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Plasma Synthesis of Surface-Functionalized Graphene-Based Platinum
Nanoparticles: Highly Active Electrocatalysts as Electrodes for Direct
Methanol Fuel Cells
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With their high energy-conversion efficiency, low emission, and
high power density, direct methanol fuel cells (DMFC) have
drawn tremendous attention in recent years. One of the key
issues is to improve the oxygen reduction reaction (ORR) kinet-
ics at the cathode.[1] Traditional Pt catalysts have already been
applied and numerous substitutes have been developed to
expand DMFC application such as nonprecious metal,[2] cyto-
chrome c oxidase,[3] carbon-supported Pt–Au alloys,[4] nitrogen-
doped carbon nanotubes,[5] and mesoporous graphitic arrays.[6]

Graphene, owing to its unique 2D structure, high surface
area, and electrical conductivity has been used as the support
to synthesize graphene-based precious metal nanoparticles
(NPs) for application in DMFC. To date, graphene-based metal
NPs have been mostly synthesized in solution or gas phase.
Two strategies were mainly adopted: 1) to firstly synthesize
a graphene-based metal salt , then the precious metals were
deposited on graphene by metal salt reduction; or 2) precious
metals were firstly deposited on graphene oxide (GO) followed
by GO reduction to graphene.[7] The reduction usually needs
chemical reducing reagents, such as methanol, ethanol, hydra-
zine hydrate, NaBH4, trisodium citrate, or formaldehyde.[8]

Sometimes, surfactants were used to control particle growth,
but adversely affected its properties.[9] In the gas phase, metal
NPs are produced by electric arc-discharge,[10] flame-spray py-
rolysis,[11] pulsed laser,[12] or microwave plasma.[13] However,
these techniques are energy consuming and complex, further-
more, the extreme conditions such as high temperature and
expensive equipment limit their application on a large
scale .[14] Recently, researchers have reported facile methods[15]

to prepare metal NPs on graphene such as electrochemical re-
duction, ultrasonication, or microwave-assisted heating. In ad-
dition, some reports presented the preparation of graphene–Pt
or functionalized graphene–Pt nanocomposites.[16] However, it
still remains a great challenge to synthesize homogeneous gra-
pheme-supported Pt NP nanocomposites with uniform size

through simple, cost-effective, surfactant-free routes under
mild conditions.

Herein, we presented a novel and facile mild plasma ap-
proach to synthesize Pt NPs on H-doped graphene (GH) and N-
doped graphene (GHA) in the gas phase (Figure 1). The GH

and GHA were prepared by reduction of GO in hydrogen and
ammonia plasma, respectively. The GH-based Pt NPs (Pt/GH)
and GHA-based Pt NPs (Pt/GHA) were prepared by simultane-
ous reduction of GH and H2PtCl6 or GHA and H2PtCl6 under hy-
drogen plasma, respectively. All the plasma was generated in
a home-made system (see the Experimental Section for de-
tails). High-energy electrons in plasma created a large number
of reactive and radical species as a result of decomposing
source gases. All reactions such as doping, functionalization,
and reduction were carried out under mild conditions (at
�30 8C). The plasma technique is simple and environmental
friendly, it avoids large amounts of chemicals in the doping
and reduction processes. The electrocatalytic activities of the
two plasma-treated catalysts were studied, and the Pt/GHA
was applied as the cathode in DMFC—the performance of
which was compared with the Pt/GH and other reported cata-
lysts. To the best of our knowledge, this is the first time that
graphene doping has combined the reduction of both gra-
phene oxide and the metal precursor. This approach thus dem-
onstrates that the mild plasma technique could be a facile
strategy to support doping and functionalization as well as
highly active metal NP growth on carbonaceous or other sup-
ports.

Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) images of the Pt/GH and Pt/GHA nano-

Figure 1. Synthesis of Pt/GH and Pt/GHA by the plasma approach.
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structures are shown in Figure 2. The SEM images confirm that
Pt NPs are successfully deposited on graphene surface. As
shown in Figure 2 b, Pt NPs are highly dispersed on Pt/GHA
with less agglomeration. In contrast, Pt NPs on Pt/GH show
a higher degree of aggregation (Figure 2 a) with particle size
ranging from approximately 3 nm to several tens of nanome-
ters in diameter. The TEM image further confirms the SEM anal-
ysis, showing that a non-uniform distribution of Pt NPs on the
Pt/GH surface (Figure 2 c), whereas Pt NPs on Pt/GHA are ho-
mogeneous and well-dispersed (Figure 2 d). Their size distribu-
tion was evaluated statistically and is shown in the inset of Fig-
ure 2 c,d. The particle size of Pt distributes mainly between 2.0
and 4.0 nm with an average diameter of about 2.931 nm for
Pt/GHA and 2.956 nm for Pt/GH. The AFM images show the
ability to attain non-uniform high distribution of Pt NPs anch-
ored on GH surface (Figure S1a in the Supporting Information),
meanwhile the height of Pt NPs is uniform on the GHA surface
(Figure S1b). These findings are in good agreement with SEM
and TEM analysis. The above analyses indicate that nitrogen
functional groups on GHA improve the homogeneous growth
and distribution of Pt NPs on the graphene surface.

