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1. Introduction

Graphene, hexagonal arrangement of carbon atoms forming one-atom thick planar sheet, is
a promising material for future electronic applications due to their high electrical conductiv-
ity as well as chemical and physical stability [1]. Planar graphene films with respect to the
substrate have been synthesized using various methods including mechanical exfoliation
from highly oriented pyrolytic graphite, chemical exfoliation from bulk graphite, thermal
decomposition of carbon-terminated silicon carbide, and chemical vapor deposition (CVD)
on metals such as nickel and copper substrates [2-6].

Figure 1. Schematic illustration of graphene nanowalls

On the other hand, plasma-enhanced CVD (PECVD) is among the early methods to synthe-
size of vertically standing few layer graphenes or graphene nanowalls (GNWs) [7-12].
GNWs can be described as self-assembled, vertically standing, few-layered graphene sheet
nanostructures, which are also called as carbon nanowalls, carbon nanosheets, and carbon
nanoflakes. As illustrated in Fig. 1, the sheets form a self-supported network of wall struc-
tures with thicknesses ranging from a few nanometers to a few tens of nanometers. GNWs
have a high density of atomic scale graphitic edges that are potential sites for electron field
emission, which might lead to the application in flat panel displays and light sources [13,14].
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The large surface area of GNWs is useful as templates for the fabrication of other types of
nanostructured materials, electrodes for energy storage devices and biosensors [15-20].
These graphene-based materials are applied in the field of electrochemistry including elec-
trode for fuel cell and electrochemical sensors. In these applications, graphene-based materi-
als are often decorated with metal nanoparticles and other materials.

In this chapter, basic properties of GNWs and their prospective applications are described.
First of all, synthesis and characterization of GNWs are outlined. PECVD is becoming one of
the most promising techniques for the production of carbon materials including diamond,
aligned carbon nanotube films and GNWs, due to its feasibility and potentiality for large-
area production with reasonable growth rates at relatively low temperatures. In the present
study, GNW growth using inductively coupled plasma (ICP) enhanced CVD is featured,
since the ICP CVD system has advantages of simple design and scalability to large area
growth. The growth mechanism, characterization of GNWs, and several decoration techni-
ques of GNW surface are described.

Due to the large surface area of GNWs, we can expect a variety of electrochemical applications
using GNWs such as batteries, capacitors, and sensors. To these ends, GNWs are often decorat-
ed with nanoparticles or films. In the latter half of this chapter, application of GNWs as elec-
trode for fuel cell is described. GNWs were grown on the carbon fiber paper. Then metal
organic chemical fluid deposition (MOCFD) using supercritical fluid (SCF) was applied to
form platinum (Pt) nanoparticles on the surface of GNWs. Using this method, highly dis-
persed Pt nanoparticles of approximately 2 nm in diameter were formed on the surface of
GNWSs grown on the carbon fiber paper. Furthermore, the application as a biosensor using
GNWs is described. As another example, the electrocatalytic activity of GNWs for determin-
ing dopamine, ascorbic acid and uric acid in phosphate buffer solution was investigated. The
ability of GNWs as a platform to create graphene-based hybrid materials is demonstrated.

2. Growth of graphene nanowalls and their growth mechanism

2.1. Growth of graphene nanowalls using inductively coupled plasma CVD

Synthesis techniques for GNWs and related vertical graphene structures are similar to those
used for diamond films and carbon nanotubes (CNTs). In general, a mixture of hydrocarbon
and hydrogen or argon gases, typically CH, and H,, is used as source gases for the synthesis
of GNWs. Unlike the CNT growth, GNWs can be fabricated on a variety of substrates, in-
cluding Si, SiO,, Al,O;, Ni, Ti, and stainless steel, at substrate temperatures of 500-750 “C
without the use of catalysts [8]. To date, GNWSs have been grown using various PECVD
methods employing microwave plasma, inductively coupled plasma (ICP), capacitively cou-
pled plasma (CCP) with H radical injection, very high frequency (VHF) plasma with H radi-
cal injection, electron beam excited plasma, and DC plasma [7-12,19].

Radio frequency (RF: 13.56 MHz) ICP is one of high-density plasmas, and has been used to
etch several materials including Si, S5iO,, SiN,, and metal films in the LSI fabrication process.
The ICP is operated at relatively low pressures below 100 mTorr (13.3 Pa). In the case of pla-



Graphene Nanowalls
http://dx.doi.org/10.5772/51528

nar geometry, RF power is inductively coupled into the process chamber with a planar-coil
antenna through a quartz (fused silica) window, and plasma is generated in the chamber.
Plasma density of ICP discharge is on the order of 10" cm?®. Figure 2 shows a schematic of
ICP reactor with planar geometry used for the growth of GNWs. The ICP reactor was 16 cm
in diameter and 30 cm in height. A one-turn coil antenna with a diameter of 10 cm was set
on a quartz window at the top of reactor. Si or SiO,-coated Si substrates were set on the mid-
dle of the substrate holder at 10 cm below the quartz window.
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Figure 3. SEM images of the GNW films grown by ICP-CVD employing a mixture of CH, and Ar for (a—b) 5 min, (c—d) 15
min, and (e—f) 30 min. Scale bar: 1 pm [21].

