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ince their discovery, CNTs and gra-
phene have been the most intensively
researched carbon allotropes,’? due to
their exceptional thermal, optical, electronic,
and mechanical properties.>* These graphi-
tic nanomaterials have been proposed as the
foundation for various transformative tech-
nologies ranging from energy harvesting,’
multifunctional composites and sensors,® to
nanomedicine.” The development of multi-
component composite systems based on
such carbon nanomaterials, could further
expand their potential use and resultin novel
applications. More specifically, the synthesis
of composite nanomaterials, including graph-
enes, CNTs, nanowires, and/or nanoparticles
shows great potential for applications, such
as gas detection/chemical sensors, electro-
des, and/or solar energy harvesting.8®
Recently, the formation of organic—
inorganic hybrid nanosystems by the incor-
poration of metal nanoparticles in or onto
the graphitic structures of CNTs or graphene
has been reported.'®~'2 In particular, noble
metal nanoparticles have huge potential in
sensing, energy, spectroscopy, and cataly-
sis. For these purposes, silver and gold ions
can be reduced to nanoparticle colloids by
simple wet chemistry techniques utilizing
sodium citrate and sodium borohydride
as reducing agents.'® The size and shape of
the nanoparticles can be manipulated by
controlling the concentration of reducing
agent, capping agents, and seed-mediated
growth."'> The controlled growth of
nanometer-sized metals is essential to en-
sure that the unique properties (i.e., plas-
mon absorption) exhibited by these nano-
particles can be applied to specific applications,
such as photovoltaics and catalysis. Plas-
monics have recently gained much atten-
tion for their ability to improve the absorp-
tion characteristics in thin film solar cells.'®
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Here, we present the catalytic conversion of graphene layers into carbon nanotubes (CNTs), in

the presence of Au nanoparticles (AuNPs) without the need for an additional carbon source. We

have demonstrated that this catalytic process takes place at temperatures as low as 500 °C. No

other oxide supports decorated with AuNPs were found to grow CNTs at this temperature.

These findings highlight the high activity of graphene when used as a support for catalytic

reactions.
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The incorporation of Ag nanoparticles
(AgNPs) into an organic solar cell has led
to a significant increase in photocurrent and
overall power conversion efficiency.'”'®
Aside from plasmonics, metal nanoparticles
find many others applications, especially in
catalysis. Although gold complexes have
found many uses as homogeneous cata-
lysts for organic transformations, solid
gold has long been regarded as a poor
catalyst for heterogeneous reactions.'®?°
There is significant evidence, however, that
gold nanoclusters deposited on a variety of
metal oxide support materials can effi-
ciently catalyze oxidation and reduction
reactions as well as carbon—carbon bond
formation.?° =22 Size-dependent properties
associated with the AuNPs make them an
excellent candidate as the active compo-
nent in a number of catalysts.>> Taking
advantage of these unique properties of
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AuNPs could result in increasing their catalytic activity,
which is generally slow or difficult to initiate and takes
place at higher temperatures.>*?>

Historically, gold chemistry has received tremen-
dous attention since Hatura's discovery of oxide-sup-
ported Au nanocluster catalysts that were used for CO
and H, oxidation at low temperatures.?®?” Since then,
the investigation of gold-based catalysts has increased
drastically.?'?*?*?® Gold-based catalysts have been
used in a range of organic transformations which
includes a variety of nucleophilic addition, cascade
reactions, C—C bond formation, Fridel-Crafts reac-
tion, C—H bond activation, hydrogenation and dehydro-
genation reactions, and oxidation chemistry.?®3*
Furthermore, asymmetric catalysis and total organic
synthesis have also been achieved using Au-based
catalysts.>> Highly flexible catalytic systems consisting
of carbon supports decorated with AuNPs, have shown
significant potential for many reactions including the
oxidation of CO for fuel cells, oxidation of diols,and C—C
bond formation.'>*®3” Therefore, synthesizing carbon
nanomaterials on an Au catalyst or decorating graphitic
nanostructures with AuNPs opens the door to a wide
range of new applications for which current technolo-
gies are not adequate.

