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ABSTRACT: A key challenge in developing fuel cells is the fabrication of low-cost
electrocatalysts with high activity and long durability for the two half-reactions, i.e., the
methanol/ethanol oxidation reaction (MOR/EOR) and the oxygen reduction reaction (ORR).
Herein, we report a conductivity-enhanced bifunctional electrocatalyst of nanoscale-coated
Pt−Pd alloys on both tin-doped indium (TDI) and reduced graphene oxide (rGO), denoted as
Pt−Pd@TDI/rGO. The mass activities of Pt in the Pt−Pd@TDI/rGO hybrid toward MOR,
EOR, and ORR are 2590, 1500, and 2690 mA/mg, respectively. The ORR Pt specific activity
and mass activity of the electrocatalyst are 17 and 28 times larger, respectively, than
commercial Pt/C catalysts. All these remarkable catalytic performances are attributed to the
role of TDI in enhancing the catalytic activity by protecting Pt from oxidation as well as rapid
mass/charge transfer due to the synergistic effect between surface Pt−Pd alloys and TDI/rGO.

KEYWORDS: Pt−Pd alloy, graphene oxide, bifunctional catalyst, methanol oxidation reaction, ethanol oxidation reaction,
oxygen reduction reaction

D eveloping highly efficient, low-cost, and durable hybrid
catalysts is vital for the design of practical and
futuristic fuel cells that transform chemical energy into

electrical energy with high efficiency.1−3 Among various types
of proton exchange membrane fuel cells (PEMFCs), the liquid-
feed fuel cells (LFFCs) such as direct-methanol fuel cells and
direct-ethanol fuel cells have attracted considerable attention
due to their low cost and safe, easy storage/transfer of liquid
methanol/ethanol.4 More importantly, unlike hydrogen
PEMFCs, the LFFCs based on methanol/ethanol do not
require humidification and thermal management. Platinum (Pt)
is still the most effective catalyst for methanol/ethanol
oxidation reaction (MOR/EOR; anode) and oxygen reduction
reaction (ORR; cathode) in an LFFC. Therefore, it is still
difficult to replace Pt with an alternative candidate.5,6 However,
the MOR/EOR/ORR performed on Pt at the anode/cathode
suffers from CO poisoning, poor oxidation, sluggish kinetics,
instability of the Pt catalysts, and particle ripening and
dissolution.7−10 Therefore, major research efforts are under
way to reduce the use of Pt catalysts in catalytic processes
without losing their activity and stability.11−13

The unfavorable activity and stability of Pt catalysts are
ascribed to the corrosion of electrodes.14 Due to the corrosion
at the anodes and cathodes, the electrochemically active surface
area (ESA) of the Pt nanoparticles decreases, which reduces the
MOR/EOR/ORR activities and therefore deteriorates the fuel

cell performance. The harsh conditions, particularly at the
cathode side, are due to an acidic environment with high
oxygen concentration and high water content.14 To date, no
promising electrode materials are available for LFFCs. Never-
theless, one effective approach is to increase the catalytic
efficiencies (activity and stability) by alloying Pt with other
metal oxide nanoparticles.15−17 Multimetallic nanoparticles
constitute another class of materials that offer the opportunity
to tune their properties by varying their composition, atomic
ordering, and size.18−20

In this study, we report a highly conductive bifunctional
electrocatalyst, Pt−Pd@TDI/rGO (TDI, tin-doped indium;
rGO, reduced graphene oxide), with outstanding electro-
chemical properties and long-term stability. Its notable mass
and specific activities for MOR/EOR/ORR in an acidic
electrolyte, as well as its durability, are attributed to the strong
chemical interaction between Pt−Pd alloys and TDI nano-
particles/rGO, which results in a fast charge-transfer rate.
Moreover, the junction between Pt−Pd@TDI/rGO particles
and Pt−Pd alloys helps to avoid aggregation and dissolution of
the catalyst by suppressing the oxidation of Pt and Pd to ensure

Received: February 15, 2017
Accepted: July 15, 2017
Published: July 16, 2017

A
r
t
ic
l
e

www.acsnano.org

© 2017 American Chemical Society 7729 DOI: 10.1021/acsnano.7b01073
ACS Nano 2017, 11, 7729−7735

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

www.acsnano.org
http://dx.doi.org/10.1021/acsnano.7b01073
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


clean surfaces over a wide potential range. Our studies show
that the TDI nanoparticles/rGO hybrid not only minimizes Pt
and Pd usage but also significantly enhances the CO tolerance
of the catalyst and, thus, greatly enhances its durability, making
it a promising candidate for future fuel cell applications.