Figures 3(a) —3(f) show scanning electron microscopy (SEM) images of GNW films grown by
ICP-CVD employing a mixture of CH, and Ar for different growth periods. After the nuclea-
tion stage of GNWs, growth of less-aligned, isolated carbon sheets with a semicircular shape
standing on the substrate is confirmed as shown in Figs. 3(a) and 3(b). As the growth period
increased, density of isolated nanosheets increased and those standing almost vertically on
the substrate continued preferably to spread faster. Then, spreading nanosheets met one an-
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other; eventually resulting in the formation of linked nanowalls as shown in Figs. 3(c) and
3(d). During the early growth stage after the nucleation up to the steady-state growth, the
growth for the inclined smaller nanowalls was terminated, while the vertical nanowalls
preferentially continued to grow. Therefore, with the increase of growth period in the early
stage, the spacing between nanowalls at their top increased gradually, and then became al-
most saturated, resulting in the formation of two-dimensional carbon sheets standing verti-
cally on the substrate with high aspect ratio. As shown in Figs. 3(e) and 3(f), with the further
increase of growth period during the steady-state growth, the height of vertical aligned
GNWs increased, while the thickness of nanowalls and the spacing between nanowalls be-
came almost saturated with keeping the morphology of GNWs.

Growth rate curve for the GNWs fabricated by ICP-CVD employing CH,/Ar system was ob-
tained by measuring the height of the nanowalls for differing period of growth (0-120 min).
Figure 4 shows the average height of GNW films as a function of growth period. As shown in
Fig. 4, the height of GNWs almost linearly increased with the increase of growth period in the
range from 10 to 120 min, while it took approximately 5 min for the nucleation. The growth rate
of GNWs in the steady-state condition was constant at approximately 60 nm/min.
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Figure 4. Wall height of GNWs as a function of growth period. The growth rate data were obtained from the samples
grown for different period on Si substrates by ICP-CVD employing CH,/Ar system [21].

2.2. Characterization of graphene nanowalls

As was illustrated in Fig. 1, GNWs can be described as graphite sheet nanostructures with
edges that are composed of stacks of graphene sheets standing almost vertically on the sub-
strate. The sheets form a self-supported network of wall structures with thicknesses in the
range from a few nanometers to a few tens of nanometers, and with a high aspect ratio. In
this section, typical GNWs grown using PECVD are characterized using SEM, transmission
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electron microscopy (TEM), in-plane synchrotron X-ray diffraction, and Raman spectrosco-
py using a 514.5 nm line of argon laser.

Figure 5(a) shows a typical SEM image of GNW film, indicating the vertical growth of the
two-dimensional carbon sheets with honeycomb structure on the substrate. Actually, the
morphology and structure of GNW film depend on the source gases, pressure, process tem-
perature, as well as the type of plasma used for the growth of GNWs. In addition to the ver-
tically standing maze-like structure, isolated very thin nanosheets, less aligned petal-like,
highly branched type, and a kind of porous film have been fabricated so far.

Figure 5(b) shows a low-magnification TEM image of a piece of typical GNW of a microme-
ter-high planar nanosheet structure with a relatively smooth surface. The GNW is composed
of nano-domains of a few tens of nanometers in size. The high-resolution TEM image of the
GNW shown in Fig. 5(c) reveals the graphene layers, which indicates the graphitized struc-
ture of the GNWs. The spacing between neighboring graphene layers was measured as ap-
proximately 0.34 nm.

Figure 5. a) Typical SEM image of GNW film, (b) low-resolution TEM image of GNW on a microgrid, and (c) high-reso-
lution TEM image of GNW, showing graphene layers at the fold of GNWs.
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Figure 6. SR X-ray diffraction pattern of GNW film measured at beam line BL13XU of SPring-8 [22].
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The crystallinity of GNWs was analyzed using synchrotron X-ray surface diffraction at graz-
ing incidence and exit at the beamline BL13XU of SPring-8 [22]. The in-plane diffraction
technique measures diffracted beams, which are scattered nearly parallel to the sample sur-
face and hence measures lattice planes that are perpendicular to the sample surface. The X-
ray beam was incident on the GNW film sample at grazing angle of 0.3" relative to the
substrate surface. Figure 6 shows the grazing incidence in-plane X-ray diffraction pattern of
GNW film sample. An intense 002 Bragg peak, the plane of which is normal to the substrate,
is at 20=16.9°and there are also weak 100/101, 004, and 110 Bragg peaks. The interlayer spac-
ing dy, was determined from the 002 peak by applying Bragg’s law with a wavelength of
0.1003 nm. It was found to be 0.342 nm for all samples, which is slightly larger than that of
bulk graphite (0.335 nm).

