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Pt nanoparticles are deposited onto graphene sheets via synchronous reduction of H,PtClg and graphene
oxide (GO) suspension using NaBH4. Lyophilization is introduced to avoid irreversible aggregation of
graphene (G) sheets, which happens during conventional drying process. Pt/G catalysts reveal a high
catalytic activity for both methanol oxidation and oxygen reduction reaction compared to Pt supported
on carbon black (Pt/C). The performance of Pt/G catalysts is further improved after heat treatment in
N, atmosphere at 300°C for 2 h, and the peak current density of methanol oxidation for Pt/G after heat

Ilfz‘{vcoerl‘fs" treatment is almost 3.5 times higher than Pt/C. Transmission electron microscope (TEM) images show
Graphene that the Pt particles are uniformly distributed on graphene sheets. X-ray photoelectron spectroscopy

(XPS) results demonstrate that the interaction between Pt and graphene is enhanced during annealing.
It suggests that graphene has provided a new way to improve electrocatalytic activity of catalyst for fuel

Platinum supported on graphene
Heat treatment

cell.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Direct methanol fuel cells (DMFC) have drawn great attention
recently due to its high energy density, low pollutant emission,
low operating temperature (60-100°C), and ease of handling lig-
uid fuel [1]. However, the low electrocatalytic activity of methanol
oxidation is still obstacle inhibiting broad application of DMFC.

Carbon black (Vulcan XC-72, Cabot Crop.), is widely used as
supporting material for Pt (Pt/C) because of its high surface area
and low cost. However, the insufficient performance of Pt/C as
well as long term stability of carbon black under fuel cell opera-
tion still calls for new and improved materials. Recently, carbons
with different structures such as nanotubes (CNTs) and nanofi-
blers (CNFs) have been studied extensively as electrocatalysts
supports, due to their unique electric and micro- and macro-
structure properties [2-7]. Since the single-layer graphene was
discovered first in 2005 [8-10], it has attracted great interest
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from both the experimental and theoretical scientific communities
[11].

Graphene exhibits the structure of two-dimensional sheet com-
posed of sp?-bonded carbon atoms, and has unique physical
properties such as high surface areas (theoretical specific surface
area of 2620 m2 g~ 1), superior electric conductivities and excellent
mechanical strength and elasticity. Therefore, graphene may pro-
vide a new way to improve electrocatalytic activity of catalyst in
fuel cell [7,12]. However, there are still some critical problems for
the investigation of graphene as catalysts support. For example, the
reduced graphene sheets tend to form irreversible agglomerates
because of the van der Waals interaction and even restack to form
graphite in the reduction from GO suspension solution or drying
process [13]. The aggregation of graphene sheets will not only ruin
the advantage of high surface area of graphene, but also obstruct
the dispersion of Pt/G in the catalyst ink.

In this study, Pt/G was simply prepared by synchronous reduc-
tion of H,PtClg and graphene oxide (GO). Lyophilization was first
used to prevent irreversible aggregation of graphene sheets dur-
ing drying process and heat treatment was introduced to improve
the electrochemical characteristics of Pt/G catalysts. TEM and XPS
were employed to characterize morphology and surface compo-
sition of all samples. The catalytic activity of Pt/G showed better
performance than that of Pt/C for methanol oxidation and oxy-
gen reduction reaction. Furthermore, the performance of Pt/G was


dx.doi.org/10.1016/j.jpowsour.2010.08.051
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jianguoliu@nju.edu.cn
mailto:zgzou@nju.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.08.051

Y. Xin et al. / Journal of Power Sources 196 (2011) 1012-1018 1013

enhanced after heat treatment. It suggests that graphene is a
promising supporting material for noble metal catalysts in DMFC.

