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Pt-nanoparticles-laden graphene (GR) crumples were directly
synthesized from a colloidal mixture of aqueous chloroplatinic acid
(H2PtCl6) and graphene oxide (GO) sheets via aerosol spray pyrol-
ysis (ASP). Effects of Pt content in the Pt/GR composite and tem-
perature of heating zone on the particle morphology, diffraction
pattern, and specific surface area were investigated. The morphol-
ogy of Pt/GR was the shape of a crumpled sheet of paper and the
average size of the composite was around 1.3 µm in diameter. As Pt
content increased from 2 to 20 wt%, higher numbers of Pt nanopar-
ticles are observed on the GR at higher Pt content and the specific
surface area of the composite also increased from 122 to 146 m2/g.
Also, the intensity of the GR peak decreased, but that of the Pt
peak increased. As temperature increased from 500◦C to 900◦C,
an increase of the particle size of Pt due to sintering was observed.
Electrocatalytic application of the Pt/GR composites was examined
through methanol oxidation reaction. The 20 wt% Pt/GR synthe-
sized at 900◦C showed higher performance on methanol oxidation
than a commercial 20 wt% Pt/carbon black catalyst.

1. INTRODUCTION
Graphene (GR) exhibits a unique structure of two-

dimensional nanosheet composed of hexagonally arrayed sp2-
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bonded carbon atoms with one-atomic thickness. GR sheets can
be used as substrate materials of electrocatalyst for fuel cells
due to their unique electric conductivity and structural char-
acteristics resembling carbon nanotubes and carbon nanofibers
(Brodie 1859; Croft 1960; Stoller et al. 2008; Rao et al. 2009;
Segal 2009). GR sheets can be prepared by direct exfoliation of
graphite sheets and the chemical reduction of graphene oxide
(GO) sheets (Schniepp et al. 2006; Stankovich et al. 2007; Gao
et al. 2009; Park and Ruoff 2009). GR, chemically synthesized
from GO, is also called reduced graphene oxide (rGO).

Recently, GR-supported composites have attracted a great
deal of attention for their enhanced material properties such as
their electrical conductivity and chemical and electrical prop-
erties. Many works have been reported on the preparation of
GR-based composites (Stankovich et al. 2006; Li and Kaner
2008; Si and Samulski 2008; Xu et al. 2008; Kou et al. 2009; Li
et al. 2009; Williams and Kamat 2009; Yoo, Okata et al. 2009;
Zhang et al. 2009). Previous studies were mostly conducted
to synthesize the composites using various liquid-phase chem-
ical methods such as chemical reduction with hydrazine, the
impregnation–reduction method, the colloidal method, and the
polyol method. However, such liquid-phase methods make
the preparation of composites time consuming due to many
kinds of chemical reaction steps, long reaction time, repeated
washing, and long drying time. Besides the long processing time
and steps, the as-prepared composites often show severe stack-
ing or agglomeration. Severe stacking of GR sheets leads to a
loss of the ultrahigh surface area advantage as a two-dimensional
nanomaterial. Recently, a few efforts have been made to prevent
GR sheets from severe stacking (Yoo, Kim, et al. 2008; Park
et al. 2011; Li et al. 2012).

GO is known as a thermally unstable material that can easily
undergo deoxygenation to be reduced upon thermal annealing
(Rodriguez and Jimenez 1984; Kim, Cote, et al. 2010). During
the thermal reduction of GO, some of the partially oxidized
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94 H. D. JANG ET AL.

graphite turns into the fully oxidized form CO2 as well as the
reduced form GR. Recently, it was reported that even a common
camera flash is capable of photothermally reducing GO film at
ambient conditions (Cote et al. 2009; Gilje et al. 2010). It was
also reported that GR sheets decorated with nanoparticles of
noble metals and transition metal oxides can be prepared through
such one-step, domino-like redox reactions by flame treatment
using GO film containing metal precursor and potassium salts
(Kim, Luo, et al. 2010).

Such an unstable thermal property of GO was applied to
synthesize GR sheets from GO sheets with no chemical re-
ducing agents by spraying the colloidal droplets composed of
GO sheets in the gas phase at high temperature (Luo et al.
2011). Spraying a dispersion of GO and nanoparticles yielded
GR wrapped nanoparticles (Luo et al. 2012), which could turn
into hollow GR capsules after removing the nanoparticles (Sohn
et al. 2012). Furthermore, if colloidal droplets composed of GO
sheets and platinum (Pt) precursor solution are subjected to
the same thermal treatment, the Pt precursor and GO can be
simultaneously reduced by the thermal decomposition. Then,
Pt-nanoparticles-laden GR sheets can be synthesized in a very
short time. However, there have been no reports on the synthesis
of Pt/GR composite via aerosol process.

