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ABSTRACT7
The graphene nano sheets (GNS) and nitrogen doped graphene (N-G) were used as
supporting materials to deposit Pt particles in order to investigate the support material effect
for oxygen reduction reaction (ORR) activity. The ORR activity of platinum on GNS (Pt/GNS)
is higher than Pt/N-G catalysts. This suggests that the modification of π states by the N-
doping change the properties of the interaction between Pt and carbon. The interaction
between Pt and graphene is considered to be π–d hybridization. Therefore, one can control
the electronic structure of graphene and Pt by doping of some elements. In addition, the
large surface area of N-G due to it has more sites on which the oxygen binding is very
strong. It causes the ORR catalytic activity of N-G is lower than GNS.
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1. INTRODUCTION11

12
Polymer electrolyte membrane fuel cell (PEMFC) are being developed as electrical power13
sources for vehicles and portable applications as an alternative to conventional internal14
combustion engines, secondary batteries, and other conventional power sources [1].15
Recently, the design of cheap and stable fuel cell catalysts for ORR is the main challenge16
[2]. This is caused catalysts exhibit great influence on both the cost and the durability of17
PEMFC [3]. Platinum (Pt) nano-particles supported on carbon black (Pt/CB) are most used18
for ORR catalysts. It has outstanding catalytic and electrical properties [4]. Therefore, much19
of the art and science of catalysts development for the ORR rely on both the fundamental20
understanding of the reaction at the Pt electrolyte interface and the optimization of the21
catalytic properties of the Pt surface [5]. However, Pt is expensive and also it is limited22
natural resources [6].Therefore, it is a prerequisite to decrease the usage of Pt and enhance23
the catalytic activity of Pt in order to achieve a competitive low cost of fuel cell.24
The catalyst support materials exhibit great influence on the cost, performance, and25
durability of PEMFC. For instance, carbon-supported precious metal nanoparticles (e.g., Pt,26
Au, Pd, and Rh) are widely used in heterogeneous catalysis and electrocatalysis [7]. The27
support materials are necessary to obtain a high dispersion, narrow distribution of Pt and Pt-28
alloy nano-particles and also can interplay with catalytic metals, which is the prerequisite to29
obtain the high catalytic performance of catalysts [1]. Commonly, the catalyst support30
materials require high specific surface area, high conductivity, low combustive reactivity31
under both dry and humid air conditions at low temperatures (150oC or less), high32
electrochemical stability under fuel cell operating conditions, easy to recover Pt in the used33
catalyst [1,8], and strong interaction between catalytic metals and the support materials34
[9].This is because the interaction between the support and metal catalyst can modify the35
electronic structure of catalytic metals which in turn changes the catalytic activity [10].36
However, the weak interaction between metal and carbon supports results in a severe37
sintering/agglomeration of catalytic metal nano-particles and consequently decreases the38
active surface area, which leads to the degradation of performance under long-term39
operations [7]. Many researchers have reported novel carbon support materials, such as40



carbon nano-horns [11], carbon nano-coils [12],carbon nano-tube (CNT) [13], graphite nano-41
fibers (GNFs) [14], and carbon black [15] for PEMFC applications. Some papers also42
reported that nitrogen-doped carbon nano-tube (N-CNT) with metal catalysts or without43
metals exhibit enhancement catalytic activity toward ORR [16]. They showed promising44
results toward fuel cell electrode reactions: ORR and methanol oxidation reaction (MOR).45
But, in term of activity, cost and durability, current catalysts can still not satisfy the46
requirements of target PEMFC [17]. Therefore, many efforts are still necessary to find the47
novel catalytic metals and support materials.48
Graphene sheets, a two-dimensional carbon material with single (or a few) atomic layer has49
attracted great attention for both fundamental science and applied research. This is caused it50
has large surface area (2630 m2 g-1) [18], and high carrier mobility (104 cm2 V-1 s-1 at room51
temperature) [19]. Recently, graphene as a supporting material for Pt catalyst is believed to52
improve catalytic activity for hydrogen oxidation reaction (HOR) and methanol oxidation53
reaction (MOR). However, the controversial results regarding the ORR activity for Pt/GNS54
compare to platinum on carbon black (Pt/CB) commercial catalyst. Moreover, fuel cell tests55
with Pt/GNS catalysts as cathode materials showed a considerably lower performance than56
that of the cell with Pt/CB as cathode catalyst [20].57
In this study, I studied the effect of support materials; those are graphene nano-sheets58
(GNS) and nitrogen doped GNS (N-G) on Pt catalyst for cathode hydrogen fuel cell. In this59
paper, the ORR catalytic activity of Pt/GNS, Pt/N-G and Pt/CB commercial catalyst as60
reference were studied, respectively. Because, ORR at the cathode of fuel cells plays a key61
role in controlling the performance of a fuel cell, and the efficiency of ORR electro-catalysts62
are essential for fuel cells practical applications [21]. Finally, I expect the support material63
effect for ORR catalytic activity based on Pt catalyst can be clarified.64