2. Experimental
2.1. Sample preparation

The graphene oxide (GO) was synthesized from natural graphite
powder by a modification of Hummers and Offenman’s method
[14,15]. In brief, 2 g of graphite, 2 g of NaNO3, and 92 ml of con-
centrated H,SO4 were stirred together in an ice bath. Then 12 g of
KMnO4 was slowly added into it. The solution was then stirred at
35+ 5°Cfor 1 h. Pure water with a volume of 160 ml was added and
the temperature was kept at 90 & 5 °C for 30 min. Finally, 400 ml of
pure water and 12 ml of H,0, (30%) was put into the mixture. The
solution was filtered and the filter cake was dispersed in water
by ultra-sonic bath. The mixture was washed with 1:10 HCI solu-
tion and water by repeated centrifugation. The obtained sediment
was dispersed in water with the help of ultra-sonic bath and dried
in air at 45°C overnight. The graphene oxide with a weight of
90 mg was dispersed in 20 ml H,O by sonication for 30 min before
1.35ml H,PtClg solution (20 mg H,PtClg-6H,0 ml~!) was added.
The pH value of this mixture was adjusted to 10 using ammo-
nia, which could partly protect carboxylic acid groups. Excessive
NaBH, aqueous solution with a concentration of 2mgml-! was
slowly added and stirred for 12h under room temperature. The
solution was filtered via vacuum filtration using buchner funnel
and further washed with hot water. The residue was re-dispersed in
water by sonication and dried by lyophilization, which can prevent
irreversible aggregation of graphene during drying process.

Moreover, Pt/G catalyst was annealed at 300°C in N, atmo-
sphere for 2 h, which was denoted as Pt/G-A. Pt supported on carbon
(Vulcan XC-72, Cabot Corp.) was also synthesized by the same
method for comparison. Pt loading in all samples was kept the same
as 10 wt’%.

2.2. Physical and electrochemical characterizations

The X-ray diffraction (XRD) was conducted on a Rigaku
D/MAX-Ultima III X-ray diffractometer using Cu Ka radiation
(A=0.15406 nm). The 26 angular ranges from 10° to 80° were
explored at a scan rate of 10° min~!. The X-ray photoelectron spec-
troscopy (XPS) was performed by ESCALAB 250 apparatus, using
monochromated Al K« radiation at 150 W, in the pass energy (PE)
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Fig. 1. Graphene supported platinum powder and suspension in water (1 mgml-1).
(a) Pt/G by conventional drying and (b) Pt/G by lyophilization drying.
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Fig. 2. XRD patterns of (a) Pt/C, (b) Pt/G, and (c) Pt/G-A.

mode (PE=20eV). All of the spectra were obtained under iden-
tical conditions. The pressure of the spectrometer was 5 x 10~10
and 5 x 10~2 mbar during the measurements. The morphology of Pt
nanoparticles on different carbon supports was explored by trans-
mission electron microscope (TEM) on a JEM-200CX at 200 kV and
scanning electron microscope (SEM) on a FEI NOVA NanoSEM 230
at 15kV.

Electrochemical measurements were conducted at a three-
electrode cell using PARSTAT 2273 workstation (Princeton Applied
Research). Pt foil was served as a counter electrode while satu-
rated calomel electrode (SCE) was used as a reference electrode and
glass carbon disk with a diamond of 5 mm as a working electrode.
Catalyst powder with a weight of 5 mg was dispersed in 100 .l of
5% Nafion and 900 .l of ethanol solution and sonicated for 30 min.
Then 10 pl of the slurry was dropped onto the surface of a glassy
carbon electrode with an area of 0.196cm? to form a thin layer.
The total Pt loading on the working electrode was 5 pg for all Pt
catalysts. For cyclic voltammetry (CV) measurements, the working
electrode was immersed in 0.5M H,SO4 in 0.5M CH3OH solution
saturated by high purified nitrogen with the potential between
—0.241 and 1.0V versus SCE. Before the oxygen reduction experi-
ment, the solution was purged with 99.999% O, for at least 20 min.
The scanning potential was from 1.0 to 0V versus SCE with a scan
rate of 5mVs~1. All potentials were measured and quoted against
the saturated calomel electrode (SCE).

3. Results and discussion

Pt supported on graphene was successfully synthesized by the
synchronous reduction of H,PtClg and graphene oxide (GO) sus-
pension using NaBH4 as shown in Fig. 1. The suspended substance
became black from initial brown color and precipitated once NaBH,4
was added. The final appearance of Pt/G powder seriously depends
on the drying process. As showed in Fig. 1a, Pt/G tended to form
a stack of graphitic structure when the suspension was dried by
conventional evaporation of water in the suspension. Si et al. [16]
reported that Pt can act as spacers for graphenes and lead to a poten-
tial high-surface-area material. However, the aggregation of Pt/G
was still severe according to our experiments if it was dried by
conventional method. Most of important, the redispersion of Pt/G
in water or alcohol became impossible even under the help of high
power sonication once it was aggregated during dehydration as
showed in Fig. 1a. Catalyst ink is almost necessary when making
fuel cell electrodes whether by casting, screen-printing or spray-
ing method. Therefore, great efforts have been devoted to disperse
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Fig. 3. TEM images and histogram of Pt particles of (a and b) Pt/C, (c and d) Pt/G and (e and f) Pt/G-A.

