
Published: February 8, 2011

r 2011 American Chemical Society 2541 dx.doi.org/10.1021/ja107719u | J. Am. Chem. Soc. 2011, 133, 2541–2547

ARTICLE

pubs.acs.org/JACS

Stabilization of Electrocatalytic Metal Nanoparticles at Metal-Metal
Oxide-Graphene Triple Junction Points
Rong Kou,†,‡,# Yuyan Shao,†,‡ Donghai Mei,† Zimin Nie,† Donghai Wang,†,z Chongmin Wang,†

Vilayanur V Viswanathan,† Sehkyu Park,† Ilhan A. Aksay,§ Yuehe Lin,† Yong Wang,*,†,|| and Jun Liu*,†

†Pacific Northwest National Laboratory, Richland, Washington 99352, United States
§Department of Chemical and Biological Engineering, Princeton University, Princeton, New Jersey 08544, United States

)The Gene and Linda Voiland School of Chemical Engineering and Bioengineering, Washington State University, Pullman,
Washington 99164, United States

bS Supporting Information

ABSTRACT: Carbon-supported precious metal catalysts are widely used in
heterogeneous catalysis and electrocatalysis, and enhancement of catalyst
dispersion and stability by controlling the interfacial structure is highly
desired. Here we report a new method to deposit metal oxides and metal
nanoparticles on graphene and form stable metal-metal oxide-graphene
triple junctions for electrocatalysis applications. We first synthesize indium tin
oxide (ITO) nanocrystals directly on functionalized graphene sheets, forming
an ITO-graphene hybrid. Platinum nanoparticles are then deposited, form-
ing a unique triple-junction structure (Pt-ITO-graphene). Our experimental work and periodic density functional theory (DFT)
calculations show that the supported Pt nanoparticles are more stable at the Pt-ITO-graphene triple junctions. Furthermore, DFT
calculations suggest that the defects and functional groups on graphene also play an important role in stabilizing the catalysts. These
new catalyst materials were tested for oxygen reduction for potential applications in polymer electrolyte membrane fuel cells, and
they exhibited greatly enhanced stability and activity.

’ INTRODUCTION

Precious metal nanoparticles (e.g., Pt, Au, Pd, and Rh)
supported on carbon materials are one of the most widely used
materials for heterogeneous and electrochemical catalysis. For
these catalyst materials, the ability to control the dispersion and
the durability of catalytic metal nanoparticles is essential to per-
formance and economical feasibility. Herein, adjustments and
optimizations of the interactions between the active metal phase
and the support materials are the key factors to achieve this
goal.1,2 Recently, it has been proposed that hybrid materials, such
as metal oxide-carbon complexes, should be used as the support
for metal nanoparticles by synergistically combining the proper-
ties of both metal oxide and carbon materials.3 Although there
has already been a significant effort to accomplish this goal,
controllable synthesis of these catalysts is difficult because of the
complexity of these materials, preventing a clear understanding
of the nature of interfacial interactions between metal nanopar-
ticles and oxide-carbon materials.4

As one of the most widely used catalyst supports, carbon
materials have a high surface area for the dispersion of metal
nanoparticles, a porous structure for transferring reactants and
products, and good electrical conductivity required for electro-
chemical reactions. However, the weak interaction between
metal and carbon supports results in a severe sintering/agglom-
eration of catalytic metal nanoparticles and consequently de-
creases the active surface area, which leads to the degradation of

performance under long-term operations. The stability of the
carbon material itself is also an important issue. For example, in
polymer electrolyte membrane (PEM) fuel cells, carbon support
corrosion (C þ 2H2O f CO2 þ 4Hþ þ 4e-) is a serious
problem with respect to the durability of electrocatalysts.5-7 In
the literature, manymethods have been reported to address these
problems, including using carbide, nitride, or metal oxides as
catalyst supports.3,8

Metal oxides have also been widely used to support metal
particles. These materials have higher stability than carbon in
oxidizing environments.9,10 Several conductive metal oxides have
been investigated as catalyst supports in electrocatalysis with
improved stability.11-14 High surface area metal oxide nanopar-
ticles are often desired to increase the metal dispersion and site
density. However, high surface area metal oxides are also more
difficult to stabilize and have a tendency to decrease the surface
area due to coarsening in long-term operations.15 More impor-
tantly, high surface area semiconducting metal oxides generally
do not have sufficient electrical conductivity. This problem can
be made worse by the porosity and disordering of the crystalline
structure.16,17 There have been several reports on loading metal
oxides on carbon supports or coating carbon nanotubes with
metal oxides to improve the activity and durability of the
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catalysts.18 The combination of metal oxides and carbon materi-
als potentially allows the optimization of both the dispersion and
the electrical conductivity.