Raman spectrum for GNWs grown on Si substrate is shown in Fig. 7. Typical Raman spec-
trum for the GNWs has G band peak at 1590 cm™ indicating the formation of a graphitized
structure and D band peak at 1350 cm™ corresponding to the disorder-induced phonon
mode. The peak intensity of D band is twice as high as that of G band. The G band peak is
accompanied by a shoulder peak at 1620 cm™ (D' band), which is associated with finite-size
graphite crystals and graphene edges [23,24]. The 2D band peak at 2690 cm™ is used to con-
firm the presence of graphene and it originates from a double resonance process that links
phonons to the electronic band structure [25,26]. The strong and sharp D band peak and D’
band peak suggest a more nanocrystalline structure and the presence of graphene edges and
defects, which are prevalent features of GNWs [8,10,12].
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Figure 7. Typical Raman spectrum of GNWs measured using the 514.5 nm line of an Ar laser [21]

2.3. Nucleation of vertical nanographenes

From the temporal dependence of nanowall height shown in Fig. 3, nucleation of GNWs is con-
sidered to occur before the commencement of steady-state growth. Significant interest exists in
clarifying the nucleation mechanism of GNWs at the very early stage. Figure 8(a) shows a top
view SEM image of SiO, substrate surface after 30 sec growth. First the surface of substrate was
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covered with amorphous carbon layer, which is later confirmed using Raman spectroscopy. In
1 min, the onset of nano-graphene growth was observed in the top view SEM image of depos-
its formed for 1 min as shown Fig. 8(b). Figures 8(c) and 8(d) show tilted SEM image and cross-
sectional TEM image of deposits, respectively, formed for 2 min. For the cross-sectional TEM
observation, sample surface was coated with the epoxy resin, the deposits embedded in the
epoxy resin were peeled off from the substrate, and then the substrate side (interface side) of
resin embedding the deposits was coated again with the epoxy resin. In Fig. 8(d), the red line
corresponds to the interface to the substrate surface and the red arrow indicates the growth di-
rection. In 2 min, the formation of isolated graphene sheets was observed on the amorphous
carbon layer as shown in Fig. 8(c). The thickness of amorphous carbon layer was estimated to
be 30 nm from the TEM observation shown in Fig. 8(d).

5.8 kV X68.%9%

Figure 8. SEM and TEM images of deposits formed at the nucleation stage. (a) Top view SEM image of substrate sur-
face after 30 sec. (b) Top view SEM image of deposits formed for 1 min, indicating the commencement of nano-gra-
phene growth. (c) Tilted SEM image of deposits formed for 2 min. (d) Cross-sectional TEM image of deposits formed
for 2 min. Deposits were detached from the Si substrate. Red line in (d) corresponds to the interface to the substrate
surface and the red arrow indicates the growth direction [21].

Figure 9 shows Raman spectra of deposits formed on SiO,-coated Si substrate in the nuclea-
tion stage. The peak around 950 cm™ originates from the Si wafer [27]. The broad peak at
1340 cm™ in the Raman spectrum at 30 sec indicates that the deposits are amorphous carbon
or diamond-like carbon. Namely, during the nucleation period, graphene component was

scarcely contained in the underlying interface layer shown in Fig. 9.

241
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So far, several papers have been published on the observation of GNW growth in the early
growth stage and the nucleation mechanism for the formation of vertical layered-graphenes
using various CVD methods [8,28-35]. The things in common in previous observations are
that there is an induction period of 1-5 min before the onset of vertical nano-graphene
growth and an interface layer exists between vertical nano-graphenes and the surface of Si
and SiO, substrates. Zhu, et al. [31,32] reported the presence of graphenes parallel to the
substrate surface before the onset of vertical nanosheet growth, although neither Raman
spectrum nor TEM image of base layer was attached. In their model, these few-layer graphe-
nes would grow parallel to the substrate surface until a sufficient level of force develops at
the grain boundaries to curl the leading edge of the top layers upward. The vertical orienta-
tion of these sheets would result from the interaction of the plasma electric field with their
anisotropic polarizability [32]. In the case of GNW growth in the present work, on the other
hand, the interface layer under the CNWs was an amorphous or diamond-like carbon,
which is similar to the cases using radical injection PECVD, multi-beam CVD, and DC
PECVD [8,28-30,33,34]. Moreover, ion bombardment on the surface will play an important
role for nucleation by creating active sites for neutral radical bonding [30]. The existence of
amorphous or diamond-like carbon interface layer will enable us to grow GNWs and similar
structures on a variety of substrates without catalyst.
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Figure 9. Raman spectra of deposits formed in the nucleation stage on SiO,-coated Si substrate. Peak around 950 cm™'
originates from the Si wafer [8].