graphene sheets in water or other solvents by adding surfactant or
functionalizing the surface of graphene. However, these surfactants
are unfriendly to Pt catalysis in fuel cell and also can result in poor
electronic conductance as well [17]. In this study, lyophilization
was introduced to prevent the restack of these sheets during liquid
water departure in the conventional drying process. The water in
the suspension can be sublimated from solid ice to gas, which can
preventaccumulation of Pt/G. It can be seen from Fig. 1b that porous
Pt/G in the dry state can be obtained when using lyophilization.
Moreover, the isolated Pt/G sheets can be re-dispersed in water
without any difficulty. It indicated that lyophilization was a facile
and efficient approach to produce Pt/G ink. On the other hand,
more Pt particles in such isolated structure would be exposed to
electrolyte solution, thus lead to higher catalytic performance.

Fig. 2 showed the XRD patterns of 10 wt% Pt/C, Pt/G and Pt/G-
A catalysts. The diffraction peaks at 39.8°, 46.3°, and 67.5° can be
indexed tothe(111),(200),and (22 0) planes of the face-centered

cubic (fcc) phase of Pt [18], while those at 26.5° corresponding to
graphite [12]. From the full width half maximum of the (2 2 0) peak,
the volume-averaged particles size was calculated from the Scher-
rer equation [19]. The average Pt particle sizes were 6, 5 and 5 nm
for Pt/C, Pt/G and Pt/G-A, respectively, suggesting larger Pt spe-
cific surface area in graphene. The size of Pt particles supported
on graphene was a little bit small, which indicated that unique
structure and physical properties of graphene can be helpful for the
distribution of Pt nanoparticles. Furthermore, no significant phase
changes were observed for Pt/G after heat treatment at 300°C in
Ns.

The morphology, the size, and the dispersion of Pt catalysts were
examined by TEM. It can be found from Fig. 3 that Pt particles with
the average particle size of 5.7 nm deposited on XC-72 carbon black
aggregated seriously, while the “Pt nano clusters” were uniformly
distributed on graphene sheets. The “Pt nano clusters” consisted
of small particles with diameter ranging from 3 to 8 nm in Fig. 3d
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Fig. 4. Pt(4f) XPS spectra of (a) Pt/C, (b) Pt/G and (c) Pt/G-A.

and e. The size distributions were obtained by measuring the sizes
of 100 randomly selected particles. The average particle size was
5.1 nm for Pt/G and 5.2 nm for Pt/G-A, indicating that the Pt aggrega-
tion was not serious after annealing. The stability of Pt particles on
the surface of graphene after heat treatment suggested that there
might be a relatively strong interaction between graphene and Pt
particles [7]. The interaction between graphene and Pt may influ-
ence the electronic structure of Pt, and also possibly improve the
performance of catalysts. The high resolution TEM images showed
that the space of lattice fringes were 0.22-0.23 nm, which was cor-
responding with (11 1) planes of Pt.

Table 1
Relative intensity values for different Pt species as observed from Pt(4f) spectra for
different catalysts.

Catalyst Pt species Relative intensity (%)
Pt0 59.3
Pt/C Pt 26.3
Pt4* 14.4
Pt0 36.3
Pt/G P2 409
Pt# 22.8
Pt0 47.6
Pt/G- Pt2* 45.4
& Peé* 7.0

Fig. 4 showed the Pt(4f) X-ray photoemission spectroscopy
(XPS) results for all catalysts. The principle peaks were attributed
toPt0at71.4eV (4f72)and 74.7 eV (4f5, ), while 72.8,76.1 and 75.0,
78.2 eV were assigned to Pt in 2+ and 4+ states, respectively [20].
The results of different Pt species were calculated based on above
data and listed in Table 1. The relative intensity of Pt?, Pt2* and Pt**
was calculated to be 36.3, 40.9 and 22.8% for Pt/G catalyst, respec-
tively. After heat treatment, the proportion of Pt on the surface
increased to 47.6%, while Pt** decreased to 7%. It indicated that the
PtOx had been mostly reduced to metallic Pt.