The X-ray photoelectron spectroscopy (XPS) spectra confirm
the doping of Pt NPs on the graphene surface (Figure 3 a). In
Pt/GHA, the peaks at 71.65 eV and 74.96 eV correspond to
Pt 4f, while those of Pt 4f occur at 71.42 eV and 74.72 eV in
Pt/GH. The O 1s peak, which might be advantageous for cata-
lyst of ORR electrode, is observed at 532.8 eV both in Pt/GHA
and Pt/GH. It has been reported that graphene with high
oxygen-group content has strong ability for O2 adsorption,
which is of additional advantage as the ORR electrode.[17] The
higher ratio of O to C (0.63) in Pt/GHA than that of O to C
(0.47) in Pt/GH suggests a better potential application of Pt/
GHA in DMFC, which is illustrated by the electrochemistry ex-
periment to follow. In Pt/GHA, the peak at 401.7 eV corre-
sponds to N 1s, and the N percentage in the sample is about
5.38 %. The C 1s high resolution XPS spectrum (Figure S2a) of
Pt/GH shows that the peaks at 284.76 and 285.64 eV corre-

spond to the graphite-like sp2 carbon atoms, and the same
peaks are also observed in Pt/GHA (Figure S2b). Compared
with Pt/GH, the small peak at 287.1 eV in Pt/GHA is not attrib-
uted to sp2-carbon atoms, but corresponds to sp3-nitrogen
atoms, which originated from the substitution doping of N
atoms.[18] The peak at 289.0 eV is attributed to the C=O bond,
thus indicating the partial removal of oxygen-containing func-
tional groups.[19] The N 1s XPS spectrum of Pt/GHA (Figure S3a)
can be further deconvoluted into three peaks at 397.93,
400.30, and 401.92 eV, which correspond to pyridinic N, pyrrol-
ic N, and graphitic N atoms, respectively. This finding suggest
that the N atoms are in three different bonding characteristics
when that are inserted into the graphene network (Fig-
ure S3b),[6, 17] and all of them play important roles in the elec-
trocatalytic process.[5a, 20] In the Pt 4f XPS spectrum of Pt/GHA,
the strong ligand effect[21] between Pt NPs and GHA is evi-
denced by the shift of the Pt 4f7/2 peak (71.65 eV) to a higher
binding energy as compared with the Pt 4f7/2 peak (71.42 eV)
in Pt/GH. In addition, the peak of Pt 4f5/2 at 74.96 eV in Pt/GHA
is also higher than that of Pt 4f5/2 at 74.72 eV in Pt/GH (Fig-
ure 3 b). Although the nature of Pt deposition is not well un-
derstood, it is plausible to hypothesize that the interaction be-
tween Pt and GHA is enhanced, and thus causes the shift of
the Pt 4f peak to higher binding energies, thereby creating
a stabilizing effect against Pt oxidation/dissolution.[22]

The residual oxygen and nitrogen functional groups on the
surfaces of Pt/GH and Pt/GHA are confirmed by the FTIR spec-
tra (Figure 3 c). The characteristic features of Pt/GH are the ab-
sorption bands corresponding to the C�O stretching at
1058 cm�1, the C�OH stretching at 1228 cm�1, and the C=O
carbonyl stretching vibrations at 1732 cm�1. The band at
1625 cm�1 corresponds to the C=C sp2 character.[23] In the FTIR
spectrum of Pt/GHA, new bands appear strongly at 1402 cm�1

and 1112 cm�1, which correspond to the introduced C�N by
the NH3 plasma treatment, and the band at 1585 cm�1 is as-
signed to the N�H stretch of the amine group. Residual

Figure 2. SEM images of (a) Pt/GH and (b) Pt/GHA. TEM images of (c) Pt/GH
and (d) Pt/GHA.

