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a b s t r a c t

The carbon monoxide (CO) tolerance performance of polymer electrode fuel cells (PEFCs) was studied for
a catalyst composed of graphene nanosheets (GNS) with sub-nano-Pt clusters. The Pt catalysts supported
eceived in revised form 25 June 2010
ccepted 8 July 2010
vailable online 15 July 2010
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on the GNS showed a higher CO tolerance performance in the hydrogen oxidation reaction (HOR), which
was significantly different from that of platinum on carbon black (Pt/CB). It is proposed that the presence
of the sub-nano-Pt clusters promotes the catalytic activity and that the substrate carbon material alters
the catalytic properties of Pt via the interface interactions between the graphene and the Pt.

© 2010 Elsevier B.V. All rights reserved.
O tolerance

. Introduction

Graphene nanosheets (GNS) are promising carbon materials for
variety of energy technologies, including electrocatalysis, lithium

on batteries, hydrogen storage and capacitors. This is because
hey exhibit unique two-dimensional sheet structures and supe-
ior electrical conductivities when compared with graphitic carbon.
NS are obtained by the chemical reduction of graphite and are
sed for large scale applications [1–6]. We have reported that GNS
xhibit giant Li-ion intercalation capacities reaching 784 mAh/g, in
reversible way, which is more than twice that of graphite [1,2].

everal groups have reported that metal nanoparticles such as Pt
nd Au, when supported on GNS, show high performances when
sed as electrocatalysts for fuel cells [3–7]. The enhanced perfor-
ance of the electrocatalyst is attributed to the high specific surface

rea of the GNS. We have also reported that Pt catalysts supported
n GNS show a high performance for methanol oxidation reaction

MOR) when compared with Pt/carbon black (Pt/CB). It has been
uggested that this high performance for MOR is attributed to the
ormation of sub-nano-Pt clusters on GNS with average sizes of
.3 nm. Pt particles of such a small size have not previously been
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∗∗ Corresponding author. Tel.: +81 29 853 5279; fax: +81 29 853 5279.
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J. Nakamura).
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observed on carbon. The presence of sub-nano-Pt clusters on GNS
has been thought to enhance the MOR activity [8]. It is therefore
expected that GNS with sub-nano-Pt clusters will be excellent can-
didates for use as electrocatalysts in fuel cells. However, there have
been no reports on the evaluation of electrocatalysts in polymer
electrolyte fuel cells (PEFCs). Therefore, we have investigated the
use of Pt/GNS as anode or cathode electrocatalysts for PEFCs. It is
thought that the catalytic activity of Pt is promoted by using this
new, unique carbon material, leading to a reduction in Pt usage,
in PEFCs. The development of carbon monoxide (CO) tolerant cata-
lysts is required for the commercialization of stationary type PEFCs,
using hydrogen fuels produced from reforming hydrocarbons. It
is widely recognized that Pt catalysts are deactivated by a small
amount of CO and that Pt/Ru alloy catalysts are highly CO toler-
ant. We report here a catalyst composed of GNS with sub-nano-Pt
clusters which show a high CO tolerance as an anode catalyst for
PEFCs.

2. Experimental

Graphene nanosheets (GNS) were obtained via a solution-based
route, involving the chemical oxidation of graphite to hydrophilic

graphite oxide. Graphite oxides were made by the Hummers
method [9]. Graphite oxides were easily exfoliated to form indi-
vidual graphene oxide sheets, by ultrasonication in water. The
graphene oxide sheets were then reduced to graphene nanosheets
by use of hydrazine hydrate.

dx.doi.org/10.1016/j.jpowsour.2010.07.024
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:i.homma@aist.go.jp
mailto:nakamura@ims.tsukuba.ac.jp
dx.doi.org/10.1016/j.jpowsour.2010.07.024
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The 20 wt% Pt catalysts were deposited onto graphene
anosheets using a platinum precursor of [Pt(NO2)2(NH3)2] (Ishi-

uku Metal Industry, Tokyo) in an ethanol solution. The powdered
ixture was dispersed in ethanol, dried in air at 40 ◦C for 1 h and

hen subjected to heat-treatment in a hydrogen/Argon (H2/Ar) (1:4,
:v) stream at 400 ◦C for 2 h in a furnace. Commercial 20 wt% Pt/CB
nd 20 wt% Pt-10 wt% Ru/CB catalysts (Johnson Matthey) were also
ested for comparison. Transmission electron microscopy (TEM)
mages showed that well-dispersed Pt and Pt–Ru particles with
izes ranging from 2 to 3 nm were obtained for these commer-
ial catalysts. The amount of Pt or Ru in the electrocatalysts was
stimated by ICP (inductively coupled plasma) analysis.