2.4. Growth mechanism of graphene nanowalls

Figure 10 depicts the initial growth process of GNWs. A model for the initial growth mecha-
nism is as follows. (1) In the beginning, hydrocarbon radicals such as CH; are adsorbed on
the substrate, forming a very thin amorphous carbon layer. Ion irradiation induces the for-
mation of dangling bonds on the growing surface, resulting in the formation of nucleation
sites. (2) Adsorbed carbon species are migrating on the surface and condensed to form nano-
islands with dangling bonds. (3) Ion irradiation would also enhance the adsorption of CH,
radicals on the surface. (4) Small, disordered graphene nanosheets are nucleated at these
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dangling bonds, followed by two-dimensional growth and subsequent formation of nano-
graphene sheets with random orientation. (5) Among the nucleated graphene sheets with
random orientations, those standing almost vertically on the substrate continued preferably
to grow up faster to vertically standing nanosheets owing to the difference in the growth
rates along the strongly bonded planes of graphene sheets expanding and in the weakly
bonded stacking direction. Reactive carbon species arriving at the edge of the graphene lay-
er are easily bonded to the edge, and eventually the graphene layer would expand prefera-
bly along the direction of radical diffusion, perpendicular to the electrode plane. On the
other hand, low-lying inclined graphene sheets were shadowed by the high-grown vertical
graphene sheets. As a result, the amounts of reactive carbon species arriving at the low-ly-
ing inclined graphene sheets decreased, resulting in the termination of growth for the in-
clined smaller nanowalls, while the vertical nanowalls preferentially continued to grow. As
growth period increased, spreading vertical nanowalls met one another, eventually result-
ing in the formation of linked nanowalls similar to a maze. With further increase of growth
period, the spacing between nanowalls at their top increased gradually, and then became al-
most saturated, resulting in the formation of two-dimensional graphene sheets standing ver-
tically on the substrate with high aspect ratio. In the steady-state growth condition, the
height of nanowalls increased almost linearly with keeping their morphology.
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Figure 10. lllustration of the initial growth model of GNWs

3. Functionalization of graphene nanowalls

3.1. Decoration of graphene nanowall surface

Due to the large surface area (high surface-to-volume ratio) of GNWs, we can expect a va-
riety of electrochemical applications using GNWs such as batteries, capacitors, and gas sen-
sors. To these ends, GNWs are decorated with nanoparticles or films of metals,
semiconductors, and insulators, by using several techniques including vacuum evapora-
tion, sputtering, CVD, and plating. Figure 11 shows schematic illustrations of decorated
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GNWs with different morphologies. GNWs are used as the templates to fabricate other
types of nanostructures. The morphology of GNWs decorated with nanoparticles or film de-
pends on the deposition methods of materials. Conformal deposition (Fig. 11(a)) and gap
filling (Fig. 11(b)) will be achieved using metal-organic chemical vapor deposition (MOCVD),
sputtering, atomic layer deposition, and plating in liquid phase. In Fig. 11(c), thin film or
aggregation of nanoparticles would be formed on the top edges of GNWs. Diamond sur-
face is modified with several types of surface termination, e.g. C-NH,, C-OH, and C-
COOH, and DNA and proteins were immobilized on the surface of diamond and nanodia-
mond films for bio-sensing application [35-38]. As is the case with the diamond surface,
the edges of GNWs can also be modified with similar surface termination, and covalent im-
mobilization of DNA and proteins on the GNWs will be realized. Previously, Wu et al.
used GNWs as templates to fabricate large surface area materials, including conformal dep-
osition of Au and Cu by electron beam evaporation; conformal deposition of ZnO, TiO,,
SiO,, SiN,, and AlO, by atomic layer deposition; conformal deposition of Ni, NiFe and CoN-
iFe nanoparticles by electrochemical deposition; gap filling with dispersed Fe nanoparti-
cles by the immersion of GNWs into a mixed solution of Fe particles and isopropanol in
an ultrasonic bath; Se deposition on the top of edges of GNWs by electrochemical deposi-
tion [39-41]. In Fig. 11(d), on the other hand, metal nanoparticles are dispersed on the sur-
face of GNWs, which is a kind of nanocomposite. This morphology can be moderately
achieved by plating, sputtering, and laser ablation.

(a) Graphene (b)
nanowalls

(d)

Figure 11. Schematic illustrations of decorated GNWs with different morphologies: (a) conformal deposition, (b) gap
filling, (c) deposition on the top edges of GNWs, and (d) dispersed nanoparticle deposition on the surface of GNWs
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Because of the unique structure of GNWs with high surface-to-volume ratio, GNWs can be
potentially used as catalyst support materials for the electrodes of fuel cells. In this applica-
tion, it is required to support platinum (Pt) nanoparticles as catalysts on the GNW surface. It
is well known that the specific activity of catalysts is strongly related to their size, disper-
sion, and compatibility with supporting materials. Highly dispersed catalyst nanoparticles
with small size and narrow size distribution supported on the surface of carbon nanostruc-
tures are ideal for high electrocatalyst activity due to their large surface-to-volume ratio. To
support metal nanoparticles on the surface of carbon nanostructures, metal compounds in
the form of liquids are generally employed. A few papers have been published on the prepa-
ration of Pt nanoparticles on CNT surfaces by the reduction of Pt salt precursors such as
H,PtCl, in solution [42,43]. However, it is difficult to treat the entire surface of GNWs with a
metal compound in a liquid phase, because of the high surface tension of GNWs due to their
high aspect ratio with narrow interspaces. On the other hand, in gas phase deposition such
as sputtering and CVD, metal nanoparticles are deposited only around the tops of GNWs
and tend to easily clump together, resulting in the formation of larger particles or films on
the top of carbon nanostructures [44].
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Figure 12. Phase diagram of substance (SCF supercritical fluid, Pc critical pressure, Tc critical temperature) and proper-
ties of liquid phase, gas phase, and supercritical fluid