Figure 3. (a) XPS spectra of Pt/GH and Pt/GHA, (b) Pt 4f XPS spectra of
Pt/GH and Pt/GHA, (c) FTIR spectra of Pt/GH and Pt/GHA, and (d) XRD pat-
terns of Pt/GH and Pt/GHA.
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oxygen functional groups at 1732 cm�1, 1625 cm�1, and
1228 cm�1 are also detected. It is necessary to note that the
band at 1625 cm�1 is attributed to aromatic C=C bonds in the
two samples, and thus indicates that the plasma treatment is
so mild that the graphene network is maintained. The FTIR
analysis is in good agreement with the C 1s XPS analysis. The
XRD patterns of Pt/GH and Pt/GHA (Figure 3 d) exhibit the
characteristic face-centered cubic (fcc) platinum lattice: diffrac-
tion peaks at 39.68 for Pt(111), 46.28 for Pt(200), 67.38 for
Pt(220), and 81.48 for Pt(311). These peaks confirm that the
H2PtCl6 precursors have been reduced to Pt NPs and then are
successfully deposited on graphene by plasma treatment.[24]

Furthermore, the XRD patterns exhibit either negligible peak in
Pt/GHA or a low-intensity peak in Pt/GH at 2q= 258. As is well
known, carbon black and graphite have a broad diffraction
peak for C(002) at 2q= 258 and is interpreted in terms of
short-range order in stacked graphene sheets.[25] In Pt/GHA,
the diffraction peak for C(002) is negligible, thus indicating
that significant face-to-face stacking is absent.[8a] In Pt/GH, the
low intensity for C(002) also indicates that the carbon atoms
are amorphous or have low levels of graphitization.[26]

As discussed above, the surface treatment of graphene by
plasma has a major role on the growth of Pt NPs. The nuclea-
tion of Pt NPs with homogeneous distribution at GHA surfaces
should be mainly governed by the presence of nitrogen and
oxygen groups, which greatly improve the Pt NPs attachment
to graphene surfaces. Graphene oxide has a large amount of
oxygen groups on its surface, the plasma treatment results in
a decomposition of the hydroxyl and epoxide groups of GO.[27]

Although in this case, because the plasma treatment is carried
out under mild condition it is not enough for the complete re-
duction of the oxygen groups (C=O band at 1732 cm�1 in IR
spectrum and C 1s XPS spectrum), and it maintains the gra-
phene network as much as possible (C=C band at 1625 cm�1

in IR spectrum and C 1s XPS spectrum). Furthermore, ammonia
plasma can introduce new functional groups (C�N bands at
1402 cm�1 and 1112 cm�1 in the FTIR spectrum and N 1s in the
XPS spectrum) on graphene surfaces.

The electrocatalytic activities of Pt/GH and Pt/GHA were ex-
amined. Figure 4 a shows the cyclic voltammogram (CV) curves
of the electrodes purged in 1 m H2SO4. The electrochemical
active surface areas (ECSA) of Pt/GH and Pt/GHA can be ob-
tained by using hydrogen adsorption/desorption methods
with Equation (1):[28]

SECSA ¼
QH

0:21� L
ð1Þ

where SECSA represents the ECSA value (cm2 mg�1), QH (mC cm�2)
is the charge transfer during the electrodesorption of H2 on
Pt sites, and L (mg cm�2) is the amount of Pt NPs loading on
the electrode, and 0.21 (mC cm�2) is the charge required to oxi-
dize a monolayer of H2 on smooth surface of Pt NPs. The Pt/
GHA shows a larger active surface area than Pt/GH. It is found
that the ECSA of Pt/GHA (129.98 m2 g�1) is much higher than
that of Pt/GH (76.77 m2 g�1), and those of Pt-based materials
such as Pt/graphene (44.6 m2 g�1),[8d] Pt/graphene oxide

(16.9 m2 g�1), carbon black supported Pt (19 m2 g�1),[29] Pd–Pt
bimetallic nanodendrites (57.1 m2g�1),[30] Pd–Pt/graphene
(81.6 m2 g�1), commercial Pt/C (74.0 m2 g�1),[31] Pt/[carbon nano-
tubes (CNTs)-ionic liquid polymer] (71.4 m2 g�1), Pt/CNTs
(47.1 m2 g�1), Pt–Ru/CNTs (53.5 m2 g�1),[32] Pt dispersed on func-
tionalized graphene and functionalized multiwall carbon nano-
tube [Pt/(f-G-f-MWNT)] hybrid (108 m2 g�1),[33] mesoporous Pt
with giant mesocages (74 m2 g�1),[34] Pt/chemically converted
graphene (36.3 m2 g�1), Pt/MWCNT (33.4 m2 g�1),[35] Pt nano-
wires/Sn@CNT (17.2 m2 g�1),[36] and Pt/reduced GO
(55.5 m2 g�1).[37]