The XPS spectrum of C(1s) was also shown in Fig. 5. Different
functional groups were presented in samples: the non-oxygenated
ring C (C-C, 284.6eV), the C in C-0O bond (C-0, 286.6eV) and the
carbonyl C (C=0, 288.5eV) [21]. The relative intensity of the dif-
ferent carbon species obtained from the respective area was also
listed in Table 2, which shows that heat treatment changed car-
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Fig. 5. C(1s) XPS spectra of (a) Pt/G and (b) Pt/G-A.
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Table 2
Relative intensity values for different components as observed from C(1s) spectra
for different catalysts.

Catalyst C species Relative intensity (%)
c-C 68.4

Pt/G c-0 22.7
=0 8.9
c-C 81.8

i c-0 154

A =0 2.8

bon surface functional groups graphene primarily by reducing the
amount of oxygen-containing species. The relative intensity of C-O
and C=0 decreased dramatically during annealing. It implied that
the functional groups such as carboxyl groups, hydroxyl groups,
and epoxy groups [22] were oxidized and detached from graphene
surface during heat treatment. In addition, PtO and PtO, in Pt/G
can be reduced in the presence of functional groups under heat
treatment. Therefore, the interaction between Pt and graphene was
further enhanced.

Fig. 6 illustrated the cyclic voltammetry (CV) curves of different
samplesin nitrogen saturated 0.5 M H,SO4 solution with a potential
range from —0.241 to 1.0V versus SCE. The CV profiles of platinum
supported on graphene with or without heat treatment were quite
different to those of Pt supported on carbon black (XC-72). Current
peaks around 0.4V in the forward scan and 0.3V in the backward
scan were clearly observed for samples containing graphene. It can
be noticed that CV curve of graphene (Fig. 6e) under the same exper-
imental condition can also show similar profile like Pt/G and Pt/G-A.
Therefore, samples with the irregular current peaks were possibly
caused by graphene, which contain oxygen-containing groups such
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Fig. 6. Cyclic voltammograms of (a) Pt/C, (b) Pt/G, (c) Pt/G-A, (d) XC-72 and (e)
Graphene. Scan rate=20mV s~! at room temperature in 0.5M H;S0y4.
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Fig. 7. Polarization curves for ORR on (a) Pt/C, (b) Pt/G and (c) Pt/G-A. O,-saturated
0.5 M H,S04 solution, scan rate: 5mV s, rotation rate: 2500 rpm.

as carboxyl groups, hydroxyl groups, and epoxy groups from the
results of XPS in Fig. 5. The electrochemically active surface area
(ECSA) provided important information regarding the number of
available active sites, which was estimated by hydrogen adsorp-
tion/desorption from the electrode surface [23]. As shown in Fig. 6,
ECSAs for those catalysts were hard to estimate due to the dis-
turbing of the “oxygen-containing peaks” around 0.4 and 0.3 V.
However, ECSAs of Pt/G and Pt/G-A should be higher because its
currents in —0.19 to 0.16 V range were much higher than Pt/C.

Fig. 7 showed the oxygen reduction reaction (ORR) measure-
ments in an O,-saturated 0.5 M H,SO,4 solution. The onset potential
of Pt/G-A showed a 40 mV shift to positive one compared with Pt/C
and Pt/G. The electrochemical reaction seemed to be under kinetic
and diffusion control in the range of 0.63-0.2 V and the diffusion-
limiting currents were obtained in the potential region below 0.2 V.
Pt/G and Pt/G-A showed a smaller limiting current in ORR than that
of Pt/C. It was believed that the diffusion-limiting currents were
strongly affected by the structure of the catalyst supporting mate-
rial. The sheet structure of graphene might block oxygen diffusion
a little bit compared with spherical carbon black particles. The half
wave potential (defined as the potential at which the measured
current reached the half of the limiting current) was 404, 461 and
495 mV for Pt/C, Pt/G and Pt/G-A respectively, which showed an
increase in the activity with the enhancement of the half wave
potential [24]. This was also accordance with the trend observed
for CV results in Fig. 6.

The activity of methanol electro-oxidation of three samples in
the solution of 0.5 M CH30H and 0.5M H,SO4 was shown in Fig. 8.
The onset potential of methanol oxidation was about 0.4V, and the
anodic current peak was around 0.61 V. The peak current density of
Pt/G catalysts was 182.6 mA mg~! Pt while that of Pt/C catalysts was
only 77.9 mAmg-! Pt. Furthermore, it raised to 261.6 mAmg-! Pt
for Pt supported on graphene after heat treatment, which showed
a higher catalytic than the performance reported by previous lit-
erature [25] (the peak current density is 199.6 mAmg~! Pt). The
enhanced catalytic activity may be due to the unique interaction
between Pt and graphene. Pt supported on graphene can exhibit
larger ECSA, which can offer more Pt activity sites for chemisorption
of methanol.