65
2. MATERIAL AND METHODS66

67
2.1 Preparation of support materials and catalysts68

69
In this experiment, two kinds of support materials were prepared, namely graphene nano-70
sheets (GNS) and nitrogen doped GNS (N-G). Subsequently, Pt atoms were deposited on71
GNS and N-G, respectively. GNS was prepared by the oxidation of graphite powder using72
the modified Hummers method [22]. Briefly, graphite powder (0.2 g), particle size 45 μm,73
(Wako Pure Chemical Industries, Ltd.) and sodium nitrate (NaNO3) (0.16 g) were first stirred74
in concentrated sulphuric acid (95 wt % H2SO4 ) (6.7 mL) for 2 h while being cooled in an ice75
water bath. Then, potassium permanganate (KMnO4) (0.9 g) was gradually added to form a76
new mixture. After 4 h in an ice water bath, the mixture was allowed to stand for 48 h at77
room temperature with gentle stirring. Thereafter, 20 mL of 5 wt % H2SO4 aqueous solution78
was added into the above mixture over 1 h with stirring. Then, 0.5 mL of H2O2 (30 wt %79
aqueous solution) was also added to the above liquid and the mixture was stirred for 2 h.80
After that, 20 mL of 3 wt % H2SO4/0.5 wt % H2O2 solutions was added into suspension and81
centrifuged (3000 rpm, 1 h). Subsequently, the product was dispersed in water and ultra-82
sonicated for 5 h. This process affords material of oxidized graphene nano-sheets (OGS)83
[23]. Finally, the OGS were reduced with hydrazine hydrate at room temperature for 48 h.84
This product was filtered and washed with distilled water and dried in air at RT for 24 h. The85
as-received powder is called graphene nano-sheets (GNS). The detail characterization of86
GNS can be seen in reference as I reported previously [24].87
Nitrogen-doped GNS (N-G) was obtained by annealing GNS in pure ammonia (NH3)88
(Sumitomo Seika Chemicals) under 0.2 MPa gas flow. The ammonia annealing of GNS was89
carried out in a homemade tube furnace with connected to gas tanks. Briefly, 100 mg GNS90
was put into boat glass and placed in the middle of tube furnace. Then, it was annealed by91
an ammonia stream 50 mL/min at 900oC for 2h in a furnace, respectively. The powder was92
collected and denoted as N-doped GNS 900 (N-G). Finally, they were characterized by X-ray93



photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). In addition, the surface area94
of carbon black (CB), GNS and N-G was determined by the Brunauer Emmett and Teller95
(BET) adsorption method are 45, 318 and 594 m2 g-1, respectively. It indicates that in the96
presence of ammonia on GNS may assist to increase the surface area of N-G. Furthermore,97
the existence of N atoms in N-G was investigated by XPS measurements.98
In order to prepare 20 wt % Pt/GNS, the calculated amount of Pt precursor H2PtCl6·6H2O99
(Alfa Aesar, A Johnson Matthey Company) were dissolved in 50 mL ethanol. Subsequently,100
each of ethanol solution of the precursor was mixed with ethanol solution of GNS. After101
stirring solution for 3 h, the product was collected by filtration and dried in air at 60oC for 12102
h. It was then reduced by a hydrogen stream 25 mL/min at 400oC for 2h in a furnace. Finally,103
the catalysts were collected and denoted as 20 wt % Pt/GNS.Further, the 20 wt % Pt/N-G104
catalyst was prepared as same as Pt/GNS catalyst preparation. The amount of Pt on GNS105
and N-G were measured by thermo-gravimetric/differential thermal analysis (TG/DTA).106
Furthermore, the 20 wt % Pt/GNS and Pt/N-G catalysts were characterized by XRD, TEM,107
XPS, and TG/DTA, respectively. TG/DTA and XRD data can be seen in supporting108
information (Figure 1S and 2S). XRD measurements were performed at room temperature109
employing a two circle diffractometer (PANalytical PW 3050 Philips X’pert Pro, CuKα110
radiation of 1.541 Å, without monochromator), installed at a line focus X-ray generator. A111
reflection free Si plate was used as a sample stage. CuKα radiation obtained by reflection112
from singly bent highly oriented pyrolitic graphite (HOPG) crystal was used as the incident X-113
ray. Diffraction pattern was recorded using a solid state detector (PANalytical X’Celerator)114
with a scan speed of 0.05 deg. (in 2θ)/sec up to 90 degrees. XPS measurements were115
carried out using JEOL JPS 9010 TR (X-ray source AlKα, 1486.6 eV; pass energy 50 eV,116
energy resolution 1.88 eV which was calibrated using Ag 3d5/2 by measuring a clean Ag117
sample, the uncertainty of binding energy ± 0.05 eV). TEM (JEOL JEM-1400 electron118
microscope was operated at 80 kV, resolution lattice image 0.20 nm, and resolution point119
image 0.38 nm. TG/DTA measurements were carried out using TG/DTA6300, Seiko120
Instruments Inc. (Reference: Pt; Air 200 mL/min; T measurement: 50–1000oC; Rate:121
10oC/min), respectively.122

123
2.2 Electrochemical measurement124

125
The ORR activities of GNS, N-G, 20 wt % Pt/GNS and Pt/N-G catalysts, respectively were126
assessed by using cyclic voltammetry (CV), and rotating ring disk electrode (RRDE)127
(PGSTAT PG12, AUTOLAB Potensiostat/Galvanostat) measurements in 0.1 M HClO4. The128
catalyst ink was prepared by dispersing 1 mg catalyst in the mixture of 500 μL (1:50 in129
methanol) 5 wt % Nafion solutions (Aldrich), then the mixture of catalyst ink was sonicated130
for 60 minutes. Then, 10 μL of catalyst ink was transferred onto the polished glassy carbon131
disk (diameter = 5 mm, geometric area = 0.283 cm2) and dried to form a thin catalyst layer.132
The amounts of catalysts loading on the glassy carbon are 20 μg for both GNS and N-G.133
The rotating ring disk electrode (RRDE) polarization curves of GNS and N-G was obtained in134
O2-saturated 0.1 M HClO4 solution.135
On the other hand, the Pt loading on the glassy carbon for 20 wt % Pt/GNS, Pt/N-G, and136
Pt/CB commercial catalysts (Johnson Matthey), respectively was 4 μg. The CV137
measurement was carried out by using a typical three-electrode systems consist of a138
working electrode (glassy carbon), a Pt wire as a counter electrode, and a reversible139
hydrogen electrode (RHE) as a reference electrode. All measurements were performed at140
room temperature (∼25oC) using a fresh electrolyte solution (0.1 M HClO4, Sigma-Aldrich).141
First, the catalyst on the working electrode was purged by bubbling nitrogen (N2) gas at200142
mL min−1 through 0.1 M HClO4 for 20 minutes. Then, it was scanned at 0.05–1.0 V versus143
RHE for 50 cycles with scan rate 10 mVs-1 and rotation rate 500 rpm in N2 to eliminate144
contaminant and de-oxygenates the environment. After that, the saturation gas was switched145
to oxygen (O2) for RRDE measurement, and the electrolyte was saturated for the similar146