The electrooxidation of methanol is characterized by CV
measurements as shown in Figure 4 b. The nitrogen atoms in-
troduced to GHA can enhance the electronic property of gra-
phene nanosheets as expected. When the scan is from 0 to
1.2 V, the forward oxidation current peak (If) of methanol on
Pt/GHA appears at 0.70 V, which is shifted to negative direction
by approximately 80 mV in comparison with Pt/GH (0.78 V). In
the reverse potential scan, the scan is from 1.2 to 0 V, a reverse
anodic current peak appears at about 0.43 V for the two cata-
lysts. The reverse anodic peak (Ib) is attributed to the oxidation
of incompletely oxidized carbonaceous species formed in the
forward scan.[38] The If value of methanol oxidation on Pt/GH
electrode reaches 40.22 mA mg�1, which is only approximately
62 % of that on the Pt/GHA electrode (64.98 mA mg�1). The
higher anodic current of Pt/GHA can be attributed to the sur-
face functionalities especially to the nitrogen groups, thus indi-
cating an enhanced methanol oxidation activity than that of
Pt/GH. The ratio of the If to Ib is a key index of the catalyst tol-
erance toward the poisoning species such as adsorbed CO in-

Figure 4. CV curves of Pt/GH and Pt/GHA with a scanning rate of 50 mV s�1

in (a) 1 m H2SO4(aq) and (b) 1 m CH3OH(aq) + 0.5 m H2SO4(aq).
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termediates formed by the decomposition of methanol.[31, 37–41]

A higher ratio implies more effective removal of the poisoning
species on the catalyst surface. In our study, the If/Ib ratio of
Pt/GHA is 3.95, which is higher than that of Pt/GH (2.72), and
much higher than those of Pt/graphene-PDDA catalyst
(1.92),[16a] the three-dimensional Pd–Pt bimetallic nanoden-
drites supported on graphene (1.25),[31] Pt/chemically convert-
ed graphene (0.83),[35] Pt/reduced GO (2.6),[37] the commercial
E-TEK catalyst (0.74), Pt–CNT catalyst (0.88),[39] and Pt/CNT syn-
thesized in supercritical fluid catalysts (1.4).[40] The result indi-
cates that the Pt/GHA has less carbonaceous accumulation,
much more improved CO tolerance, and effective removal of
the poisoning intermediates in the forward scan.[40] Moreover,
the onset potential for methanol oxidation on
Pt/GHA and Pt/GH start at 0.01 V, which is shifted more nega-
tive than other reported catalysts such as Pt/graphene-PDDA
(0.10 V),[16a] Pt/graphene (0.2 V),[8d] Pt/chemically converted gra-
phene (0.38 V),[35] Pt/reduced GO (0.5 V),[37] and 3D dendritic
platinum (0.44 V),[41] thus demonstrating the excellent electro-
catalytic activity of Pt/GHA nanocomposites toward methanol
oxidation.

Based on the results outlined above, several explanations
are proposed for the high catalytic activity of Pt/GHA nano-
composites: 1) it most likely a result of the uniform and small
particle size of Pt NPs and their well dispersion on the GHA
supports. The nitrogen groups introduced on the graphene
surface by NH3 plasma facilitate the Pt NPs dispersion and pre-
vent their agglomeration. Moreover, those oxygen and nitro-
gen groups on the large specific surface of graphene help the
so-called cooperative self-assembly of Pt NPs with the sup-
port;[42] 2) the excellent electron conductivity provided by gra-
phene supports might accelerate the reaction kinetics and ac-
celerate the methanol and O2 diffusion;[36] 3) previous studies
of Pt-based nanoparticle catalysts reveal that an oxygen-con-
taining surface can remove the strongly absorbed poisonous
species (such as CO, HCOO� , and HCO�) ;[36, 43] 4) as the gra-
phene surfaces are bombarded with high-energy ion beams,
carbon vacancy defects and interstitial defects are produced,[44]

which can absorb several kinds of molecules (such as O2, CO,
H2O) and effectively dissociate H2O to H and OH species.[45, 46]

This significantly accelerates the ability of the Pt/GHA for CO
oxidation. Therefore, the improved catalytic activity and CO
tolerance are observed that may originate partially from the
unique plasma-treated GHA supports. For these reasons, it is
expected that the grown of Pt NPs on plasma-treated gra-
phene supports can combine many advantageous factors such
as good dispersion of Pt NPs and excellent properties for cata-
lyst supports.