RESULTS AND DISCUSSION

The synthetic strategy for the Pt−Pd@TDI/rGO hybrid is
illustrated in Figure 1a (see Experimental Section). Represen-
tative high-resolution high-angle annular dark-field scanning
transmission electron microscope (HAADF-STEM) images of
the as-synthesized Pt−Pd@TDI/rGO hybrid are shown in
Figure 1b. The line-scan energy-dispersive X-ray spectroscopy
(EDX) spectra of elemental Pt, Pd, In, and Sn were recorded
through the center of a single particle (Figure 1b inset). The
compositional line-scan profiles of Pt, Pd, In, and Sn on
individual particles show a consecutive variation without any
segregation of each component. This reveals that the Pt−Pd@
TDI/rGO hybrid indeed contains PtPd@TDI alloys. The
signals of the Pt, Pd, In, and Sn fluctuate along the scanning
direction, which indicates that the Pt and Pd atoms are
randomly distributed on the surface of the TDI particles.
Scanning transmission electron microscopy (STEM)-EDX
mapping (Figure 1c) shows that pure Pd/Pt atoms or
nanoparticles and Pt−Pd alloys are deposited on the surface
of TDI/rGO. The transmission electron microscopy (TEM)
image shows the Pt−Pd alloy particles joined with TDI in the
Pt−Pd@TDI hybrid (Figure 1d inset). The formation of
junctions between Pt−Pd alloys and TDI nanoparticles is also

confirmed by the high-resolution TEM (HRTEM) image
(Figure 1d). These junctions provide excellent electrical
contacts between the sites of oxidation and reduction, resulting
in fast electron transfer in the reactions, which leads to
remarkable catalytic features. The TDI and Pt−Pd alloys
display clear fringes in the HRTEM image (Figure 1d) with
lattice spacings of 0.136 nm (corresponding to the {202}
plane) and 0.224 nm (corresponding to the {111} plane),
confirming the highly crystalline character of the multimetallic
alloy nanoparticles.
The X-ray diffraction (XRD) patterns of Pt−Pd@TDI/rGO

(annealed), unannealed Pt−Pd@TDI/rGO (Pt−Pd@TDI/
rGO-0), and Pt−Pd/rGO can be indexed as a face-centered
cubic (fcc) structure (Figure S1). The XRD patterns of Pt−
Pd@TDI/rGO and Pt−Pd/rGO catalysts display the Pt(111)
peak, which is slightly shifted to higher 2θ values, confirming
the alloy formation in Pt−Pd catalysts due to the incorporation
of Pd atoms into the Pt fcc lattice. However, no obvious peak
shift was observed in the Pt−Pd@TDI/rGO-0 catalyst,
indicating that the Pt−Pd alloy was not formed before
annealing. All the catalysts show a peak at ∼25°, which is
assigned to the rGO support, and the patterns for all TDI-
incorporated catalysts exhibit the diffraction peak of TDI. The
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) analysis indicates that the contents of Pd and Pt
are 5.7 and 3.6 wt %, respectively, which is fully consistent with
the X-ray photoelectron spectroscopy (XPS) compositional
analysis (Table S1). The full-survey XPS spectra (Figure S16)