The catalytic activity for a hydrogen oxidation reaction (HOR)
as tested in a three-electrode glass cell, in 0.05 mol dm−3 H2SO4

t room temperature, under a flow of pure H2 or in a mixture
f 500 ppm CO/H2, in the solution for 1 h. Catalysts were loaded
nto a glassy carbon disk electrode (0.28 cm2) with diluted (1:50 in
ethanol) 5 wt% Nafion solution (Aldrich). The working electrode
as a catalyst supported on a glassy carbon disk, the counter elec-

rode was a platinum plate, and a silver/silver chloride electrode
Ag/AgCl) was used as the reference electrode.

COad oxidation was measured by COad stripping voltammetry,
n a 0.05 mol dm−3 H2SO4 solution, at room temperature. 3% CO/N2
as was passed into the cell for 1 h. Then, the CO/N2 gas was purged
ith N2 gas for 30 min, and the COad stripping experiment was
erformed at a scan rate of 10 mV s−1. The hydrogen ionization
easurements of the COad-covered electrodes were performed by

ubbling hydrogen gas for 30 min, to produce a saturated solution.
yclic voltammetry was carried out in a flow of H2 gas at a scan rate
f 10 mV s−1.

A durability test was performed, with repeated potential cycling,
etween −0.25 and 1.0 V vs. Ag/AgCl at 50 mV s−1 in N2 saturated
.05 mol dm−3 H2SO4 at room temperature.

The morphological structures of the Pt/GNS and the Pt/CB were
haracterized by High-Angle Annular Dark-Field Scanning Trans-
ission Electron Microscopy (HAADF-STEM, JEOL, JEM-3000F).

. Results and discussion

The prepared GNS revealed a curled morphology, consisting of a
hin wrinkled paper-like structure as shown by the SEM images in
ig. 1(a). The thickness of the GNS was estimated to be between
and 7 nm by SEM measurements, corresponding to ca. 10–20

tacked layers of monatomic graphene sheets. In addition, as shown
n the TEM images in Fig. 1, the thin GNS were irregularly bent
nd deformed like crumpled paper, and the graphene sheets were
andomly stacked. The morphological structure, the particle size,
nd the metal dispersion of the Pt electrocatalysts were also exam-
ned by TEM. Fig. 1(c) and (d) shows the TEM images of Pt/GNS
nd Pt/CB, respectively. Pt particles with sizes of 2–3 nm for the
t/GNS and Pt/CB were well-dispersed on the GNS and the CB. To
bserve sub-nano-Pt clusters, HAADF-STEM images were taken for
oth the Pt/GNS and the Pt/CB. Fig. 1(e) shows the image of the
t/GNS and it can be seen that platinum is finely dispersed on the
NS with many clusters being less than 0.5 nm in diameter and
ith the largest being 2 nm wide. The image were also used to

tudy the size of the smaller Pt clusters and these were estimated
o be 0.3 nm. However, the HAADF-STEM measurements did not
how any sub-nano-Pt clusters supported on the carbon black of
he Pt/CB (Fig. 1(f)).
Fig. 2 shows the catalytic activities of the Pt/GNS, Pt/CB and
tRu/CB for the HOR reaction for 1 h at room temperature in pure
2 and in H2 with 500 ppm CO. In pure H2, the catalytic activities
f all the samples were similar, regardless of the type of carbon
aterial used. However, a significant support effect was observed
urces 196 (2011) 110–115 111

in the presence of H2 with 500 ppm CO. The HOR activity of the
Pt/GNS electrocatalyst remained at ca. 52% (0.44 mA cm−2) of that
in pure H2 at −0.1 V vs. Ag/AgCl. In contrast, the Pt/CB electrocat-
alyst exhibited less than about 11% (0.13 mA cm−2) of the catalytic
activity in H2. In comparison, the PtRu/CB, which is a well-known
CO tolerant catalyst, maintained a catalytic activity of up to 45%
(0.54 mA cm−2) under 500 ppm CO/H2. This clearly shows that the
CO tolerance performance of the Pt/GNS is significantly superior
to that of Pt/CB and that the substrate carbon material alters the
catalytic properties of the Pt for the PEFCs.