Furthermore, gold has been utilized as a catalyst for
carbon nanotube synthesis by many groups around
the world. 334" Often AuNPs have been mixed with
other transition metals to enhance their catalytic po-
tential in the synthesis of nanotubes. For example,
various levels of Au doping have been shown to
improve the catalytic activity of Ni and lower the
reaction temperature for the nanotube formation.*?
Interestingly, in this case, the utilization of pure Au was
found to be inactive for the synthesis of CNTs or carbon
nanofibers.

Usually, CNT synthesis has been achieved at rela-
tively high temperatures between 850 and 1000 °C.
Ong et al. demonstrated the growth of CNTs at 1000 °C,
on Au catalyst sputtered on amorphous carbon, which
was deposited on Si wafers.** A high temperature of
1000 °C was required when ethanol was added as the
carbon source to this experimental approach. Further-
more, Lin et al. synthesized multiwalled carbon nano-
tubes (MWCNTs) and carbon nanofibers by CVD on Au
TEM grid surfaces at 850 °C when utilizing ethylene as
the feed gas.** It is important to mention that, in this
case, only amorphous carbon was reported to be
formed at temperatures lower than 750 °C. MWCNTs
were also synthesized at temperatures higher than
850 °C on Au films deposited on a Si substrate by elec-
tron beam evaporation, utilizing acetylene or other
hydrocarbons as a carbon source.***

Single-walled carbon nanotubes (SWCNTs) were
grown on AuNPs at temperatures between 800 and
900 °C, with various feed gases, such as ethanol, ethylene,
or methane, and a number of oxides as the catalytic
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supports.34 The AuNPs were prepared by a block
copolymer technique or deposited on different sub-
strates through spin-coating a colloidal solution. Be-
fore introducing the hydrocarbon, the catalyst was
heat treated or reduced under hydrogen at 800 °C;
no SWCNTs were reported to grow at temperatures
below 800 °C.3? Although many groups have reported
the growth of CNTs on Au catalysts at relatively high
temperatures, Ghorannevis et al. synthesized SWCNTs
at 750 °C on a thin Au film utilizing ethanol vapors.®

Moreover, CNTs (both MW and SWCNTs) were found
to grow on metal-free substrates at various tempera-
tures, using different types of hydrocarbons.*” For
example, Takagi et al. synthesized SWCNTs over nano-
diamond particles at 850 °C using ethanol as a carbon
source.”® The nanodiamond particles separately de-
posited on two different substrates, graphite or dia-
mond, were found to promote nanotube forma-
tion through the “vapor—solid surface—solid” growth
mechanism. Interesting findings were reported by
Steiner et al. about the ability of zirconia nanoparticles
to nucleate CNTs at temperatures between 750 and
900 °C, using methane or ethylene as the carbon
source.* For the first time, it was demonstrated that
an oxide can nucleate CNT growth while remaining in
an oxidized state. Furthermore, nonmetallic catalysts
such as SiC, Al,03, MgO, SiO,, and other semiconduct-
ing substrates have been utilized for nanotube growth,
using techniques such as chemical vapor deposition or
high temperature and laser annealing.>®>*

Recently, CNTs or nanowires have been synthesized
at very high temperatures (900—1000 °C) with or with-
out the addition of hydrocarbons on graphene oxide
or graphite structures (deposited on SiO, substrates)
coated with various catalytic nanoparticles such as
Fe or Ni2* Hunley et al. have reported the synthesis
of aligned nanotubes on few-layer graphene sheets
deposited on p-type silicon oxide substrates.> In this
case, a thin film of Ni was used for the formation of
catalytically active catalyst particles, and the CNT
synthesis was carried out in a CVD furnace with the
assistance of Ar and H, at 900 °C.>> Moreover, Cao et al.
reported the growth of carbon nanowires on graphene
oxide coated with CoCl,.2 A mixture of Ar/H, was flown
into the set up (with a pressure of 150 Pa) while the
temperature was varied between 900 and 1000 °C.