Figure 1. Synthesis and physical characterization of Pt−Pd@TDI/rGO electrocatalysts. (a) Schematic of synthetic procedure: (i) mixing
graphene oxide (GO), palladium chloride, hexachloroplatinic acid, and tin-doped indium (TDI) using sonication, (ii) adding hydrazine
hydrate and heating at 100 °C, (iii) adding formic acid and hexane for complete reduction and washing, and (iv) two-step annealing at 500 °C.
(b) STEM image and the cross-sectional compositional line scanning profiles along the direction marked by a yellow line in (b). (c) STEM-
EDS elemental mapping of C, O, N, Sn, Pt, Pd, and In, along with an overlapped image. (d) Bright-field TEM (inset) and HRTEM images.
Scale bar in (c): 50 nm.
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clearly indicate the existence of Pt, Pd, In, Sn, and C elements
in the Pt−Pd@TDI/rGO hybrid.
From the XPS core-level spectra, the In 3d peaks (Figure 2a)

split into two strong peaks at 444.7 eV (In 3d5/2) and 452.2 eV

(In 3d3/2), which correspond to those reported for In2O3

particles.21 The Sn 3d spectrum shows two strong peaks of
Sn 3d5/2 (485.6 eV) and Sn 3d3/2 (494.2 eV) with a spin−orbit
splitting of 8.6 eV (Figure 2b). The observed binding energy
values of the Sn 3d peaks indicate that Sn is in the +4 valence
state.22 We have measured the Pt 4f binding energy (Pt 4f7/2 ≈
71.2 eV and Pt 4f5/2 ≈ 74.5 eV) for the Pt−Pd@TDI/rGO
hybrid (Figure 2c), which suggests that Pt is in the pure
metallic state (Pt in the zero-valence state).23,24 The Pd 3d sub-
band (Figure 2d) shows two strong peaks of Pd 3d5/2 (∼335.4
eV) and Pd 3d3/2 (∼340.7 eV), which correspond to bulk Pd
metal.
The Fourier transform extended X-ray absorption fine

structure (FT-EXAFS) data of all the catalysts exhibit two
main peaks of ∼2 and ∼3 Å at the Pt L3 edge, which is
attributed to the phase-uncorrected first-shell interactions of
Pt−M (M = Pt or Pd; Figure 2e). It should be noted that the
peak amplitude of all the catalysts is lower than that of Pt foil,
which is due to the smaller size of nanoparticles, resulting in a
decrease in the average coordination number relative to Pt foil.
More interestingly, we observe significant changes in Pt−Pt
bond distance introduced by Pd and TDI. The Pt−Pt bond
distance of the Pt−Pd@TDI/rGO hybrid (∼2.79 Å) is 0.16 Å

less than that of Pt foil (∼2.95 Å), which is ascribed to alloying,
electronic, and synergistic effects of the hybrid catalysts.25 X-ray
absorption near-edge structure (XANES) spectra provide the
local electronic and geometric structures of X-ray absorbing
atoms of the hybrid catalysts. The XANES curve shapes at the
Pt L3 edge for all the rGO-based samples are similar to those of
the corresponding Pt foil (Figure 2e), indicating that the local
order of Pt in rGO-based catalysts is still Pt metal-like, which
agrees with the aforementioned results by XPS.
The surface properties and molecular structures of GO, Pt/

rGO, Pt−Pd/rGO-0 (unannealed), Pt−Pd/rGO, Pt−Pd@
TDI/rGO-0 (unannealed), and Pt−Pd@TDI/rGO hybrids
were characterized using Fourier transform infrared (FTIR)
spectra (Figure S2). The structural changes occurring during
the chemical processing of GO to TDI/rGO to Pt−Pd@TDI/
rGO were confirmed by their Raman spectra (Figure S3). The
Pt−Pd@TDI/rGO hybrid exhibits a remarkable catalytic
activity toward MOR/EOR/ORR in an acidic electrolyte
(Figures 3, 4). Hereafter, we discuss only the catalytic
properties of Pt−Pd@TDI/rGO, Pt−Pd/rGO, and state-of-
the-art carbon-supported commercial Pt/C due to their
exemplary activity.
To directly compare the methanol and ethanol electro-