Aerosol spray pyrolysis (ASP) is a very fast and continuous
aerosol process to fabricate self-assembled composites from the
sprayed droplets of a colloidal mixture of nanomaterials. This
method is also very advantageous in producing composites with
a high production rate. It also takes a very short reaction time
of several seconds and does not require any post heat treat-
ment or purification. As shown in Figure 1, a formation of
Pt-nanoparticles-laden GR crumples via ASP can be described
as follows. A colloidal mixture of GO sheets and Pt precursor
solution is sprayed by a nebulizer, and the sprayed droplets are
carried into the heating zone for the evaporation of the solvent.

When confined in evaporating aerosol droplets, isotropic cap-
illary compression can squeeze the GO sheets into GO or GR
particles in the shape of a crumpled paper ball (Luo et al. 2011),
and then the reduction of GO and Pt precursor occurs together in
the heating zone. Finally, Pt-nanoparticles-laden GR crumples
can be generated like a dried powder.

In the present study, we report facile direct synthesis of Pt-
nanoparticles-laden GR crumples from sprayed droplets of a
colloidal mixture of aqueous chloroplatinic acid (H2PtCl6) and
GO sheets via ASP. The effect of Pt content in GR and operat-
ing temperature on the specific surface area, morphology, and
crystallinity of the Pt/GR was investigated in order to character-
ize the material properties of Pt/GR composite. We also mea-
sured the degree of methanol oxidation by the as-prepared Pt/GR
composite using an electrochemical reaction. A cyclic voltam-
mogram (CV) measurement of methanol electro-oxidation was
carried out.

2. EXPERIMENTAL

2.1. Synthesis of Pt/GR
GO was synthesized by the oxidation of graphite powder

(Bay Carbon, SP-1) using NaNO3, H2SO4, and KMnO4 accord-
ing to the Hummers’ method, where the micrographic powder
was mixed with a strong oxidizing agent, filtered, washed, and
dried (Hummers and Offeman 1958). Then, GO colloid was pre-
pared with the application sonication until a homogeneous dark
yellow dispersion was obtained. To prepare a colloidal aerosol
precursor, an aqueous solution of H2PtCl6 (Aldrich) was added
into the GO colloid and the mixture was vigorously agitated for
homogeneous dispersion.

An experimental apparatus for the synthesis of Pt/GR com-
posite consisted of an ultrasonic atomizer (UN-511, Alfesa

FIG. 1. Schematic diagram of the formation of Pt/GR composite from colloidal mixture of Pt nanoparticles and GO sheets by aerosol assisted self-assembly.
(1) Colloidal of chloroplatinic acid and GO sheets, (2) crumpling of GO by capillary compression, (3) drying of Pt nanoparticles, and (4) thermal reduction of GO
and chloroplatinic acid. (Color figure available online.)
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SYNTHESIS OF PT-GRAPHENE BY AEROSOL SPRAY PYROLYSIS 95

Pharm Co.), an electrical tubular furnace, and a filter sampler
(Figure 1). The colloidal aerosol precursor solution was sprayed
by a vibrator, which was operated at a frequency of 1.7 MHz,
of the ultrasonic nebulizer. Droplets sprayed from the precursor
solution were carried into an electrical tubular furnace by argon.
The evaporation of water, thermal reduction of GO and Pt pre-
cursor, and the self-assembly between GR and Pt were occurred
in series in the tubular furnace where the length and diameter of
the heating zone were 30 cm and 25 mm, respectively. The com-
posite synthesized by ASP was collected by a Teflon membrane
filter under a vacuum.

2.2. Characterization
The morphology of as-prepared composites was observed

with a transmission electron microscope (TEM, Philips CM12)
and a field emission scanning electron microscopy (FE-SEM;
Sirion, FEI). The specific surface area was characterized by the
analysis of N2 adsorption–desorption isotherms. Data collec-
tion was conducted by a static volume method, using Quadra-
sorb Quantachrome equipment. The crystallinity was analyzed
at room temperature by X-ray diffractometry (XRD, RTP 300
RC, Rigaku) with a CuKα target operated at 30 kV and 40 mA.
The mean diameter was measured by the dynamic light scat-
tering method using a particle size analyzer (Mastersizer 2000,
Malvern).