For the first time to our knowledge, we report the
catalytic conversion of Au-decorated graphene to nano-
tubes at relatively low temperatures (500 °C) without the
need of a hydrocarbon source by utilizing a radio
frequency chemical vapor deposition (RF-CVD) reactor.
We have previously reported that this technique is very
versatile and has been used extensively for the con-
trolled synthesis of high quality CNTs and few-layer
graphenes. Some of the advantages are related to
the extremely high temperature increase rates that
could be responsible for successfully preventing the
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metal nanoparticles from migrating over the support
surfaces.>® °° Gold has been previously found to be a
challenging catalytic element in the synthesis of CNTs
and other carbon nanostructures. The facile method
presented in this manuscript provides a method-
ology for the synthesis of CNTs/graphene composites
(without including substrates such as SiO,) at a low
temperature and at atmospheric pressure, utilizing
only a carrier gas (noncarbon containing gas). Synthe-
ses on the Au-decorated graphene sheets were also
carried out at higher temperatures and in a thermal
furnace, for comparison. We foresee that such a finding
could make possible the controlled one-step growth
of multicomponent organic—inorganic nanosystems
with 0, 1, and 2-dimensional morphologies, with app-
lications ranging from solar energy harvesting, super-
capacitors, sensing, advanced functional nanocom-
posites, to nanomedicine.

RESULTS AND DISCUSSION

Prior to its decoration with gold nanoclusters, the
commercially available graphene was thoroughly char-
acterized by electron microscopy (both SEM and TEM).
Figure 1a and its inset show the SEM images of the
unprocessed graphene with lateral size of several
micrometers. Figure 1b and its inset are TEM images
of the commercially available graphene deposited on
the carbon-coated copper grid. Both SEM and TEM analysis
revealed the presence of large, transparent graph-
ene sheets with few layers. The thermo-gravimetrical
analysis (TGA) of the unprocessed graphene is pre-
sented in the Supporting Information (Sl). After the
gold nanoclusters were deposited on the graphene
surfaces, microscopy was performed for the sample
characterization. High- and low-magnification SEM
images of the decorated graphenes are shown in
Figure 1c. After a thorough analysis, it was observed
that an average of 40 (+15%) AuNPs were homoge-
neously deposited on a graphene surface with an area
of 350 nm?. High resolution TEM analyses were used to
analyze the diameter distribution of the AuNPs.
Figure 1d and the insets present high and low resolu-
tion TEM images of the Au-decorated graphene sheets.
After analyzing over 100 TEM and SEM images, it was
determined that the diameter of the majority of the
AuNPs decorating the graphene sheets varied from 6
to12 nm, while a few of them had diameters between
20 and 30 nm. Scanning transmission electron micro-
scopy (STEM) analyses were also performed to further
prove the successful decoration of the graphene sheets
with AuNPs. The elemental analysis in Figures 1e—h
confirms the presence of Au (along with C) on the
graphene sheets. For the TEM and STEM studies, the
samples were sonicated in order to form a homoge-
neous solution; however, it was observed that most
of the AuNPs were still attached to the graphene
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surface indicating a strong binding between the two
materials.