oxidation activity of Pt−Pd@TDI/rGO with Pt/C and Pt−Pd/
rGO, we obtained cyclic voltammograms (CVs) in 0.1 M
HClO4 solution containing methanol/ethanol (Figure 3a−d). A
high peak-current mass activity was obtained for methanol/
ethanol electro-oxidation (∼2590/1500 mA·mgPt−1) with Pt−
Pd@TDI/rGO (Figure 3a,c). However, for Pt/C (∼900/800
mA·mgPt−1) and Pt−Pd/rGO (∼600/90 mA·mgPt−1), small
methanol/ethanol electro-oxidation peaks with low-current
mass activity were observed (Figure 3a,c), indicating that the
methanol/ethanol electro-oxidation was less active. It is clear to
see that Pt−Pd@TDI/rGO gives the highest current density,
which is ∼2.9 and ∼4.3 times (in methanol) and ∼1.9 and ∼16
times (in ethanol) higher than those of Pt/C and Pt−Pd/rGO,
respectively. The current mass activity of Pt−Pd@TDI/rGO is
also much higher than a recently reported value (Table S2).
Additionally, in the case of EOR, the first peak at 0.99 V (versus
the reversible hydrogen electrode; RHE) is due to the oxidation
of ethanol, whereas the second peak at 1.34 V (versus RHE) can
be ascribed to side products such as acetaldehyde and acetic
acid.26 The ratio of the forward to backward peak currents (If/
Ib) during methanol oxidation is used to indicate the CO
tolerance of the catalyst, with a higher If/Ib ratio indicating
better CO tolerance.27 At different CV cycles, the If/Ib ratio for
Pt−Pd@TDI/rGO is much higher than those for Pt−Pd/rGO
and Pt/C (Figure 3b). The onset potential is related to the
breaking of the C−H bonds and the subsequent removal of CO
through oxidation by adsorbed OH species.28 The onset
potential for Pt−Pd@TDI/rGO (0.58 V) is lower than those
for Pt−Pd/rGO (0.61 V) and Pt/C (0.66 V) (Figure 3a). The
excellent CO tolerance of Pt−Pd@TDI/rGO was further
confirmed by CO stripping tests in 0.1 M HClO4. Pt−Pd@
TDI/rGO has the highest peak potential of 0.878 V (versus
RHE), which is more negative than those of Pt−Pd/rGO (1.11
V versus RHE, 232 mV shift) and Pt/C (0.907 V versus RHE, 29
mV shift) (Figure S4). The notable CO tolerance is attributed
to the oxygen at the surface of the metallic oxide alloyed with
Pt, which can oxidize the poisonous CO species to CO2, thus
cleaning the catalyst surface.
By using hydrogen adsorption−desorption methods in

conjunction with CV, the ESA of Pt−Pd@TDI/rGO (124.6

Figure 2. Chemical analysis. (a−d) Experimental and fitted high-
resolution XPS spectra of In 3d (a), Sn 3d (b), Pt 4f (c), and Pd 3d
(d) core levels for Pt−Pd@TDI/rGO electrocatalysts. (e) Fourier
transform k1-weighted EXAFS spectra and the corresponding
normalized XANES spectra at the Pt K-edge.
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m2/g) was found to be much larger than those of the
commercial Pt/C catalyst (74.2 m2/g) and Pt−Pd/rGO (46.3
m2/g) (Figure 3d). This observation is most likely a result of
the particular structure of the bimetallic nanoparticles and their
homogeneous dispersion on the rGO sheets and TDI, which
exhibit a large surface area (see TEM and HRTEM images of
the samples).
The higher stability of the Pt−Pd@TDI/rGO hybrid over

commercial Pt/C and Pt−Pd/rGO was revealed in 5000 CV
cycle tests (Figure 3e). The mass activity had no obvious
change for Pt−Pd@TDI/rGO after 5000 CV cycles, which
confirmed its excellent durability. In contrast, a continuous

change in the mass activity for commercial Pt/C was clearly
observed. The good stability of the hybrid could be ascribed to
the strong interactions between Pt−Pd and TDI, which prevent
Pt−Pd alloy particles from leaching off and aggregating during
methanol/ethanol oxidation. Moreover, the Pt−Pd@TDI/rGO
hybrid shows enhanced electrical conductivity (Figure 3f) due
to shrinkage of the Pt−Pt atomic distance, resulting in facile
electron transfer in the reaction, which leads to better catalytic
properties.
Polarization curves for the ORR of the “annealed” Pt−Pd@