condition as CV measurement. The RRDE polarization curves were obtained at 0.05–1.0 V147
versus RHE with scan rate 10 mV s−1 in O2 saturated 0.1 M HClO4.148
For CO stripping measurements, notice that, the Pt loadings on the working electrode are149
the same as those measured in ORR. Briefly, each of catalyst ink solutions for 20 wt %150
Pt/GNS, Pt/N-G, and Pt/CB commercial catalysts, respectively was loaded onto a glassy151
carbon disk electrode (0.28 cm2) with diluted (1:50 in methanol) 5 wt % Nafion solution152
(Aldrich), respectively. Prior to the measurements, the working electrode was firstly purged153
by bubbling N2 through the electrolyte solution of 0.1 M HClO4 for 20 minutes, and then it154
was scanned at - 0.2 to 0.8 V versus Ag/AgCl for 50 cycles in N2 with scan rate 10 mVs−1155
and rotation rate 500 rpm for cleaning and de-oxygenates the environment. Subsequently,156
CO was adsorbed to the surface of the working electrode by bubbling 3 % CO/H2 into the157
electrolyte solution of 0.1 M HClO4 at 60 oCfor 60 minutes, while holding the working158
electrode potential at - 0.15 V versus Ag/AgCl. After 3 % CO/H2 bubbling, the gas was159
switched to N2 for 30 minutes and the potential was scanned from - 0.2 to 0.8 V versus160
Ag/AgCl to record the CO stripping voltammogram at 60oC with a scan rate of 10 mVs−1 [25–161
27]. As a reference, 20 wt % Pt/CB (Alfa Aesar, Johnson Mathew Company) was measured162
for comparison.163

3. RESULTS AND DISCUSSION164
165

3.1 ORR of Pt/GNS, Pt/N-G, and Pt/CB commercial catalyst166

Figure 1 shows the ORR activities for 20 wt % Pt/GNS, Pt/N-G, and Pt/CB commercial167
catalyst.168
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Fig. 1. RRDE polarization curves of 20 wt % Pt/GNS, Pt/N-G, and Pt/CB commercial178
catalyst in O2-saturated 0.1 M HClO4 solution. Scan rate is 10 mVs-1. For all the RRDE179
measurements, the Pt loading of catalysts are 4 μg for 20 wt % Pt/GNS, Pt/N-G, and180
Pt/CB commercial catalyst, respectively181

It clearly shows that the diffusion-limiting currents (below 0.4 V versus RHE) for all the182
catalysts. However, their diffusion limiting currents are different, depending on support183
material. This data indicates the catalyst support material affects the diffusion limiting184
currents values [28]. The ORR activity of Pt/GNS is higher than those of Pt/N-G and Pt/CB185
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commercial catalyst. Further, the Pt/GNS shows the higher ORR activity, corresponding to186
its onset potential (0.99 V) than Pt/N-G (0.94 V versus RHE). Even the amount of Pt is187
similar; nevertheless, the ORR activity of catalyst is different. It indicates the Pt electronic188
structures of each catalyst are different as effect of supporting material. This data is189
consistent with the results of the current density whereas was measured at 0.9 V versus190
RHE (Table 1).191

Table 1. Current density, average Pt particle size, and BE of Pt 4f for samples192

Samples
j (0.9 V vs RHE)
(mA cm-2)

Average Pt particle size
(nm) (TEM measurement)

BE of Pt 4f
(eV)

20 wt % Pt/GNS 0.9 1.2 71.6

20 wt % Pt/N-G 0.1 1.3 71.7

20 wt % Pt/CB 0.4 2.03 71.4

It clearly shows that the current densities of Pt/GNS, Pt/N-G and Pt/CB are 0.9, 0.1, and 0.4193
mA cm-2, respectively. This data also shows that Pt/GNS is higher ORR activity than Pt/N-G.194
It is caused the support material effect. For the ORR, the too high reactivity of the support195
material impedes reaction by blocking the active sites with strong oxygen binding, while too196
low reactivity hinders the dissociation of O–O bond and charge transfer [29].197

3.2 TEM198

The TEM images and histograms of 20 wt % Pt/GNS, Pt/N-GNS, and Pt/CB commercial199
catalysts are shown in Figure 2.200
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218
Fig. 2.TEM images and histograms of 20 wt % Pt/GNS, Pt/N-G, and Pt/CB commercial219
catalyst, respectively220