3.2. Supercritical fluids

As an alternative approach to support metal nanoparticles on the surfaces of dense, aligned
CNTs and GNWs with narrow interspaces, we have demonstrated a method employing
metal-organic chemical fluid deposition (MOCFD), where supercritical carbon dioxide (sc-
CO,) is used as a solvent of metal-organic compounds [45,46]. The phase diagram of sub-
stance is shown in Fig. 12, together with the properties of liquid phase, gas phase, and
supercritical fluid (SCF). Generally, materials can exist in three phases depending on the
temperature and pressure, namely, solid, liquid, and gas. The SCF possesses attractive prop-
erties of both the gas and the liquid phases. Rapid diffusion and permeation are realized by
its gas-like diffusivity and viscosity, while its liquid-like density enables dissolution of a
wide range of materials. To produce an SCF phase, the temperature and pressure of the ma-
terial are required to exceed the critical point. The critical point of sc-CO, exists at 7.38 MPa
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(72.8 atm) and 31.1 "C. Among SCFs, sc-CO, is particularly attractive since it is environmen-
tally friendly and safe due to its low toxicity, low reactivity and nonflammability.

In the case of Pt deposition, the SCF using sc-CO, was first applied to the preparation of pol-
ymer-supported Pt nanoparticles using dimethyl (1,5-cyclooctadiene) platinum(II),
(PtMe,(cod)) as a precursor [47]. Erkey’s group has demonstrated the preparation of Pt
nanoparticles on a wide range of materials, including carbon aerogel, carbon black, silica
aerogel, alumina, and Nafion [47-52]. In their method, PtMe,(cod) was dissolved in sc-CO,
and impregnated into the supporting materials, and after depressurization the impregnated
PtMe,(cod) molecules were then reduced to metallic Pt nanoparticles by heat treatment or
by chemical reduction with hydrogen, resulting in the formation of uniformly dispersed
nanoparticles with narrow size distributions. However, it took almost 10 hours to complete
this process. In our case, in contrast, the supporting carbon nanostructures such as CNTs
and GNWs were selectively heated in the sc-CO, with Pt precursors during the process.
Therefore, at the heated surface of the carbon nanostructures during in sifu thermal reduc-
tion under the SCF environment, decomposition of the adsorbed precursor molecules and
growth of the particles would occur without reduction process.

3.3. Experimental procedure of metal-organic chemical fluid deposition using
supercritical carbon dioxide

Figure 13 shows the SCE-MOCFD system employing sc-CO, used for the deposition of Pt
nanoparticles on the surface of GNWs. The MOCFD system is composed of two high-pres-
sure stainless steel vessels with a compressor, heating units, and a reservoir for the metal-
organic compound. The preliminary vessel contains a screw agitator. The temperature and
pressure in each vessel can be set independently, so that two different supercritical condi-
tions employing CO, can be produced in these two vessels. As the precursor, (methylcyclo-
pentadienyl) trimethyl platinum ((CH;CsH,)Pt(CHj;);: MeCpPtMe;) dissolved in hexane was
used. In the preliminary vessel, the precursor was stirred with the sc-CO, for about 30 min.
In the impregnation vessel, the selective heating of GNW samples during the MOCFD proc-
ess facilitated selective metal deposition on the surface of the carbon nanostructures. In the
preliminary vessel, the pressure and temperature of sc-CO, were maintained at 11 MPa and
50°C, respectively, and MeCpPtMe; was dissolved in the sc-CO,. In the impregnation vessel,
the pressure and temperature of sc-CO, were maintained at 9 MPa and 70°C, respectively,
and the temperature of GNW samples was controlled in the range of 70-170°C. The solu-
tions were mixed and Pt nanoparticles formation was carried out for 30 min; the vessel was
then depressurized slowly in 30 min to atmospheric conditions. After the depressurization,
additional heat treatment was not carried out in the present work.

3.4. Characterization of platinum nanoparticles formed by metal-organic chemical fluid
deposition using supercritical carbon dioxide

Figures 14(a)-14(c) show TEM images of the Pt-supported GNW surface after the SCEF-
MOCEFD at sample temperatures of 120, 150, and 170°C, respectively. In this experiment,
GNW samples were fabricated on the Si substrate by fluorocarbon (C,F,;) PECVD assisted by
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hydrogen radical injection, which comprises a parallel-plate very high frequency (VHF: 100
MHz), capacitively coupled plasma region, and a hydrogen radical injection source that em-
ploys a surface-wave-excited microwave (2.45 GHz) H, plasma [11]. As can be seen from
these TEM images, the spatial density of the Pt nanoparticles (particle numbers/area) sup-
ported on the GNW surface strongly depended on the sample temperature during the SCF-
MOCEFD, while the average size of the Pt nanoparticles increased from 1.5 to 3 nm with an
increase of the sample temperature from 120 to 170°C.