TDI/rGO and Pt−Pd/rGO electrocatalysts show higher ORR
efficiencies compared with commercial Pt/C and other catalysts

Figure 3. Alcohol oxidation performance. (a) Cyclic voltammograms (CVs) of Pt−Pd@TDI/rGO in a 0.1 M HClO4 + 0.5 M CH3OH solution
at a scan rate of 50 mV/s. (b) Ratio of forward to backward peak currents (If/Ib) for different CV cycles. (c) CVs of Pt−Pd@TDI/rGO in a 0.1
M HClO4 + 0.5 M C2H5OH solution at a scan rate of 50 mV/s. (d) Room-temperature CV curves for electrocatalysts in a N2-saturated 0.1 M
HClO4 solution at a scan rate of 50 mV/s. (e) Mass activity (methanol/ethanol oxidation reactions; MOR/EOR) for different CV cycles. (f)
Conductivity for different electrocatalysts.

Figure 4. Oxygen reduction performance. (a) Room-temperature rotating disk electrode (RDE) measurement curves for electrocatalysts in an
O2-saturated 0.1 M HClO4 solution at a scan rate of 10 mV/s after background subtraction measured with a N2-saturated 0.1 M HClO4

solution. (b) Room-temperature RDE measurement curves for Pt−Pd@TDI/rGO in an O2-saturated 0.1 M HClO4 solution at a scan rate of
10 mV/s and different rotation speeds corrected by subtracting background from a N2-saturated solution. (c) H2O2 yield for the oxygen
reduction reaction and number of electrons transferred (n) measured with a rotating ring-disk electrode. (d, e) Mass activity (d) and specific
activity (e) at 0.9 V versus the reversible hydrogen electrode for different electrocatalysts. Mass and specific activities are given as kinetic
current densities (jk) normalized to the loading amount and ESA of Pt and Pt−Pd metals, respectively. In (a), the current density is
normalized with reference to the geometric area of the RDE. (f) ESA losses for catalysts in an O2-saturated 0.1 M HClO4 solution at a scan
rate of 50 mV/s.
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(Figure 4a). Pt−Pd@TDI/rGO has a higher ORR onset
potential (∼1.03 V) than Pt−Pd/rGO, and this value is ∼80
mV higher than that of Pt/C. In general, the electrocatalytic
activities of an ORR catalyst are evaluated by the half-wave
potential (E1/2) of its ORR polarization curve. E1/2 increases in
the order Pt/C < Pt−Pd/rGO < Pt−Pd@TDI/rGO (Figure
4a,b). Pt−Pd@TDI/rGO shows a remarkable positive E1/2 shift
of ∼65 mV relative to Pt/C, implying a significant increase in
the ORR activity. These linear sweep voltammetry curves reveal
that the ORR kinetics are dramatically accelerated on dealloyed
Pt−Pd nanoparticles, especially the dealloyed Pt−Pd on the
TDI surface, relative to Pt/C. The kinetic current (Ik) was
calculated using the Koutecky−Levich (K-L) equation (see
Methods in the Supporting Information). The number of
electrons transferred (n) is ∼4.1 between 0.825 and 0.900 V
from the slopes of the K-L plots (Figure S5), which matches
well with the rotating ring-disk electrode measurement result (n
≈ 4.1; Figure 4c). These results indicate the complete
reduction of O2 to H2O on the surface of Pt−Pd@TDI/rGO.
A similar number of electrons was calculated for the Pt/C
catalyst at potentials between 0.775 and 0.85 V (Figure 4c,
Figure S6).
Pt−Pd@TDI/rGO exhibits a remarkable mass electro-

catalytic activity (∼2.69 mA/μgPt and ∼0.94 mA/μgPt−Pd at
0.9 V) for ORR (Figure 4d, Table S3), which is even higher
than the target value (0.44 mA/μgPt at 0.9 V) set by the U.S.
Department of Energy (DOE) for 2017.29,30 The specific
activity (jk) of Pt−Pd@TDI/rGO is ∼2.15 mA/cm2