In this study we used a functionalized graphene sheet (FGS), a
newly developed two-dimensional (2-D) carbon material pro-
duced through thermal expansion and reduction of graphite
oxide,19 as the carbon support. Graphene in general has attracted
wide attention because of its unique structure, high surface area,
and high electrical conductivity. Graphene sheets have been used
as the template to deposit metal catalysts for electrocatalysis20,21

and as building blocks to form metal/graphene and metal oxide/
graphene supports for catalysts and battery applications.22-25 In
this work, we have developed a facile method to directly grow
indium tin oxide (ITO) nanocrystals on functionalized graphene
sheets to form ITO-graphene hybrids and studied their applica-
tion as a Pt electrocatalyst support (in the rest of the paper, we
will simply refer to “functionalized graphene sheets” as graphene
or graphene sheets). Most carbon materials are disordered, and it
is difficult to obtain direct information about the structures at the
interfaces. The unique 2-D structure of graphene provides an
ideal model to directly observe and closely study the structure
and the morphology of the catalytic metal nanoparticles on sup-
port materials and to study the interaction between the catalytic
metal and the hybrid support materials underneath. Our experi-
mental results and density functional theory (DFT) modeling
show that Pt nanoparticles are stabilized at ITO-graphene
junctions forming a special Pt-ITO-graphene triple junction
structure that has not been reported before. DFT calculations
also provide important information on the role of the defects and
functional groups of the graphene material on interfacial binding,
a phenomenon seldom studied in the literature. These new
catalyst materials were tested for oxygen reduction for potential
application in PEM fuel cells, and they exhibited greatly en-
hanced performance, especially the durability. The concept of
stabilizing metal catalysts at metal-metal oxide-graphene triple
junctions might be extended to other catalytic applications.

’METHODS

Synthesis of ITO Nanoparticles and ITO-Graphene Hy-
brids. First, graphene was dispersed in benzyl alcohol with a concen-
tration of 0.0045 g/mL. Our graphene, due to the nature of its pro-
cessing, contains topological defects, vacancies,26 and oxygen functional
groups (epoxy, hydroxy) with an approximate C/O ratio of 14.19,27 As
prepared, it contains approximately 80% single-sheet graphene along
with stacked graphene (graphene stacks) as described previously.19,27

Although it is possible to eliminate the stacked portion of the material by
sedimentation methods, these stacks do not prevent us from accom-
plishing the goal of this study. To prepare ITO nanoparticles with a
concentration of 10 wt % SnO2, 0.2672 g of indium acetylacetonate
[In(acac)3] and 0.02729 g of tin(IV) tert-butoxide [Sn(OtBu)4] were
mixed with 20 mL of benzyl alcohol and stirred overnight before being
transferred to an autoclave. To prepare the ITO-graphene hybrids, the
designated amount of graphene/benzyl alcohol was added into the
In(acac)3 and Sn(OtBu)4 solution and stirred overnight before it was
transferred to an autoclave. Where not stated specifically in the paper,
the autoclaves were heated to 200 �C and kept there for 17 h. The
products were washed with ethanol and a large amount of chloroform,
isolated by filtration, and finally dried in air.
Loading Pt Catalyst on Supporting Materials. A chemical

reductionmethod was used to load 20 wt % Pt nanoparticles on different
supporting materials.28 First, 0.0525 g of H2PtCl5 was dissolved in
40mL of ethylene glycol (EG), and the pHwas adjusted to 12 with a 2M