Stir Propeller
) p

(CH;C5H,)
-(CH,),Pt = < CO,
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(GNVE/S) = CO;
Heater

Impregnation Vessel

Figure 13. Schematic of the supercritical fluid, metal-organic chemical fluid deposition (SCF-MOCFD) system [53]

Ex situ X-ray photoelectron spectroscopy (XPS) analysis was conducted to gain an insight in-
to the state of the platinum for the supported Pt surface fabricated by the SCE-MOCFD. Fig-
ure 14(d) shows an XPS spectrum of the Pt(4f) region of the Pt-supported GNW film after
the SCF-MOCEFD at a sample temperature of 150°C. The presence of two prominent sets of
Pt (4f) peaks, corresponding to the 4f ,, and 4f 5, orbital states, is further confirmation of
platinum being present on the GNW surface. The peak regions in Fig. 14(d) can be fitted
with two sets of peaks at 71.4 eV (4f ,,) and 74.6 eV (4f 5,) [54]. These correspond to platinum
in the metallic state, indicating that only pure Pt exists without being oxidized on the sur-
face of the GNWs after the SCF-MOCEFD.

The Pt/C ratio of the GNW film surface was obtained from the ratio of the intensities of the
XPS C(1s) and Pt(4f) peaks. Figure 14(e) shows the relative Pt/C ratio of the surface of the
GNW film as a function of the temperature of the GNW sample during the SCF-MOCFD
process. As the sample temperature during the SCF-MOCEFD increased up to 1200?°C, the
relative Pt/C ratio of the surface of the GNW film increased gradually. By further increasing
the sample temperature above 120°C, the relative Pt/C ratio increased rapidly.

3.5. Mechanism of platinum nanoparticle formation by metal-organic chemical fluid
deposition using supercritical carbon dioxide

In the case of Pt deposition by the conventional process including impregnation, depressuri-
zation, and reduction, PtMe,(cod) was dissolved in sc-CO, and impregnated into the sup-
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porting materials, and after depressurization the impregnated PtMe,(cod) molecules were
then reduced to metallic Pt nanoparticles by heat treatment or by chemical reduction with
hydrogen. It was proposed that the precursor molecules in the sc-CO, phase are adsorbed
on the surface during the impregnation period, and after depressurization these adsorbed
molecules are in turn reduced to elemental platinum and the resulting particles at the sur-
face continue to grow until all the adsorbed precursor molecules are converted to the metal.
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Figure 14. a)-(c) High-resolution TEM images of the surface of the GNWs supporting Pt nanoparticles after the SCF-
MOCFD at sample temperatures of 120, 150, and 1702 °C, respectively. Scale bar: 20 nm. (d) X-ray photoelectron spec-
troscopy spectrum of the Pt-supported GNW film after SCF-MOCFD. (e) Relative Pt/C ratio of the surface of the GNW
film as a function of temperature of the GNW sample during SCF-MOCFD [53]

In our case, in contrast, the supporting carbon nanostructures were selectively heated in
the sc-CO, with Pt precursors during the process. Figure 15 depicts the model of Pt nano-
particle formation on the surface of carbon nanostructures using metal-organic chemical
fluid deposition in the supercritical CO,. At the heated surface of the carbon nanostruc-
tures during in situ thermal reduction under the SCF environment, decomposition of the
adsorbed precursor molecules and growth of the particles would occur. GNWs have been
reported to consist of nano-domains a few tens of nanometers in size, and individual

GNWs were found to have many defects [24,55]. It is suggested that the surface-migrat-
ing Pt adatoms, produced by the decomposition of MeCpPtMe; precursors, merge to form
Pt clusters from several Pt atoms preferentially at chemically active sites such as defects
and grain boundaries on the surface of the carbon nanostructures, resulting in the nucle-
ation of Pt nanoparticles. It has been reported recently that the density of Pt nanoparti-
cles formed by SCF-MOCFD method increased with increase in the surface defect density
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[56]. The reaction temperature at the surface would be a significant factor influencing the
particle number density and particle size. When the temperature of GNWs is increased,
both reduction of metal-organic precursors and surface migration of Pt atoms would be
enhanced, which may lead to an increase in the particle number density and particle size.
As can be seen from the TEM images in Figs. 14(a)-14(c), the average size of Pt nanopar-
ticles increased from 1.5 to 3 nm with an increase in the sample temperature from 120
to 170°C, while the Pt particle number density increased drastically.
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Figure 15. lllustration of the formation model of Pt nanoparticles on the surface of carbon nanostructures using met-
al-organic chemical fluid deposition in the supercritical CO,

4. Fabrication of graphene nanowalls on carbon fiber paper for fuel cell
application

Carbon fiber paper (CFP) or carbon fiber cloth, which are composed of an open mesh of car-
bon fibers, have been used as gas diffusion layer in proton exchange membrane (PEM) fuel
cell application [57-59]. PEM fuel cells have been widely recognized as the most promising
candidates for future power generating devices in the automotive, distributed power gener-
ation and portable electronic applications. Waje, et al. demonstrated the preparation of Pt
nanoparticles 2-2.5 nm in size on organically functionalized CNTs grown on CFP [60]. Very
recently Lisi, et al. demonstrated the growth of GNWs on CFP by hot-filament CVD and in-
vestigated the microstructure of the GNWs both at the tip and at the fiber-nanowall base
interface [61]. Our current interest in GNWs is to use them as catalyst supports for Pt in
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PEM fuel cells. In this section, in order to demonstrate the usefulness of GNWs in the fuel
cell application, GNWs were directly grown on the CFP using PECVD. Subsequently, Pt
nanoparticles were formed on the surface of GNWs using the SCF-MOCFD method. This
configuration ensures that all the supported Pt nanoparticles are in electrical contact with
the external electrical circuit. Such a design would improve Pt utilization and potentially de-
crease Pt usage.