To investigate the differences in the CO tolerance performance
between the Pt/GNS and the Pt/CB, we examined the relationship
between the onset potentials of the hydrogen ionization and the CO
oxidation potentials of all of the measured samples. Fig. 3 shows
the hydrogen ionization voltammograms on COad-covered Pt as
well as the CO stripping voltammograms. The anodic current of the
COad oxidation on the Pt/GNS starts to increase at about 0.40 V vs.
Ag/AgCl and shows an anodic peak at 0.49 V vs. Ag/AgCl as shown
in Fig. 3(a). If the H2 ionization occurs on the free Pt sites formed
by the removal of the COad, the H2 ionization of the Pt/GNS pro-
ceeds at 0.40 V vs. Ag/AgCl. This is the point at which COad removal
begins on the Pt. However, the H2 ionization of the Pt/GNS was ini-
tiated at a lower voltage of 0.2 V vs. Ag/AgCl and attained a limiting
current of 0.48 V vs. Ag/AgCl. In contrast, the PtRu/CB and Pt/CB
catalysts showed hydrogen ionization on COad-covered electrodes
began at the same time as COad removal started, in the CO stripping
voltammograms, that is, at 0.2 and 0.42 V vs. Ag/AgCl, respectively.
Kita et al. have reported that hydrogen ionization on Pt metal takes
place on an extremely small number of vacant upd (underpotential
deposition)-H sites and can easily attain a limiting current. This is
because the H2 ionization takes place at the remaining free sites,
following the removal of the COad [10]. The reasons why the Pt/GNS
showed such a difference in behavior towards hydrogen ioniza-
tion on COad-covered Pt are not yet clear. However, we believe that
the existence of the sub-nano-Pt clusters on the GNS may allow
hydrogen ionization to take place on the COad-covered Pt, in the
low over-potential regions.

Fig. 4 shows the CO oxidation charges for the Pt/CB and Pt/GNS
as a function of CO concentration. The CO/H2 gases with CO con-
centrations of 500 ppm, 1% and 3% were passed into the cell for 1 h.
The CO/H2 gases were then purged with N2 gas for 30 min, and COad
stripping voltammetry was performed at a scan rate of 10 mV s−1 in
N2. The CO oxidation charge of the Pt/CB reached a full charge for the
500 ppm CO concentration. In contrast, we found that the CO oxida-
tion charge of the Pt/GNS was approximately 10 times lower than
that of the Pt/CB in a 500 ppm CO concentration. This indicated that
the coverage of COad on the Pt/GNS was relatively small at 500 ppm
CO. The CO oxidation charge of the Pt/GNS reached a full charge at
1% CO concentration. These results suggest that the CO tolerant
HOR activity of the Pt/GNS is greatly enhanced by the less reactive
character of the Pt supported on GNS, toward CO adsorption.

The stability of the electrocatalysts is one of the most important
factors because of the high demand for their long-term perfor-
mance in fuel cells. This stability can be investigated by repeated
potential cycling in acidic solution. We performed potential cycling
between −0.25 and 1.0 V vs. Ag/AgCl at a scan rate of 50 mV s−1, in
N2 saturated H2SO4 solution to examine the durability of both the
Pt/GNS and Pt/CB towards the HOR. The electrochemically active
surface area (ECSA) was estimated by the charge corresponding to
the hydrogen desorption from the electrode surface [11]. The ECSAs
for the Pt/GNS and Pt/CB were estimated to be 24.01 and 20.61 m2/g

Pt, respectively, before potential cycling. The reason why the ECSA
of Pt for Pt/GNS is not so large is explained by the coexistence of
larger Pt particles above 2 nm in size as shown in Fig. 1(c). Inter-
estingly, the decrease in the ECSA value of the Pt/GNS is smaller
than that of the Pt/CB, after potential cycling, as can be compared
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ig. 1. SEM (a) and TEM (b) images of GNS. HAADF-STEM images of 20 wt% Pt/GN
nd 20 wt% Pt/CB (f).