Pt (∼0.76
mA/cm2

Pt−Pd at 0.9 V), much higher than those of Pt/C, Pt−
Pd/rGO, and other reported catalysts (Figure 4e). The ORR
activity of the hybrid shows more than 28 times increase in Pt
mass activity relative to commercial Pt/C catalysts. The
significant increase in specific activity suggests that the Pt−Pd
dealloyed surface on TDI particles exhibits surface electronic
properties that are favorable for ORR.
Accelerated durability tests of the electrocatalysts were

performed by cycling the potential between 0.6 and 1.4 V
versus RHE for 5000 cycles in an O2-saturated 0.1 M HClO4

solution at a scan rate of 50 mV s−1. A large potential window
(1.4 V) was used as the upper threshold potential to ensure
surface oxidation/reduction cycles on Pt/Pd, which involves
the formation of PtOH and PtO derived from oxidation of
water. This causes the dissolution of Pt/Pd.31 High-potential
treatment also mimics fuel cell startup/shutdown conditions in
which commercial Pt/C electrocatalysts suffer from very poor
stability.32 In the CVs of the Pt−Pd@TDI/rGO hybrid (Figure
S7a), well-defined hydrogen adsorption/desorption peaks
appear with high ESA after the 10th ∼5000 cycles. With
continued cycling, the hydrogen adsorption/desorption peaks
continuously decrease from the first to the 5000th cycle (Figure
4f). This suggests that the catalytic behavior of Pt−Pd@TDI/
rGO is initially dominated by Pt−Pd@TDI, and the TDI
particles gradually leach away, exposing more Pt on the surface.
This result agrees with our bright-field TEM and EDX
elemental mapping images, which indicate a small amount of
hollowing in the TDI particles due to leaching of Sn from In
after 5000 cycles (Figures S8, S9). However, this is not the case
for Pt−Pd/rGO (ESA decreases by ∼49% after 5000 cycles)
and Pt/C (ESA decreases by ∼46% after 5000 cycles). In both
samples, the area with catalytic activity decreases with cycling
due to detachment/agglomeration of Pt particles on the surface
of the carbon or rGO (Figures S10 and S11).

In contrast, for Pt−Pd@TDI/rGO, the ESA decreases by
∼13% of the initial value after ∼5000 cycles (Figure 4f). After
5000 potential cycles, Pt−Pd/rGO and Pt/C show degradation
of more than ∼60 and ∼55 mV in E1/2, respectively (Figures
S10b, S11b), whereas the degradation of Pt−Pd@TDI/rGO is
much lower with a negative shift in E1/2 of less than ∼10 mV
(Figure S7b). Furthermore, most of the particles were still
homogeneously dispersed on the TDI and rGO support
(Figures S8, S9). The structural stability of Pt−Pd@TDI/rGO
after 5000 electrochemical cycles is verified by bright-field TEM
and elemental mapping images (Figures S8, S9). The Pt−Pd
alloys neither coalesced/aggregated nor dissolved due to the
continuous removal of oxides from the Pt or Pd surface through
TDI;33 we consider three electrochemical reactions for Pt
dissolution: (1) Pt = Pt2+ + 2e−, (2) Pt oxide film formation, Pt
+ H2O = PtO + 2H+ + 2e−, and (3) chemical dissolution of Pt
oxide, PtO + 2H+ = Pt2+ + H2O. From the bright-field TEM
images, line scanning profiles, and elemental mapping of Pt−
Pd@TDI/rGO before and after 5000 potential cycles (Figure
1b−d, Figures S8, S9), the Pt−Pd alloy clearly exists without
aggregation/dissolution of Pt on the rGO surface (Figures S8,
S9), thus displaying good long-term operation stability.
The reason that we used rGO, Pt/Pd, and TDI and the way