4.1. Growth of graphene nanowalls on carbon fiber paper

Commercially available CFP (Engineered Fibers Technology, Spectracarb 2050A porous car-
bon-carbon paper, 200 um thick) was decorated with GNWs using RF-ICP employing
Ar/CH, mixture. The growth experiments were carried out on CFP and Si substrates for 30
min at RF power of 500 W, total gas pressure of 20 mTorr, substrate (CFP) temperature of
720 °C, and flow rates of Ar and CH, of 100 and 50 sccm, respectively.

Figure 16. a), (b) SEM images of carbon fiber used in this study. (c)-(f) SEM images of GNWs grown on carbon fiber by
ICP-CVD for 30 min at different magnifications [62].

Figures 16(a) and 16(b) show SEM images of carbon fiber used in this study. SEM images of
GNWs grown on carbon fiber by ICP-CVD for 30 min at different magnifications are shown in
Figs. 16(c)-16(f), indicating that GNWs were successfully grown on the CFP using ICP-CVD.
As shown in Fig. 16(e), GNWs were grown almost vertically on the surface of carbon fibers
forming paper structure. The height of GNWs grown on the CFP at the surface facing the plas-
ma was about 1.5 um. Interestingly the GNW growth proceeds in a conformal manner all the
way around each carbon fiber into the CFP to a depth of a few tens of micrometers.

4.2. Pt nanoparticle formation on GNW-decorated carbon fiber paper

Pt nanoparticles were prepared on the GNWs grown on the CFP by the SCE-MOCFD meth-
od. The pressure and temperature of sc-CO, were 10 MPa and 130 °C, respectively, and the
temperature of GNW-decorated CFP was maintained at 180 °C. Pt nanoparticle formation
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was carried out for 30 min. Compared to the SEM images of typical as-grown GNW films
without the SCF treatment, no change in the surface morphology was observed after the
SCF treatment. It was confirmed that the unique nanostructure of the GNWs was main-
tained, even after being exposed to the high-pressure fluid. Figure 17(a) shows SEM image
of the surface of the GNW supporting Pt nanoparticles after the SCE-MOCFD for 30 min. It
was found that dispersed Pt nanoparticles of approximately 2 nm in diameter were support-
ed on the surfaces of GNWs grown on CFP. The area density of Pt nanoparticles on GNW
surface was approximately 3x10'> cm™. Figure 17(b) shows TEM image of the surface of the
GNW supporting Pt nanoparticles after the SCF-MOCFD for 30 min. The GNWs consist of
nano-domains and individual GNWs were found to have many defects. As shown in Fig.
17(b), Pt nanoparticles were formed preferentially at the domain boundaries on the surface
of the GNWs.

Figure 17. a) SEM image of the surface of the GNW supporting Pt nanoparticles after the SCF-MOCFD for 30 min. (b)
TEM image of the surface of the GNW supporting Pt nanoparticles after the SCF-MOCFD for 30 min

4.3. Fuel cell unit using Pt-supported GNW/CFP electrode

A test cell unit using Pt-supported GNW/CFP electrode was constructed experimentally. A
schematic of a single PEM fuel cell with active surface area of 1x1 cm? is shown in Fig. 18.
The membrane electrode assembly (MEA) consists of a Nafion 115 membrane in combina-
tion with Pt- supported GNWs on CFPs. At present, the voltage-current curve for the test
PEM fuel cell exhibited unexpectedly poor performance due to the high ohmic resistance.
Very recently, Shin, et al. demonstrated the preparation of Pt nanoparticles with an average
diameter of 3.5 nm on GNWs by a solution-reduction method, and investigated the electro-
catalytic activity of powdered Pt/ GNWs peeled off from the substrate [63]. They suggested
that the domain structure of GNWs is useful as catalytic support for fuel cells, although they
did not demonstrate an actual PEM fuel cell using Pt/GNWs. For the evaluation of the Pt-
supported GNWs on CFPs as catalyst layer for the practical use in our case, it is necessary to
realize optimum operating conditions including compression, temperature, pressure, and
ionomer loading.
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Figure 18. A schematic of a test single proton exchange membrane (PEM) fuel cell. The membrane electrode assembly
(MEA) consists of a Nafion 115 membrane in combination with Pt-loaded GNWSs on CFPs [62].

5. Toward the application to electrochemical sensors and biosensors

There has been an increase in research into the biological applications of CVD diamond. Di-
amond has attractive characteristics for some biological applications, such as its wide poten-
tial window, chemical-physical stability, and biocompatibility. DNA and proteins were
immobilized on the surface of diamond and nanodiamond films for bio-sensing application
[35-38]. Covalent modification of diamond surfaces with molecular monolayers serves as a
starting point for linking biomolecules such as DNA and proteins to surfaces. In these cases,
diamond surface is modified with several types of surface termination, e.g.,, C-NH,, C-OH,
and C-COOH. It is considered that the surfaces and edges of GNWs can also be modified
with similar surface termination. Therefore, covalent immobilization of DNA and proteins
on the GNWs will be realized. In the near future, GNWs will be used as a stable, highly se-
lective platform in subsequent surface hybridization processes.