RF-CVD reactions were carried out under an Ar flow
and without the addition of any hydrocarbon source,
utilizing the functionalized graphene decorated with
Au nanoclusters as the catalytic system. Previous stud-
ies have clearly indicated that the AuNPs have effec-
tive catalytic properties toward CNT nucleation and
growth, but the type of substrate affects the reaction
kinetics.>® In our case, the few-layer graphene sheets
were found to act as the carbon source, while simulta-
neously enhancing the catalytic activity of the AuNPs.
As a final result, this Au—NP—graphene catalytic sys-
tem was found to promote CNT growth during the
RF-CVD heating. A high-yield catalytic conversion of
graphene into CNTs was observed at very low temper-
atures of only 500 and 600 °C—values that have not
previously been reported to sustain any CNT nucle-
ation or growth over an Au-based catalytic system.
Figure 2 panels a and b show the SEM images of the
CNTs synthesized over the Au-decorated graphene
sheets at 500 °C. Moreover, the SEM images in Figure 2
panels ¢ and d indicate a high yield toward the
synthesis of random networks of CNTs at 600 °C,
without the presence of any additional carbon source
and only under a mild Ar flow. Figure 2 panels e and f
present the TEM images of the CNTs synthesized at
600 °C over the graphene sheets decorated with AUNPs. A
thorough TEM analysis indicated the synthesis of a
mixture of few- and multiwalled nanotubes with dia-
meters between 10 and 20 nm, which is in excellent
agreement with the size of the AuNPs. While most of
the Au nanoclusters remained on the graphene surface
during its conversion into CNTs, it was observed that a
few of the CNTs were found to synthesize between the
metal nanoparticles and the graphene, following the
tip growth modality.®! Figure 2 panels g and h and their
insets reveal the SEM and TEM images of the CNT/
graphene composites after the RF reactions at 650 °C
under Ar. The SEM images clearly indicated the pres-
ence of tangled tubular structures over the surface of
the graphene sheets. This is a very simple method
involving a straightforward experimental setup to
synthesize CNTs on graphene surfaces at very low
temperatures using only a carrier gas and AuNPs as
the catalytic agents. As a result, the AuNPs have the
ability to convert the 2D structure of graphene into the
1D morphology of nanotubes, by the formation of C—C
bonds that are required for the change in the crystal-
line geometrical structures of the two nanomaterials.

Additionally, RF-driven reactions were performed for
the same composite nanosystems, but in the presence
of acetylene at similar temperatures: 600 and 650 °C.
Electron microscopy analyses were performed to anal-
yze the catalytic conversion of the Au-decorated
graphene. Figure 3a—g demonstrate the TEM, SEM,
and elemental analyses of the nanotubes synthesized
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Figure 1. (a, and its inset) SEM images of the unprocessed graphene sheets; (b and its inset) TEM images of the commercially
available graphene deposited on the carbon-coated copper grid; (c and its inset) high and low magnification SEM images of the
decorated graphene; (d and its insets) high and low resolution TEM images of the Au nanoclusters deposited on the graphene
sheets; (e—h) energy dispersive X-ray spectroscopy (EDS) maps indicating the distribution of AuL, AuM, and C, respectively.

on the surface of the functionalized graphene with Au
nanoclusters at 600 °C. Figure 3b indicates the pres-
ence of long tubular structures with diameters ranging
between 15 and 20 nm. The EDS analysis shown in
Figure 3d—g, indicates the presence of C, O,, and Au.
As seen in the table of the inset of Figure 3g, Au is only
1.68 wt % compared to C which is 94.13 wt %.

The SEM images in Figure 4a,b demonstrate a high-
yield catalytic growth of nanotubes when utilizing
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acetylene at 650 °C. Furthermore, reactions on the
decorated graphene sheets were performed at higher
temperatures (>650 °C) with or without a hydrocar-
bon source and were found to yield similar results
(data not shown here). TEM images in Figure 4 in-
dicate the presence of a mixture of few-walled nano-
tubes and tubular structures with a “bamboo-like”
morphology. The formation of such nanostructures
has been previously reported by other groups when
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Figure 2. (aand b) SEMimages of the CNTs synthesized on the surface of the Au-decorated graphene sheets at 500 °C without
the addition of the hydrocarbon feed gas. (c and d) SEM images of the CNTs grown on the Au-decorated graphene sheets at
600 °C under argon. The scale in the inset of panels a and c is 100 nm. (e and f) (scale bar 5 nm) TEM images of the CNTs
synthesized from the Au nanoclusters on the functionalized graphene sheets at 600 °C. (g and h, and their insets) SEM and
TEM images of the CNT and graphene structures after the RF reactions at 650 °C under Ar. The scale in the insets of panels g

and h is 100 and 5 nm, respectively.

