM images of  solid-phase reactions for the growth of\G by pulsed laser
CsN4 nanostructures synthesized h ablation time with  ablation. Evidence has been provided to illustrate that the
varying laser fluences. For low laser fluence (25 mJ/pulse), various nanostructured materials produced in this way are
the leaflike structures had a length and width~800 and composed of crystalline- or 3-C3N,4. The morphology of
~120 nm, respectively, smooth surfaces, and were composedhe crystalline material changes at different length scales. The
of smaller-sized nanorods (Figure 5a). There were also plentybasic building blocks are nanoparticles/nanorods (10 nm by
of voids situated between some of the nanorods (Figure 5b).~200 nm), which, given sufficient concentration, then aggre-
The sharp SAED pattern for the leaflike structures (inset gate to form larger, ordered leaflike structures<{30 nm
Figure 5b) was consistent with crystalline hexagghtphase by ~200 nm). Other geometrically complex, nanostruc-
carbon nitride’>3! When the laser power was increased to tures, such as interconnected networks, large mesoscale
50 mJ/pulse, the aligned leaf-like structures increased to aclusters, and multifold-symmetry flowerlike structures, can
length and width of-600 andc~250 nm, respectively (Figure  also be fabricated via a self-assembly ordered scheme.
5¢,d) and now consisted of a substantial number of connected Fuyrther evidence for these findings may be obtained by
nanorods, although there was no apparent change in size ofjsing a technique such as electron energy loss spectroscopy
the component nanorods. The surface of the leaflike structure(EELS), which would be able to distinguish between N
was no longer smooth, but contained numerous protruding ponded to C (as in ;) or as some other form. Future
nanorods. For still-higher fluences (75 mJ/pulse), there was studies may also include the use of other nitrogen-containing
no further significant change in the size or shape of the jiquids (such as hydrazine), which may facilitate the genera-
leaflike structures and nanorod building units (Figure 5e,f), tion of nitrogen atoms and radicals more readily. Addition
but there was an increase the number formed. With further of surfactants into the solution may also influence the aggre-
increases in fluence to 100 mJ/pulse, micrometer-scale carboryation and dispersal of the nanomaterials. Similar synthesis
nitride spheres (Figure 5g) were observed, formed by
aggregation of a large number of the leaflike structures. 43y Liy, B.; zeng, H. CJ. Am. Chem. So@004 126, 16744.

Flowerlike spiked crystallites (Figure 5h) were also seen, (44) Yang, G. W.; Wang, J. BAppl. Phys. A200Q 71, 343.
where the leaflike structures coalesced at a common centef 2 LY B- zeng, H. CJ. Am. Chem. So2004 126 8124.

. - ) . (46) Shaw, S. J.; Schiffers, W. P.; Gentry, T. P.; Emmony, DJ.@Rhys.
with multifold symmetry*® In particular, the trend is that D: Appl. Phys.1999 32, 1612.
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routes for other Group IV crystalline compounds may  contributions to the work described herein. This research has
also be possible using this “brute force” LP-PLA approach, been supported by Universities UK via Overseas Research
and appropriate target materials and liquids will be explored. Scholarship (ORS) and by the University of Bristol and its
School of Chemistry.
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