221
The Pt particle size distributions were analyzed with random chosen areas containing 600222
particles in magnified TEM images. The Pt particle size only was estimated base on Pt223
particles (< 5 nm). As shown in TEM images, the Pt particles are good dispersing on GNS,224
N-G, and CB. The average Pt particle size of Pt/GNS, Pt/N-G, and Pt/CB are 1.2, 1.3, and225
2.03 nm, respectively (Table 1). Interestingly, the Pt diameters less than 1 nm (Pt subnano-226
clusters) were only formed on GNS and N-G, but not on CB. It means the GNS and N-G as227
supporting materials may play important role on formation of Pt subnano-clusters. The Pt228
subnano-clusters are much more formed on Pt/GNS than that of Pt/N-G. As shown in Table229
1, the ORR activity of Pt/GNS is higher than Pt/N-G. I suppose there are two factors which230
affect it namely the support material effect and Pt subnano-clusters. At the same amount (20231
wt % Pt), Pt supported on GNS has the highest ORR catalytic activity among Pt/N-G and232
Pt/CB. It is caused the support material effect. In addition, in term of Pt/CB, there is no Pt233
subnano clusters are formed. On the other hand, Pt subnano clusters are formed on GNS234
and N-G. It is responsible causing the ORR catalytic activity of Pt/GNS and Pt/N-G is higher235
than Pt/CB.236

237

3.3 XPS238

Figure 3 shows the Pt 4f XPS spectra for 20 wt % Pt/GNS, Pt/N-G, and Pt/CB commercial239
catalyst.240
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Fig. 3. XPS spectra for 20 wt % Pt/GNS, Pt/N-G, and Pt/CB commercial catalyst248
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The binding energies (BEs) are 71.6, 71.7, and 71.4 eV for Pt/GNS, Pt/N-G, and Pt/CB,249
respectively (Table 1). The BE of Pt on Pt/CB is close to the bulk Pt (71.2 eV) [30], indicating250
the weak interaction between Pt and CB. Interestingly, the BEs of Pt on Pt/GNS and Pt/N-G251
shift to higher binding energy compare to Pt/CB. It indicates that GNS and N-G significantly252
influence the π–d interaction in terms of Pt electronic structure. Therefore, the GNS and N-G253
can be expected to modify the Pt electronic structure. XPS data (Figure 3) shows that254
interaction between Pt and CB is normally Pt because binding energy of Pt does not shift to255
higher binding energy. It means interaction between Pt and CB is weak. It is not good256
catalyst due to support material can release during extent use and also Pt can be blocked by257
the other compound. In contrast, the binding energy of Pt/GNS and Pt/N-G shift to higher258
binding energy, indicating strong interaction between Pt and graphene. It is possible due to259
graphene and Pt has π-conjugated and d-orbital, respectively. Thereby, Pt electronic states260
are modulated on GNS due to π-d hybridization. This is also the reason why the ORR261
activity of Pt/GNS is highest among the others, because the strong interaction between Pt262
and GNS, probably π–d interaction. In addition, there are three possibilities nitrogen species263
doped in graphene layer, namely pyridine, graphitic and amino types. It suggests that the264
graphene sheets in N-G have fewer atomic layers than GNS. It also indicates that the265
increasing surface area is associated with more edge sites. The large surface area of N-G266
causes the strong interaction between oxygen and carbon [29], resulting a low ORR activity.267
Therefore, the Pt subnano-clusters and graphene are responsible for causing high ORR268
catalytic activity of Pt/GNS. I consider two factors, those are i) Enthalpy factor ascribes the269
interface interaction Pt-C via the π-d hybridization. It is possible due to the reactivity of270
graphene’s π-conjugated states, and ii) Entropy factor. GNS has large surface area. It is271
required for high dispersion of small Pt particles.272

4. CONCLUSION273
274

In this study, the GNS and N-G were used as supporting materials to deposit Pt particles in275
order to investigate the support material effect for ORR activity. The ORR activity of Pt/GNS276
is higher than Pt/N-G catalysts. This suggests that the modification of π states by the N-277
doping change the properties of the interaction between Pt and carbon. The interaction278
between Pt and graphene is considered to be π–d hybridization. Therefore, one can control279
the electronic structure of graphene and Pt by doping of some elements. On the other hand,280
since the particle sizes and binding energies are similar and the surface areas are different,281
the difference between GNS and N-G is related to surface area. The greater surface area282
has more sites on which the oxygen binding is very strong. It also causes the ORR catalytic283
activity of Pt/N-G is lower than Pt/GNS.284
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