utilizing oxide-supported Au nanoclusters for the
nucleation and growth of CNTs.**#4%2 This structural
morphology may be correlated with the catalytic pro-
perties of the Au nanoclusters and the interactions
between the carbon atoms and the Au structures.
Sharma et al. have also reported that the addition of
AuNPs to Ni thin films deposited on SiO, substrates
has a direct effect on the structural morphology of
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MWCNTs, resulting in the formation of “herringbone”
(cones) and “bamboo”-type structures.*? Figure 4c
presents high and low resolution TEM images of the
tubular structures with distinctive morphologies, where
the distance between the inner walls (as indicated by
the arrows) along the nanotubes was measured to be
on average of 18 nm. The high resolution TEM images
in Figure 4d—f demonstrate the conversion of the
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Figure 3. (aand itsinset) SEM images of the nanotubes synthesized on the Au-decorated graphene sheets at 600 °C. The scale
inthe inset of panel ais 100 nm. (b and its inset) TEM images of the tubular structures synthesized at 600 °C utilizing acetylene.
The scale in the inset of panel b is 10 nm. (c—g): SEM/EDS analysis indicating the presence of C, O,, and Au.

graphene sheet into a few-walled CNT. After a detailed
study of the TEM images of the AuNPs decorating the
graphene sheets, subsequent to the RF treatment, we
believe that the first step in the catalytic conversion of
graphene is the formation of carbon layers around the
Au nanoclusters, which will continue to expand into nano-
tubes as the reaction progresses. The arrow in Figure 4d
indicates the presence of 4 layers on the Au nanoparticle.
Ong et al. have reported that Au does not dissolve carbon
atoms the same way that other metals, such as Co
and Fe, do.”® Carbon diffusion occurs on the surface of
the Au nanoclusters.*® After the carbon atoms solubi-
lize on the surface of the Au nanoclusters, at satura-
tion point, they precipitate out covering the nano-
cluster surface with graphitic layers as shown in
Figure 4d.3** We believe that this process can be
explained by two mechanisms: (1) in the absence of
carbon source gas, under the thermal excitation, the
AuNPs create small defects in the graphitic structure
of the graphene layers and through a catalytic reac-
tion process initiate the carbon nanotube formation.
During the reaction, graphene decomposes providing
a necessary source of carbon for further nanotube
growth on the AuNPs; (2) In the presence of a carbon

DERVISHI ET AL.

source, the catalytic nanotube growth is further en-
hanced due to the presence of a higher concentration
of the carbon atoms. It may be possible that under these
particular reaction conditions, graphene interacts with
the AuNPs leading to the formation of nanotubes.
Observations such as relatively low reaction tempera-
ture, formation of no nanotubes or any other tubular
carbonaceous structures in the absence of gold, and
evidence of strongly embedded AuNPs into the nano-
tube structure, have led us to believe that gold plays a
major catalytic role in the nanotube growth.
Furthermore, Takagi et al. have reported that carbon
solubility of Au is extremely low and is dependent
upon the size of AuNPs.%® They reported that, although
no CNT growth was observed on large Au nanoclusters
(>100 nm), the carbon solubility significantly increased
as the size of the AuNPs decreased.®® Figure 4 panels
e and f are TEM images of the same few-walled CNT
(taken at different locations) growing out of the graph-
ene edge (as indicated by the circle) with the Au
nanoparticle entrapped in its twisted tip. This tip-
growth phenomenon (where the nanoparticle is resting
on the tip of the tubular carbon structure) has also been
reported by others who synthesized CNTs on Au or
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Figure 4. (aand b) SEM images of the synthesized CNTs on the Au-decorated graphene at 650 °C. (c—f and insets) TEM images of
the tubular structures and few-walled CNTs synthesized on the graphene sheets utilizing acetylene. The scale in the inset of panel
cis 5 nm. (e and f) TEM images of the same nanotube at different locations providing evidence of the “tip-growth” mechanism.

Au-metal alloys.% The interaction between the graphene
surface and the metal nanoparticle may not have been
very strong, since the catalyst nanoparticle was lifted
from the graphene surface. A similar tip-growth mech-
anism has been reported to influence the alignment of
nanotubes grown on the Ni-decorated graphene.>> We
are currently performing more studies in our labora-
tories to further understand the growth mechanism of
CNTs on the graphene-decorated sheets.