n Fig. 5(a) and (b). Fig. 5(c) and (d) shows the decrease in the ECSA
alues with time of potential cycling. The Pt/CB lost about 75% of
ts initial ECSA, whereas the Pt/GNS lost only about 45% of its ini-
ial ECSA after 3000 cycles (about 21 h). Kou et al. have reported
hat functionalized graphene sheets, with higher numbers of � sites

nd functional groups, may lead to strong metal-support interac-
ions and a resultant resistance of Pt to sintering and therefore to
nhanced durability [12]. Even though both samples in our exper-
ments lost ECSA after repeated potential cycling, the difference in
he losses are considered to be due to the presence of sub-nano-Pt
nd 20 wt% Pt/CB (d). The magnification HAADF-STEM images of 20 wt% Pt/GNS (e)

clusters on the GNS, with strong interactions occurring between
the sub-nano-Pt clusters and the GNS. Thus, the results from these
durability tests suggested that GNS are a superior substrate mate-
rial on which to anchor Pt particles for use in fuel cells.

Fig. 6 shows the HOR activity of the Pt/GNS and Pt/CB in H2, with

and without 500 ppm CO, after 3000 repeated potential cycles. The
HOR activity of the Pt/GNS in pure H2 does not significantly differ
from that of the initial HOR activity (0.80–0.78 mA cm−2). Further-
more, the HOR activity under 500 ppm of CO/H2 maintained ca. 36%
of the catalytic activity in pure H2. Conversely, the HOR activity of
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Fig. 2. Polarization curves of the hydrogen oxidation reaction on a rotating disk
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Fig. 3. The hydrogen ionization voltammogram on COad covered Pt and CO strip-
ping voltammogram in 0.05 mol dm−3 H2SO4 at 25 ◦C. (a) Pt/GNS, (b) Pt/CB and (c)
PtRu/CB.
lectrode (RDE) measured in 0.05 mol dm−3 H2SO4 at 25 ◦C, where H2 gas is bubbled
ith and without 500 ppm CO. Rotating speed 500 rpm and scan rate 10 mV s−1, (a)

t/GNS, (b) Pt/CB and (c) PtRu/CB.

he Pt/CB in pure H2 decreased by about 55% (1.21–0.54 mA cm−2)
f the initial HOR activity and stayed at 5% under 500 ppm CO/H2.
his indicates that the Pt/GNS showed a durability behavior which
iffered from that of the Pt/CB.

Although the mechanism of the CO tolerance for Pt/GNS is still
nclear, we found that the Pt/GNS showed a significantly higher

O tolerance performance and a higher durability than that of
t/CB. There may be two possible reasons for the excellent CO tol-
rant HOR activity of the Pt/GNS. First, the presence of sub-nano-Pt
lusters on the GNS may promote the CO tolerance performance.

Fig. 4. The CO oxidation charges for Pt/CB and Pt/GNS as a function of CO concen-
tration. Rotating speed 500 rpm, scan rate 10 mV s−1, CO concentrations: 500 ppm,
1% and 3% CO/H2, electrolyte: 0.05 mol dm−3 H2SO4.
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Fig. 5. Cyclic voltammograms of Pt/GNS (a) and Pt/CB (b) under a scan rate of 100 mV s−1 before and after 700 and 3000 CV degradation. The bottom two figures show the
decay of the electrochemically active surface area of the Pt particles on GNS (c) and CB (d), during potential cycles.

F ycles
R

S
t
c
f
c
s
e
t
�
t
�
h
(

ig. 6. Polarization curves of the hydrogen oxidation reaction after 3000 potential c
otating speed 500 rpm and scan rate 10 mV s−1, (a) Pt/GNS and (b) Pt/CB.

econd, the chemical effect due to the modification of the Pt elec-
ronic structure, by the GNS support, may cause a difference in the
atalytic activities. In the previous surface science study, we have
ound in the case of a Pt-deposited graphite sample, that signifi-
ant chemical interactions at the interface between the graphite
urface and the Pt catalyst particles leads to modifications in the
lectronic structure of the Pt catalysts [13]. It has also been reported
hat graphene sheets strongly interact with Ru (0 0 0 1) surfaces by

–d hybridization. It is thus suggested in this study that Pt clus-

ers of smaller size interact with graphene via the same type of
–d hybridization [14]. The difference between Pt/GNS and Pt/CB
as been revealed by the extended X-ray absorption fine structure
EXAFS) measurements, which will be reported elsewhere. Further
in 0.05 mol dm−3 H2SO4 at 25 ◦C, where H2 gas was with and without 500 ppm CO.

work is under way to clarify the mechanism of the CO tolerance for
the Pt/GNS.
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