2.3. Electrochemical Measurement
Electrochemical measurements were conducted at room tem-

perature with a working Pt/GR electrode using an electro-
chemical interface instrument (VSP, Bio-Logics). All aqueous

solutions were prepared with low resistance deionized water
(∼18 M�). The CV measurement of methanol electro-oxidation
was carried out in the mixture solution of 0.05 M H2SO4 + 1 M
CH3OH within the potential range of 0–1.0 V (vs. saturated
calomel electrode [SCE]) with a scan rate of 50 mV/s. Prior to
the CV measurement, the electrolyte was purged with pure N2

gas for 30 min to remove dissolved oxygen.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Pt/GR
Figure 2 shows FE-SEM and TEM images of the Pt/GR com-

posite prepared with various Pt contents of (a1, a2) 5, (b1, b2)
10, and (c1, c2) 20 wt% while the GO concentration of the col-
loid was 0.5 wt%, temperature in the heating zone was 900◦C,
and the carrier gas flow rate was 1 L/min. The morphology of
Pt/GR was the shape of a crumpled sheet of paper (Luo et al.
2011). The average size of the composite measured by the dy-
namic light scattering method was around 1.3 µm in diameter.
The same morphology and average size of the Pt/GR composite
prepared by ASP were observed regardless of variation of ex-
perimental conditions. TEM images reveal that Pt nanoparticles
of less than 5 nm in diameter are uniformly deposited on the
surface of GR crumples. Higher numbers of Pt nanoparticles are
observed on the GR at higher Pt content.

Figure 3 shows the diffraction of patterns of the as-prepared
composites, which were synthesized under the same conditions
as in Figure 2. As the Pt content of the composites increased,
the intensity of the GR peak decreased but that of the Pt peak

FIG. 2. FE-SEM and TEM images of the Pt/GR composite prepared with various Pt contents of (a1, a2) 5, (b1, b2) 10, and (c1, c2) 20 wt% while the GO
concentration of the colloid was 0.5 wt%, temperature in the heating zone was 900◦C, and the carrier gas flow rate was 1 L/min. (Color figure available online.)
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96 H. D. JANG ET AL.

FIG. 3. The diffraction of patterns of the Pt/GR composite prepared with var-
ious Pt contents of (a) 5, (b) 10, and (c) 20 wt% Pt/GR, which were synthesized
under the same conditions as in Figure 2, and that of (d) 20 wt% Pt/carbon
black.

increased. This indicates that diffraction pattern of Pt nanoparti-
cles prepared at 900◦C by ASP was crystalline phase. Crystallite
sizes of Pt/GR composite were less than 4 nm when prepared
at various Pt contents in the Pt/GR composite and the tempera-
ture of heating zone while GO concentration of the colloid was
0.5 wt% and the carrier gas flow rate was 1 L/min (Table 1).

The specific surface area of the composite increased from
122 to 146 m2/g under the conditions of Figure 3. The increase
of the specific surface area is attributed to the increased number

TABLE 1
Crystallite size of the Pt/GR composite prepared at various Pt

content in the Pt/GR composite and temperature of heating
zone while GO concentration of the colloid is 0.5 wt% and

carrier gas flow rate was 1 L/min

Pt Reaction Crystallite
content temperature size

Materials (wt%) (◦C) (nm)

5 900 —
10 900 3.5

Pt/GR composite 20 900 4.0
20 700 2.1
20 500 1.8

Commercial
Pt/carbon black

20 — 3.8

of Pt nanoparticles on the surface of GR. It is presumed that
the Pt/GR composite has the structure of a stack of around 20
layers of monoatomic GR sheets since a theoretical surface area
of unstacked GR is 2630 m2/g (Zhu et al. 2010).

The effect of temperature on particle morphology and the
diffraction pattern of the composite were examined. As the
reaction zone temperature increased from 500◦C to 900◦C at
20 wt% Pt, 0.5 wt% GO concentration of the colloid, and a
1 L/min carrier gas flow rate, an increase of the particle size
of Pt due to sintering between particles was observed by FE-
SEM and TEM analysis (Figure 4). The diffraction patterns

FIG. 4. FE-SEM and TEM images of the Pt/GR composite prepared with various temperatures of (a1, a2) 500◦C, (b1, b2) 700◦C, and (c1, c2) 900◦C while the
GO concentration of the colloid was 0.5 wt%, Pt content was 20 wt%, and the carrier gas flow rate was 1 L/min. (Color figure available online.)
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SYNTHESIS OF PT-GRAPHENE BY AEROSOL SPRAY PYROLYSIS 97

FIG. 5. The diffraction of patterns of the Pt/GR composite prepared with
various temperatures of (a) 500◦C, (b) 700◦C, and (c) 900◦C, which were
synthesized under the same conditions as in Figure 4, and that of (d) 20 wt%
Pt/carbon black.

of the composites exhibit that the intensity of Pt was increas-
ing because the crystalline phase of Pt was enhanced at higher
temperature (Figure 5). This indicates that Pt nanoparticles pre-
pared at lower temperature have less crystallinity. Meanwhile,
the intensity of GR was hard to see because the intensity of
Pt was comparatively higher than that of GR. From the above
results, it was found that ASP is an effective strategy to synthe-
size Pt-nanoparticle-laden GR sheets in the absence of reducing
agents.