NaOH/EG solution. To load Pt on ITO-graphene hybrid, 0.1 g of
ITO-graphene hybrid was added to the solution. The mixture was
sonicated for 5 min and heated to 140 �C for 4 h. The products were
washed with a large amount of water, isolated with filtration, and then
dried in air. The same procedures were used to load Pt on other sup-
ports, including graphene, ITO, Vulcan XC-72 carbon black, and carbon
nanotubes.
Material Characterization. The X-ray diffraction (XRD) char-

acterization of the samples was performed with Cu KR radiation at
λ 1.54 Å on a Philips Xpert X-ray diffractometer. Transmission electron
microscopy (TEM) characterization of the samples was performed with
a JEOL TEM 2010 microscope equipped with an Oxford integrated
scientific information system (ISIS). The operating voltage on the mic-
roscope was 200 keV. Nitrogen adsorption data were collected using
Quantachrome autosorb automated gas sorption systems.
Electrochemical Characterization. The electrochemical char-

acterization was carried out in a standard three-electrode cell using a Pt
wire counter electrode and an Hg/Hg2SO4 reference electrode [0.69 V
vs reversible hydrogen electrode (RHE)] at room temperature. Working
electrodes were prepared by applying catalysts ink on prepolished glassy
carbon electrodes (5 mm in diameter). The total loading of Pt was 3 μg.
All electrode potentials are reported vs RHE.

Before measurements, working electrodes were first activated with
cyclic voltammetry (CV) (0-1.1 V, 50mV 3 s

-1) in aN2-saturated 0.1M
HClO4 solution until a steady CV was obtained. An oxygen reduction
reaction (ORR) linear sweep voltammetry (LSV, positive-going poten-
tial scan, 5mV 3 s

-1) was conducted inO2-saturated 0.1MHClO4 on the
rotating-disk electrode system (Pine Instruments). The ORR kinetic
current values were obtained with the Koutecky-Levich equation.8,29

The ORR current values measured in 0.1 M HClO4 solution are quite
different from those in 0.5 M H2SO4 solution, with the former being
much higher than the latter.30 Since many other studies conduct the
ORR test in 0.1 M HClO4,

8,31 we mostly report ORR current values in
0.1MHClO4 in this work. The durability tests were performed using the
accelerated degradation test (ADT) protocol, which was specially
designed to simulate PEM fuel cell working conditions in studying the
durability of catalysts.32 The CVs and oxygen-reduction polarization
curves were recorded before and after 22 h of ADT testing, respectively.

The electrochemically active surface areas (ESAs) of Pt on each
sample were calculated with Coulombic charges accumulated during
hydrogen adsorption/desorption after correcting for the double-layer
charging current from the CVs.33 The ESA values measured in 0.5 M
H2SO4 and in 0.1 M HClO4 solution were similar.
Density Functional Theory Calculations. Periodic density

functional theory (DFT) calculations were performed with the Vienna
ab initio simulation package (VASP).34,35 The model systems of gra-
phene-supported ITO and Pt nanoparticles were described as an opti-
mized ITO (In9Sn1O15) cluster that was cut from an ITO bulk bixbyite
structure and an optimized Pt cluster (6 Pt atoms) supported on the
(6 � 6) supercell graphene sheet. The interaction energy (Eint) at 0 K
between the cluster (ITO or Pt6) and the graphene substrate was cal-
culated as follows

Eint ¼Ecluster þ substrate-ðEclusterþEsubstrateÞ ð1Þ
where Eclusterþsubstrate is the total energy of the interacting system of the
substrate and the supported cluster, Esubstrate is the total energy of the
optimized bare graphene substrate slab, and Ecluster is the energy of the
optimized ITO or Pt6 cluster in vacuum. With the definition given in
eq 1, the more negative value of Eint indicates the stronger interaction
between the supported cluster and the graphene substrate. In a similar
way, we also calculated the interaction energy between the Pt6 cluster
and the ITO substrate. A periodic ITO(222) surface slab with nine
atomic layers was used in the calculation. Since our graphene intrinsically
has defects and oxygen-containing functional groups,27 we also took into
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consideration graphene with defects and/or oxygen functional groups.
The details of the DFT calculations are given in the Supporting Infor-
mation.