Reactions were also performed in a TGA furnace
under Ar, following the same conditions as the ones in
the RF generator. The unprocessed graphene and the
functionalized graphene decorated with AuNPs were
separately heated at various temperatures (600, 650,
and 700 °C) for 30 min and then cooled to room tem-
perature. Figure 5 presents the mass loss curve of the
commercial graphene and the Au-decorated graphene
heated to 600 °C under Ar. The TGA curve indicated that
the weight of the unprocessed graphene decreases
from 100% to about 62% indicating a mass loss of 38%.
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Figure 5. The TGA curve of the commercial graphene and
the Au-decorated graphene heated to 600 °C under Ar,
respectively. The inset presents the temperature versus time
set up for every experiment in the TGA furnace.

This mass loss is explained based on the graphene be-
coming thermally unstable as the temperature increases.
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The inset in Figure 5 presents the temperature versus
time setup for every experiment performed in the TGA
furnace. It was determined that the Au-decorated gra-
phene loses about 22% of its mass at 600 °C and 26% at
650 °C (not shown here) and 700 °C (Figure S3 in the SI
section). The mass loss percentage during the thermal
decomposition process is smaller than the one for the
commercial graphene under identical conditions. This
16% mass loss difference at 600 °C is believed to be due
to the Au-catalyzed conversion of graphene into CNTSs.

Microscopy analyses of the TGA-generated samples
revealed a very low-yield conversion of decorated gra-
phene compared to the reactions performed under the
RF generator, explained by the possible RF excitation of
the AuNPs that could affect their ability to interact with
the carbon atoms. The presence of the electromagnetic
RF fields, of a 350 kHz frequency, is believed to be
responsible for a better catalytic conversion of the
carbon atoms into graphitic structures, with an en-
hanced quality and efficiency. We have previously seen
differences in the morphological properties of the na-
notubes, such as diameter and crystallinity, when
synthesized in a conventional thermal furnace or in the
RF generator.>*%> Nonetheless, it is important to affirm
that the catalytic conversion occurs under different
heating methods (inductive or resistive thermal heating).
We are currently investigating this phenomenon to
further understand the growth mechanism of CNTs in
the electrical furnace and the RF generator.

RF reactions were performed on the nonfunctiona-
lized graphene with and without acetylene at 600 and
650 °C. It is important to mention that, after thorough
SEM analyses, no CNT growth was detected at various
temperatures. SEM images are shown in Supporting
Information Figures S4a and b. This has also been
reported by others, where nonfunctionalized gra-
phene sheets containing no nanoparticles or other
impurities failed to yield CNT or other carbon nano-
structure growth.%® Therefore, we believe that the
conversion of the graphene into the CNTs at various
temperatures occurs only in the presence of a catalyst
nanoparticle, which in this case is Au. Next, hydrogen
was used to reduce the Au nanoclusters, and reactions
were carried out at 600 °C with and without the
addition of the hydrocarbon. Figure S5 panels
a and b in the Supporting Information show the
low and high magnification SEM images of the
nanotubes synthesized on the decorated graphene
structures under Ar. Moreover, Figure S5 panels c and d
illustrate the SEM images of a high-yield growth of the

MATERIALS AND METHODS

Graphenes with diameters of approximately 10 um and an
average thickness of less than 1 nm were purchased from

Angstron Materials, Inc. The graphene was first functionalized
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tubular nanostructures on the graphene structures utiliz-
ing acetylene. It was observed that, in both reactions, the
nanotubes are decorated with nanoparticles (as indi-
cated by arrows). This phenomenon was also observed
by Zhang et al. on Au-coated silicon substrates at 850
°C.* The nanoparticles or other impurities attached to
the outer surface of the nanotubes can be removed by
the addition of water vapor in the CVD set up.*®

Synthesis reactions in identical conditions were
performed on SiO, wafers coated with Au nanoclusters
at 600 and 650 °C under Ar with and without addition
of the feed gas. Figure S6 in the Supporting Informa-
tion presents the SEM images of the RF-treated SiO,
substrates. Electron microscopy did not indicate the
presence of any CNTs on the surface of the Au-coated
SiO, wafers with or without hydrocarbon source at
various temperatures, indicating that the graphene
substrate is necessary for the CNT synthesis under
these particular reaction conditions. This indicates that
the carbon source for the CNT synthesis initiates only
from the graphene sheets as previously reported by
others.>