3.2. Evaluation of Electrocatalytic Activity
The Pt/GR composite was explored for the oxidation of

methanol as a fuel cell electrocatalyst. The cyclic voltamme-
try measurement of methanol oxidation reaction (MOR) was
carried out with Pt/GR composite prepared at different temper-
atures. A commercial 20 wt% Pt/carbon black catalyst (Sigma
Aldrich) was used as a reference for comparison. Figure 6 shows
the current-potential curves of MOR between Pt/carbon black
and Pt/GR composite prepared at different temperatures while
the Pt/GR ratio was 0.2, GO concentration of the colloid was
0.5 wt%, and carrier gas flow rate was 1 L/min. The amount of
metals was 1 mg for both catalysts per apparent area of electrode.
The onset potential of methanol oxidation was 0.57, 0.56, and
0.60 V versus reference platinum electrode for Pt/carbon black,
Pt/GR at 700 and 900◦C, respectively. The electrocatalytic prop-
erty of the composite prepared at 500◦C was hard to be mea-
sured since Pt nanoparticles prepared at lower temperature have
less crystallinity. The highest methanol oxidation was obtained
from Pt/GR that was prepared at 900◦C. The crystallinity and
the morphology of Pt-nanoparticles-laden GR crumples may
have a synergic effect for enhancing the methanol oxidation.
The current density of Pt/GR prepared at 900◦C was higher

FIG. 6. The current-potential curves of MOR between Pt/carbon black and
Pt/GR composite prepared at different temperatures (a) 500◦C, (b) 700◦C, (c)
900◦C, and (d) 20 wt% Pt/carbon black in the mixture solution of 0.05 M H2SO4

+ 1 M CH3OH within the potential range of 0–1.0 V (vs. SCE) with a scan rate
of 50 mV/s.

than the Pt/carbon black by about 3.82 mA/cm2. The difference
in the catalytic activity of MOR between Pt/carbon black and
Pt/GR is obviously due to the carbon substrate materials. The
reverse anodic peak for MOR is attributed to the removal of
the incompletely oxidized carbonaceous species formed in the
forward scan (Mancharan and Goodenough 1992; Jang et al.
2010). Hence, the ratio of the forward peak current density (If)
to the reverse anodic peak current density (Ib), If/Ib, can inform
the catalyst tolerance to carbonaceous species accumulation. A
low If/Ib ratio indicates poor oxidation of methanol to carbon
dioxide during the anodic scan and excessive accumulation of
carbonaceous residues in the catalyst surfaces (Yoo, Okata et al.
2009). The If/Ib ratio was estimated to be 1.30 and 1.96 for
Pt/carbon black and Pt/GR at 900◦C, respectively. It is, thus,
found that a large amount of intermediate carbonaceous species
for Pt/GR at 900◦C was oxidized to carbon dioxide compared
with that of Pt/carbon black. Therefore, this result reveals that
Pt/GR composite prepared via ASP is a promising material for
a Pt fuel cell catalyst.

4. CONCLUSIONS
Pt-nanoparticles-laden GR crumples were successfully syn-

thesized from sprayed droplets of aqueous colloidal solution of
H2PtCl6 and GO via ASP. The morphology of Pt/GR composite
was crumpled and Pt nanoparticles of less than 5 nm were well
dispersed on the surface of the GR crumples. The number of Pt
nanoparticles and specific surface area were proportional to the
Pt content in the composite. The operating temperature could
control the crystalline phase of Pt nanoparticles in the composite
from amorphous to crystalline. The crystalline Pt/GR compos-
ite showed better catalytic performance for methanol oxidation
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98 H. D. JANG ET AL.

than commercial Pt/carbon black electrocatalyst. Finally, ASP
was found as a facile one-step process to synthesize Pt/GR
composite without using any chemical reducing agent, and
Pt/GR composite prepared by ASP is a prospective Pt fuel cell
catalyst.
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