’RESULTS AND DISCUSSION

Growth of ITO Nanoparticles on Graphene. While a sys-
tematic study on the growth of highly crystalline ITO nanopar-
ticles in solution has been reported by Ba et al.,36 who reported
individual, isolated ITO nanocrystals with the bixbyite structure
and with crystallite sizes of about 10-12 nm by a two-stage
process, in our study, we strictly focus on the nucleation and
growth of these particles on graphene. Similar to the obser-
vations of Ba et al.36 and earlier findings on the formation of
amorphous nuclei that later transform to a crystalline state during
a multistage growth,37 we show that a solid-state transformation
to ITO also takes place at a later stage (17 h).
The XRD pattern of ITO (with 10 wt % SnO2) grown on

graphene after 17 h of reaction time is shown in the lower part of
Figure 1. Intense reflection peaks corresponding to the highly
crystalline cubic bixbyite structure of In2O3 (ICDD PDF No.
6-416) are observed. Since peaks corresponding to crystalline
SnO2 phase are not observed, we conclude that a solid
solution rather than a mixture of indium oxide and tin oxide
is produced.38 Energy dispersive X-ray analysis spectroscopy
of the ITO-graphene hybrid showed the presence of Sn
(∼10%). The average crystallite size of ITO after a reaction
of 17 h is estimated to be around 12 nm using the Scherrer
equation.
The TEM investigation of the ITO particle growth on gra-

phene showed the formation of amorphous nanoparticles after
1 h followed by a transformation to highly crystalline ITO
nanoparticles after 17 h (Figure S1, Supporting Information).
Figure 2a shows a TEM image of ITO-graphene hybrids (all
ITO-graphene hybrids contain 75 wt % ITO and 25 wt % gra-
phene unless otherwise stated). A uniform distribution of ITO
particles ∼10 nm in diameter, consistent with the average par-
ticle size estimated by XRD analysis, is observed. Thus, the
crystallite size determined by the Scherrer method corresponds
to the nanoparticle size itself, suggesting that the individual
particles must be mainly single crystals of ITO. This conjecture
is supported by the lattice fringe images of Figure 2b. The spac-
ings of the lattice fringes in two adjacent particles, which appear
to be fused together, are 0.29 and 0.18 nm, corresponding to the
d-spacings of the ITO crystalline planes of (222) and (440),
respectively. Since the selected area electron diffraction (SAED)

shows a polycrystalline texture, the ITO nanoparticles on
graphene must be randomly oriented in contrast to the high
degree of orientational order observed by Ba et al.36 in the early
stages of growth.
We used these highly crystalline ITO nanoparticles on gra-

phene (ITO-graphene, 17 h reaction time) as the Pt catalyst
support for our studies as detailed below.
Pt-ITO-Graphene Nanocomposites. The XRD pattern of

the Pt-ITO-graphene nanocomposite in Figure 1 shows peaks
indexing to Pt, indicating the formation of Pt particles smaller
than the ITO particles, as evidenced by the broader peaks in
comparison to those of ITO. The XRD data are supported by the
high-resolution TEM image of Figure 2c, which shows that while
the ITO nanoparticles are ∼10 nm in diameter, the Pt nano-
particles are∼2 nm in diameter. Similar to the uniform distribu-
tion of ITO particles, the Pt nanoparticles are also highly disper-
sed on the ITO-graphene hybrid without agglomeration. In
contrast, the Pt nanoparticles on graphene show a high degree of
aggregation (Figure S6, Supporting Information) with the Pt
particle size ranging from 2 nm to several tens of nanometers.
This indicates that the ITO nanoparticles on graphene help
disperse Pt nanoparticles. Figure 2c also shows that the majority
of the Pt nanoparticles are on the surface or at the grain boundaries

Figure 1. XRD patterns of ITO-graphene hybrid (75 wt % ITO) and
Pt-ITO-graphene nanocomposite (20 wt % Pt).