In summary, we have developed a facile plasma approach
for the synthesis of Pt/GH and Pt/GHA catalysts under mild
conditions. The functional graphenes (GH and GHA) are also
prepared by the simple and environmental friendly plasma
treatment which can avoid using needless chemical reagent
though the processes. Compared with Pt/GH and other report-
ed Pt-based electrodes, the Pt/GHA electrodes show a higher
electrochemically active surface area, better tolerance toward
CO, the negative shift of forward peak potential and onset po-

tential, accompanied by obvious enhanced If and the ratio of
If/Ib, and thus, exhibit excellent electrocatalytic activity toward
methanol electrooxidation. The simultaneous in situ reduction
and effective functionalization under mild conditions makes
this approach promising and exciting for further improving the
catalyst performance of direct methanol fuel cells, polymer
electrolyte membrane fuel cells, and supercapacitor.

Experimental Section

Preparation of GH, GHA, Pt/GH, and Pt/GHA

Graphene oxide (GO) was treated in a home-made plasma genera-
tor (Scheme S1) induced by a radio-frequency-driven inductively
coupled plasma. The pressure in the reactor was evacuated to
5 Pa, and then the H2 plasma occurring at 15 Pa was operated for
30 min to reduce the GO and afforded H-doped graphene (GH).
The NH3 plasma treated the GO for 30 min afforded N-doped gra-
phene (GHA). The H2 or NH3 plasma treated of GO (i.e. GH or GHA)
were then mixed with an aqueous solution of H2PtCl6 (1 mm) and
balanced for 12 h. Then the mixture was dried at 352 K under N2

and subsequently treated by hydrogen plasma (15 Pa) for 40 min
under continuous stirring to grow Pt nanoparticles on GH or GHA
surfaces, and thereby to synthesize the Pt/GH and Pt/GHA cata-
lysts.

Characterization

Scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) images were obtained using JSM-6700Fand JEM-
2011F, respectively. Atomic force microscopy (AFM) images were
obtained using a Digital Instruments MultiMode V scanning probe
microscope. The Fourier transform infrared (FTIR) spectra were re-
corded in pressed KBr pellets (Aldrich, 99 %, FTIR grade) by using
a Nicolet 8700 FT-IR spectrometer at RT. The powder X-ray diffrac-
tion (XRD) patterns of the samples were recorded on a D/Max-IIIA
X-ray diffractometer (Rigaku Co., Japan) using CuKa (l= 1.5418 �).
The X-ray photoelectron spectroscopy (XPS) analysis of the sam-
ples was conducted on a VG ESCALAB MKII spectrometer using an
MgKa as the X-ray source (1253.6 eV, 120 W) at a constant analyzer-
pass energy. The energy scale was internally calibrated by referenc-
ing the binding energy of the C 1s peak at 284.6 eV for contaminat-
ed carbon.

Electrochemical measurements

H2SO4 (1.0 m) was selected as the electrolyte for electrochemical
active surface area (ECSA) analysis. Aqueous solutions of H2SO4

(0.5 m) and CH4O (1.0 m) were selected for the analysis of electroox-
idation of methanol. The solutions were first deaerated with N2

before the electrochemical measurements. All electrochemical
measurements were carried out using an autolab potentiostat/gal-
vanostat (PGSTAT302N, Switzerland) at a scanning rate of
50 mV s�1. A three-electrode system consisting of the catalysts as
the working electrode, platinum as the counter, and a KCl saturat-
ed Ag/AgCl electrode as the reference electrode was used in all
cases. A predefined amount of Pt/GH or Pt/GHA catalysts were
added to 2-propanol (1 mL), which were then shaken for 30 min in
an ultrasonic bath to form a slurry. Then the slurry was brushed
onto a piece of carbon paper (0.4 � 0.6 cm; HCP020P) and dried in
an oven at 80 8C for 20 min. These were later used as working elec-
trodes. A solution of nafion (DE520; 100 mL, 5 wt %), which acted
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as a protective layer to prevent catalysts loss in the solution, was
spread on top of the catalysts layer and dried at 80 8C. The electro-
des were activated by cycling the potential between �0.4 and
1.2 V (vs. Ag/AgCl) for ECSA measurements and between 0 and
1.2 V (vs. Ag/AgCl) for methanol electrooxidation measurements.
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