CONCLUSIONS

We have clearly demonstrated, for the first time to
our best knowledge, that graphene structures play a
major role in the catalytic activity of AuUNPs and that
they can be responsible for the catalytic formation of
CNTs. It is believed that graphene can be converted
into tubular nanotube-like structures without the need
of any additional carbon source, but only in the pres-
ence of the AuNPs. Moreover, the catalytic reaction
temperature (500 °C) was found to be lower than any
other similar value reported in the literature, indicating
that graphene could lower the CNT synthesis tempera-
ture, when used as a catalytic support material. In
addition, under the same reaction conditions, SiO,
substrates coated with AuNPs were found to produce
no CNTs or other tubular structures at any temperature.
We are currently performing additional studies, using
other metal nanomaterials in a similar morphology, to
assess their ability to produce catalytically various
types of carbonaceous structures. Such findings could
be the foundation for new technologies used in a
number of applications, ranging from capacitors, fuel
cell membranes, and solar energy, to nanobiomedi-
cine. These applications could be further improved by
using this newly described multicomponent system
formed of nanomaterials with 0, 1, and 2-dimensional
morphologies.

and then decorated with gold nanoclusters via chemical treat-
ment. Carboxylic-functionalized graphene was prepared as
previously described by Kim et al.%” Specifically, graphene
was mixed with sulfuric and nitric acid (3:1 ratio) and stirred
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overnight. Next, the solution was filtered and continuously
washed with DI water until the pH was neutral and dried
overnight in the oven at 80 °C.

The functionalized graphene with carboxylic groups was
then decorated with gold nanoclusters via citrate reduction of
Au(lll).""'* Specifically, 75 mg of functionalized graphene was
added to 275 mL of 18 MQ water and dispersed by sonication
for 2 h. A 250 mL sample of 0.51 mM HAuCl, in 18 MQ water was
added to the graphene dispersion and stirred for 30 min to
promote a uniform mixing. The reaction mixture was heated to
80 °C after which 10 mL of 0.88 M sodium citrate was added
dropwise. Figure S1 in the Supporting Information shows a
schematic of the reaction set up used for the decoration of
graphene with Au nanoclusters. The reaction was allowed to
proceed for 1 h at this temperature and then stirred overnightin
ambient conditions. Purification of the Au-decorated graphene
was accomplished by centrifugation, decanting the super-
natant, and washing with 18 MQ water three successive times.

The catalytic conversion of Au-decorated graphene into CNTs
was accomplished utilizing RF-CVD and thermal decomposition
techniques for comparative purposes. For each reaction, a small
amount of about 10 mg of the Au-decorated graphene was
finely spread on a susceptor, which was placed inside a quartz
tube resting at the center of the RF generator coil with a
frequency of 350 kHz.> First, the quartz tube was flushed with
argon used as a carrier gas flowing at 150 mL/min for 10 min.
Once the graphene boat reached the target temperature,
acetylene was added at 5 mL/min for 30 min. Subsequently,
the hydrocarbon source and the generator were turned off, and
the sample was allowed to cool to room temperature under
argon flow for 10 min. The reactions were carried out at the
following temperatures: 500, 600, 650, and 700 °C. Separate
reactions were carried out without the hydrocarbon source by
only using argon at target temperatures for 30 min and then
samples were cooled to room temperature. Similar experiments
were performed using the unprocessed graphene with and
without the addition of hydrocarbon. Next, a control gold
solution was prepared in a similar manner without the addition
of graphene. The latter was deposited on Si wafers with SiO,
native layer and reactions were performed in the RF generator
under conditions identical to the ones performed with the
Au-decorated graphene.

Thermo-gravimetrical analyses were performed by heating
the sample under argon (the Au-decorated and the nondeco-
rated graphene) from 25 °C to the target temperature following
the same conditions as in the RF-CVD technique. The resulting
samples were characterized by various techniques and com-
pared with the ones synthesized in RF-CVD.
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