Figure 2. TEM images of ITO nanoparticles on graphene sheets (a, b),
Pt-ITO-graphene (c, d), and the cross section TEM images of
Pt-ITO-graphene (e, f). Inset: The schematic structure of
Pt-ITO-graphene nanocomposite. ITO content in ITO-graphene
composite is 75 wt % and Pt content in Pt-ITO-graphene is 20 wt %.
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of the ITO nanoparticles (marked with arrows). Figure 2d
shows that the crystalline Pt nanoparticles are formed on the
surface of ITO particles. Cross-section TEM images (Figure 2e,f)
further reveal the exact location of Pt and ITO nanoparticles in
the Pt-ITO-graphene nanocomposite. In the low-magnifica-
tion cross-section image (Figure 2e), the graphene stacks are
observed as a narrow band, and both sides of graphene stacks
are coated with ITO and Pt nanoparticles. The graphene layers
are clearly observed in the high-resolution image of Figure 2f. As
we discussed in a previous publication,39 the TEM observation is
biased toward the stacked structure of graphene, because a single
layer of graphene sheet is difficult, if not impossible, to image in
the embedded cross-section TEM sample. Furthermore, we
could not rule out the possibility of some degree of restacking
of single-layer graphene into graphene stacks during processing.
Therefore, the final graphene material most likely contains a
mixture of single-layer graphene and graphene stacks. A unique
observation from these TEM images is that while the graphene
stacks (marked) are coated by one layer of ITO nanoparticles or
islands of fused ITO nanoparticles, Pt nanoparticles are depos-
ited at the interface between the ITO and graphene, as schema-
tically illustrated in Figure 2e (Inset). Figure 2f reveals the
location of Pt nanoparticles at junctions between ITO and
graphene (Pt nanoparticles bonded with both graphene and
ITO at the corner to form triple junctions) instead of on the
graphene only or on the ITO surface only. Thus, combining the
face-on and the cross-sectional images in Figure 2, we conclude
that Pt nanoparticles are preferentially located at the junctions
between ITO and graphene, forming the unique triple junction
structure.
In a previous study, we reported that Pt nanoparticles are more

likely to bond to the graphene surface through defects and
functional groups (e.g., hydroxyl, epoxy).20 The strong interac-
tion between Pt and defects/functional groups improved the
activity and stability of Pt nanoparticles on graphene.20 Metal
oxide nanoparticles are also known to have a strong interaction
with Pt nanoparticles.11,14 Therefore, when Pt nanoparticles are
deposited on the ITO-graphene hybrid, whether the Pt nano-
particles bond with ITO, with graphene, or both will be affected
by a balance of Pt-ITO and Pt-graphene interaction energies.
DFT Calculations. To better understand the preferential

bonding of Pt nanoparticle with both ITO nanoparticle and
graphene support at the triple junction points, DFT calculations
were conducted. According to previous experimental27 and theo-
retical40 studies, a 5-8-5 defect is considered to be the most
stable defect in our graphene27 while the functional groups are
the hydroxyls (-OH) and epoxies (C-O-) .27,41 The interac-
tion energies (Eint) of adsorbed clusters (Pt, ITO, ITO-Pt) on
four different substrates: perfect graphene, graphene with 5-
8-5 defect, graphene with 5-8-5 defect and epoxy, and
graphene with 5-8-5 defect and hydroxyl (see Figure 3 and
Figure S2-S4 in Supporting Information), were determined
using periodic DFT calculations. The results including the Pt6
cluster on the ITO(222) substrate are given in Table 1. The
enhanced interaction (ΔEint) for Pt-ITO-graphene with triple
junction configuration was calculated using eq 2:

ΔEint ¼EintðITO-Pt6Þ-½EintðPt6ÞþEintðITOÞ� ð2Þ
where Eint(ITO-Pt6) is the calculated interaction energy be-
tween supported cluster (ITO-Pt6) and graphene substrate
(with triple junction configuration), Eint(Pt6) is the calculated
interaction energy between isolated Pt6 cluster and graphene

substrate, and Eint(ITO) is the calculated interaction energy
between isolated ITO cluster and graphene substrate. The more
negative value of ΔEint indicates that the formation of
Pt-ITO-graphene triple junctions is more thermodynamically
favorable instead of isolated Pt and ITO clusters on the graphene
sheets. As shown in Table 1, on all the four different graphene
substrates, the formation of Pt-ITO-graphene triple junction
structure is preferred (ΔEint <0), and on the 5-8-5 defect