Recently, graphene has proved to be an excellent nanomaterial for applications in electro-
chemistry. Graphene-based materials with large surface area are useful as electrodes for
electrochemical sensors and biosensors [62-64]. Especially, GNWs and related carbon nano-
structures can be one of the best electrode materials to investigate basic electrochemical phe-
nomena, due to their edge defects and graphene structures.

It is interesting to investigate the electrochemical properties of GNWs as electrochemical
electrodes. In order to evaluate the potential window of GNW electrode, electrochemical
measurements were carried out with a conventional three-electrode arrangement controlled
by a commercial potentiostat, with a GNW (boron (B)-doped diamond for comparison)
working electrode, a Pt coil counter electrode and an Ag/AgCl reference electrode. The back
face of the substrate and the electrical contact were protected from the electrolyte solution
by insulating epoxy adhesive, so that only an active GNW electrode area was exposed to the
electrolyte solution. Figure 19 shows the cyclic voltammograms for the GNW and B-doped
diamond electrodes in HNO; (0.2 mol/l) obtained in the potential range between -5 and 5 V
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at a scan rate of 100 mV/s. As shown in Fig. 19, a work potential window nearly 3 V was
obtained for the GNW electrode, which was comparable to that for B-doped diamond elec-
trode. The oxygen evolution for the GNW electrodes occurs at about 1 V and the hydrogen
evolution at -2 V. Reported potential windows for glassy carbon and highly oriented pyro-
lytic graphite electrodes are 1.5 and 2.0 V, respectively [67].
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Figure 19. Cyclic voltammograms for the GNWs and boron-doped diamond electrodes in HNO, (0.2 Mol/l); at 100
mV/s scan rate
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Figure 20. Cyclic voltammograms of GNW electrode in the solution of PBS with DA, AA, and UA, at 100 mV/s scan rate

Electrochemical activity of GNW electrode has been investigated by cyclic voltammetry
measurements in an aqueous solution of ferrocyanide and a faster electron transfer between
the electrolyte and the nanowall (or nanosheet) surface has been demonstrated [17-20]. Fur-
thermore, biosensing with GNWs is a promising application. Dopamine (DA), ascorbic acid
(AA), and uric acid (UA) are compounds of great biomedical interest, which all are essential
biomolecules in our body fluids. Figure 20 shows cyclic voltammogram curves obtained
from GNW electrode in the phosphate buffer solution (PBS) with DA, AA, and UA, at 100
mV/s scan rate. At present, researches on the sensing of biological molecules became popu-
lar. Shang, et al. demonstrated the excellent electrocatalytic activity of multilayer graphene
nanoflake films for simultaneously determining DA, AA and UA in PBS [17]. The GNW-
based electrochemical platform, which possesses large surface area with edges and electro-
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chemical activity, offers great promise for providing a new class of nanostructured
electrodes for biosensing and energy-conversion applications.

6. Conclusion

Self-organized graphite sheet nanostructures composed of graphene have been studied in-
tensively. Graphene nanowalls and related sheet nanostructures are layered graphenes with
open boundaries. The sheets form a self-supported network of wall structures with thick-
nesses in the range from a few nanometers to a few tens of nanometers, and with a high as-
pect ratio. The large surface area and sharp edges of graphene nanowalls could prove useful
for a number of different applications.

Using graphene nanowalls as templates would be the most promising and important appli-
cation. Graphene nanowalls can be used as templates for fabricating a variety of nanostruc-
tured materials based on the surface morphology of the graphene nanowalls and
nanocomposites of carbon and nanoparticles of other materials. These structures could
prove useful in batteries, sensors, solar cells, electrodes, and biomedical devices. For this
purpose, it is necessary to establish decorating methods of graphene nanowall surface with
a variety of materials. Furthermore, it is important to evaluate electrochemical characteris-
tics of nanocomposites of carbon and other materials systematically.

In order to demonstrate the usefulness of graphene nanowalls in the fuel cell application,
graphene nanowalls were directly grown on the carbon fiber paper using the inductively
coupled plasma-enhanced chemical vapor deposition method. Subsequently, highly dis-
persed Pt nanoparticles 2 nm in size were formed on the surface of graphene nanowalls us-
ing metal-organic chemical deposition employing supercritical CO,. This configuration
ensures that all the supported Pt nanoparticles are in electrical contact with the external elec-
trical circuit. Such a design would improve Pt utilization and potentially decrease Pt usage.
Pt-supported graphene nanowalls grown on the carbon fiber paper will be well suited to the
application for the electrodes of fuel cells.

Furthermore, the application as a biosensor using GNWs was briefly described. The GNW-
based electrochemical platform offers great promise for providing a new class of nanostruc-
tured electrodes for electrochemical sensing, biosensing and energy-conversion applications.
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