Ye etal.[26] and Liu et al. [27] also reported that heat treatment
can increase activity of catalysts. This behavior can be explained
by the morphology modification of support, Pt dispersion and Pt
crystallite growth on the supports. The surface of graphene is very
heterogeneous and contains a wide variety of functional groups,
which can significantly affect the chemical properties. Regarding
Pt deposition on graphene, the decomposition and redistribution of
surface oxygen-containing groups during heat treatment can affect
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Fig. 8. Cyclic voltammograms of methanol oxidation on (a) Pt/C, (b) Pt/G, and (c)
Pt/G-A. Scan rate: 20mVs~', 0.5M H,S04 and 0.5 M CH30H.

the dispersion and growth of Pt crystallites. Moreover, heat treat-
ment can change Pt surface morphology from amorphous to more
ordered states, introducing more active catalytic sites [28].

The stability of the catalysts was examined by chronoamper-
ometry for methanol oxidation in 0.5M H,SO4+0.5M CH3OH at
0.6 V versus SCE. As seen from Fig. 9, the current density of all cat-
alysts decayed rapidly at the initial stage, which might be due to
the formation of intermediate species during methanol oxidation
such as CO,qs and CHO,q, [25,29]. The current gradually reached
a steady state after quick decayed at the beginning. The Pt/G-A
showed the best activity and stability with the ending current of
55.5mAmg-! Pt after 1200 s. The stability of the catalysts also fol-
lowed the order of Pt/G-A>Pt/G > Pt/C, which was the same trend
for the cyclic voltammetry and methanol oxidation results.

It was well known that GO can form well-dispersed collides
because of the electrostatic repulsion between the oxygen-
containing functional groups [30,31]. These groups could provide
binding sites for anchoring precursor metal ions or metal nanopar-
ticles [32]. Pt particles therefore can easily deposit on graphene
when reducing agent was introduced. The particles attached onto
graphene sheets also obstruct the formation of a stacked graphitic
structure. Additionally, lyophilization can prevent graphene sheets
and Pt particles aggregation effectively during the preparation. On
the other hand, graphene prepared by chemical reduction may
involve some chemical and physical defects due to the introduction
of these functional groups. Graphene sheets with these defects are
easy to be oxidized and are unstable under fuel cell operation [33].
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Fig. 9. Chronoamperometric curves of methanol electro-oxidation on (a) Pt/C, (b)
Pt/G and (c) Pt/G-A. 0.5 M H,S04 and 0.5 M CH30H, potential: 0.6 V versus SCE.

Heat treatment can repair these defects by decomposing partially
these functional groups and lead to a decrease in the graphene resis-
tance [34], which improves the stability of graphene. In addition,
the curly graphene sheets might roll or break into smaller sheets by
thermal tension in the process of annealing [35]. The Pt/G-A may
expose more Pt active sites for methanol oxidation. Heat treatment
therefore is favorable for the improvement of the electrocatalytic
reaction of Pt/G.

4. Conclusions

A simply way to synthesize well-dispersed Pt/G catalysts using
graphene oxide (GO) as a precursor was demonstrated in this paper.
The introduction of lyophilization offered a facile and efficient
approach to produce well soluble graphene and heat treatment
was employed to improve the performance of Pt/G catalysts. Elec-
trochemical experiments toward methanol oxidation indicated
that Pt/G had higher catalytic activity than that of Pt/C, and the
stability of Pt/G was better than Pt/C catalysts. Pt/G after heat treat-
ment at 300°C performed higher intrinsic activity and stability
for methanol oxidation, which may be attributed to four effects
induced by heat treatment: (1) the enhancement of interaction
between Pt and graphene; (2) the additional Pt active sites were
exposed by the rolling of grahene sheets; (3) decomposing par-
tially surface functional groups resulted in less defects on graphene,
improving the stability of graphene and (4) Pt surface morphology
from amorphous to more ordered states, introducing more active
catalytic sites. The SEM and TEM results also showed that graphene
was in favor of improving the distribution of Pt particles. It indi-
cates that graphene is a promising supporting material to modify
catalytic properties of Pt for fuel cell catalysts.
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