Figure 3. The top views (left) and side views (right) of graphene with
5-8-5 defect (a), Pt6 cluster on graphene with 5-8-5 defect (b), ITO
(In9Sn1O15) cluster on graphene with 5-8-5 defect (c), Pt6-ITO-
graphene triple junction structure (d), and Pt6 cluster on ITO(222)
surface (e). Graphene sheet is displayed as gray balls for clarity; indium
atoms are in green, oxygen atoms are in red, platinum atoms are in dark
blue, and tin atoms are in light blue.
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graphene substrate, the Pt-ITO-graphene triple junction struc-
ture is highly stable (the highest absolute value ofΔEint). For the
case of isolated Pt6 cluster, the Eint(Pt6) on the graphene with
5-8-5 defects or functional groups are much larger than that on
perfect graphene, indicating the enhanced stabilization of Pt6
cluster at defect and functional groups sites on graphene sheets.
This is consistent with our previous study.20 On the other hand,
the calculated interaction energy of the Pt6 cluster on the most
stable ITO(222) surface is-5.56 eV, which is lower (in absolute
value) than any Eint(ITO-Pt6) on all four kinds of graphene
substrates, suggesting that supported Pt clusters prefer to bond at
the interface between ITO and graphene, forming the triple
junction structure instead of bonding onto ITO particles only.
Thus, the DFT calculation results are consistent with the TEM
observations that Pt nanoparticles favor the ITO-graphene
interface, forming triple junctions. The strong interaction be-
tween Pt nanoparticles and the ITO-graphene interface results
in a unique Pt-ITO-graphene triple junction structure that
eventually determines the dispersion of the active metal Pt phase.
We expect that the enhanced stabilization of Pt nanoparticles

at the ITO-graphene junctions should improve catalytic activity
and the stability of Pt-ITO-graphene. In the following section,
the electrochemical test results of oxygen reduction on Pt-

ITO-graphene electrocatalysts (for potential application in
PEM fuel cells) are presented to support this view.
Electrochemical Tests. Since the activity and stability of

oxygen-reduction electrocatalysts are the key challenges for
PEM fuel cell commercialization, we studied the electrochemical
performance of the Pt-ITO-graphene nanocomposite as an
electrocatalyst for oxygen reduction to demonstrate the enhan-
ced performance of Pt stabilization at the junctions. Figure 4
shows the electrochemical test results.
The catalytic activity of Pt-ITO-graphene, measured with

oxygen reduction linear sweep voltammetry (LSV) curves obtained
before and after ADT, showed only a 14mVdegradation in half-wave
potential (Figure 4a); in contrast, the corresponding change for
Pt-graphene was as high as 40 mV (Figure 4b). The ORR kinetic
mass activities before and after ADT are shown in Figure 4c,d. The
initial mass activities (before ADT) of Pt-ITO-graphene and Pt-
graphene are 108 and78A 3 g

-1Pt, respectively,which are, afterADT,
decreased to 84 A 3 g

-1 Pt (77.8% retention) and 26 A 3 g
-1 Pt

(33.3% retention), respectively, indicating significantly improved
stability and activity on Pt-ITO-graphene.
ESAs of Pt before and after ADT (from the CVs of Figure 4a,b

insets) were calculated to be 67 and 40 m2
3 g

-1 Pt for Pt-
ITO-graphene and Pt-graphene, respectively (Figure 4c,d);

Table 1. DFT Calculated Interaction Energies (Eint, eV) of Adsorbed Clusters on Graphene and ITO Substrate Surfacesa

adsorbed

cluster

perfect

graphene

graphene with

5-8-5 defect

graphene with

5-8-5 defect and epoxy

graphene with

5-8-5 defect and hydroxyl ITO(222)

Pt6 -2.64 -9.38 -9.98 -7.28 -5.56

ITO (In9Sn1O15) -1.36 -1.04 -1.46 -3.12 -
ITO-Pt6 -9.58 -20.64 -14.74 -13.94 -
ΔEint -5.58 -10.22 -3.30 -3.45

aΔEint = Eint(ITO-Pt6) - [Eint(Pt6) þ Eint(ITO)] is the enhanced interaction for Pt-ITO-graphene with triple junction structure.

Figure 4. Linear sweep voltammetry polarization curves of oxygen reduction on Pt-ITO-graphene (a) and Pt-graphene (b) in O2-saturated 0.1 M HClO4

(5 mV 3 s
-1, 1600 rpm). Inset: Cyclic voltammograms on Pt-ITO-graphene and Pt-graphene in N2-saturated 0.1 M HClO4 (50 mV 3 s

-1). (c, d) Electro-
chemically active surface area (ESA) and oxygen reduction reaction (ORR) kinetic currents before and after 22 h accelerated degradation test (ADT).



2546 dx.doi.org/10.1021/ja107719u |J. Am. Chem. Soc. 2011, 133, 2541–2547

Journal of the American Chemical Society ARTICLE

after ADT, the ESAs decreased to 36.4 m2
3 g

-1 Pt (54.3%
retention) and 15.2 m2

3 g
-1 Pt (38% retention), respectively.

As expected, these ESA results are in good agreement with the
measured ORR activity results.
The degradation of electrocatalysts can also be seen from post-

mortem TEM analysis. The TEM images of electrocatalysts after
the durability tests show significant agglomeration of Pt nano-
particles in Pt-graphene but much less Pt agglomeration in
Pt-ITO-graphene (Figure S6, Supporting Information), con-
firming the importance of stabilization of Pt nanoparticles in
Pt-ITO-graphene nanocomposite. This is important for prac-
tical applications in PEM fuel cells as the agglomeration of Pt
nanoparticles is one of the main reasons for the degradation of
PEM fuel cell electrocatalysts.5,7

In addition to showing the role of Pt stabilization on PEM fuel
cell performance, we have also compared the performance of
Pt-ITO-graphene with other widely used carbon-supported
electrocatalysts, such as Pt-carbon nanotube (Pt-CNT), Pt-
Vulcan carbon black (Pt-C), and commercial ETek Pt catalyst.
The results show that Pt-ITO-graphene has both the highest
durability and the highest activity among all the materials studied
in this work (Figure S7, Supporting Information), indicating a
promising electrocatalytic material for oxygen reduction in PEM
fuel cells. Further, we have also found that, with ITO coating,
graphene substrate is very resistant to oxidation (Figure S8, Sup-
porting Information), which should also contribute to the
excellent durability of Pt-ITO-graphene.

’CONCLUSION

In this study, we synthesized ITO-graphene hybrid material
and loaded catalytic metal Pt nanoparticles on the hybrid
material. We are able to produce a unique structure of Pt-ITO-
graphene triple junctions and study the structure-property
relationship. DFT calculations indicate that the deposition of
Pt nanoparticles is thermodynamically favored and stabilized at
the metal oxide-graphene junctions. The defects and functional
groups on graphene also help improve the stability of the
catalysts. Pt-ITO-graphene nanocomposites were investigated
as electrocatalysts for oxygen reduction for potential application
in PEM fuel cells. The ITO-graphene hybrid substrates possess
the desired properties of the metal oxide and graphene sheets.
The graphene sheets function as a scaffold that provides the high
surface area and greatly increases the electrical conductivity. The
ITO nanoparticles are evenly dispersed and protect graphene
from corrosion, improving the durability of the substrate. The
unique triple junction structure in the nanocomposite with a high
surface area, good metal dispersion, and good electrical con-
ductivity make such materials suitable for PEM fuel cell applica-
tions. The electrochemical tests show that the performance of Pt
supported on ITO-graphene hybrid substrates, especially the dur-
ability, is not only better than that of Pt supported on gra-
phene sheets but also better than the widely used Pt electrocatalysts
supported with carbon materials (e.g., Vulcan carbon XC72 and
carbon nanotubes). This study provides a new understanding of the
nature of the interactions in complex metal catalyst, metal oxide, and
carbon materials and may be extended to study the structure and
properties of other carbon-supported catalyst materials.
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