their amounts were optimized are as follows. (i) Since rGO is a
conductive substrate material, we used it as our starting
precursor, and the ratio of other three components (Pt, Pd, and
TDI) was discretely taken in reference to rGO. (ii) Pt is a well-
established metal to exhibit phenomenal electrocatalytic
performance in oxygen reduction. The role of Pd is not only
to increase the mass activity (with respect to Pt) of catalyst by
decreasing the relative amount of Pt but also to obstruct the
agglomeration of Pt nanoparticles during the electrochemical
course. Therefore, we optimized the ratio of Pt:Pd by varying
different weight proportions of both metals with respect to
rGO. We achieved the best catalytic activity by using a Pt:Pd
weight percent ratio of 5.5:6.04 with respect to 87% of carbon.
Any increase or decrease in the aforementioned composition
resulted in a decrease in the performance of catalyst. (iii) The
indium oxide favorably influences the oxidation and reduction
behavior of the supported Pt by suppressing the formation of
Pt-oxide species at high potentials, which can otherwise easily
dissolve in the electrolyte. However, the overall conductance of
the material can be adversely affected due to poor conductivity
of indium oxide, which was avoided by appropriate amount of
Sn-doping. A controlled Sn-doping into indium oxide can
significantly enhance the electrical conductivity of hybrid
material Pt−Pd@TDI/rGO by introducing the synergistic
effect between generated Sn−O defects and the binary alloy of
Pt/Pd. Initially, the increase in ratio of TDI with respect to
rGO in the hybrid material Pt−Pd@TDI/rGO resulted in
enhancement in its catalytic property toward MOR, EOR, and
ORR. A further increase in ratio of TDI increases neither the
degree of surface adsorption nor the catalytic activity of the
hybrid material Pt−Pd@TDI/rGO due to saturation of the
available binding sites on the surface of rGO.

CONCLUSIONS

In summary, we have developed an easy procedure to
synthesize bifunctional Pt−Pd@TDI/rGO hybrids for alcohol
electro-oxidation and ORRs. The mass activity of these hybrids
can increase to 2.6/1.5 A mg−1Pt for methanol/ethanol
oxidation in acidic solutions, which is 2.9/1.9 and 4.3/16
times greater than those of commercial Pt/C and Pt−Pd/rGO,
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respectively. The Pt−Pd@TDI/rGO hybrid shows much better
long-term stability than the commercial Pt/C and Pt−Pd/rGO.
More significantly, with respect to the 2017 U.S. DOE target
values, the as-synthesized Pt−Pd@TDI/rGO hybrid shows
exceptionally good ORR catalytic activities in terms of onset
potential, half-wave potential, specific activity, mass activity,
poisoning tolerance, low cost, and durability. Its remarkable
activity and durability could be ascribed to the synergistic effect
between the surface Pt−Pd and the TDI alloy, and the
collective functions of the four components (Pt, Pd, TDI, and
rGO) contribute to the high catalytic activity of the Pt−Pd@
TDI/rGO hybrid. Thus, only a low amount of Pt was required
to produce high currents, which reduced the use of noble
metals. These results indicate that the Pt−Pd@TDI/rGO
hybrid is a promising electrocatalyst for fuel cells.

EXPERIMENTAL SECTION

Synthesis of Tin-Doped Indium. A white slurry of indium acetyl
acetonate (1.25 g, 3.07 mmol) and tin bis(acetylacetonate) dichloride
(0.061 g, 0.161 mmol) in 50 mL of olylamine is prepared. The slurry
has a Sn content of 6 wt %. The slurry is then heated at 150 °C for 4 h;
afterward the temperature was increased up to 250 °C and stirring was
continued for an additional 12 h to produce a dark yellow suspension.
The TDI nanoparticles were precipitated by adding absolute ethanol
(100 mL) to the suspension. This mixture was centrifuged at 10 000
rpm for 10 min, and the supernatant was discarded. The remaining
TDI nanoparticles were then washed with ethanol four times and
heated at 100 °C under vacuum for 24 h. Finally, the dried powder was
annealed at 500 °C for 5 h under argon. The structure of the TDI
nanoparticles was examined using scanning electron microscope
(SEM) (Figure S13). TEM and HRTEM were utilized to observe
the crystallinity of the TDI powder (Figure S14). From these images,
the uncrystallized and crystallized structure before and after annealing
at 500 °C were clearly observed (Figure S14a,b). The controlled
temperature treatment assists in growth and rearrangement of the
lattice structure of the nanoparticles with high surface energy, resulting
in transformation into a more stable crystalline structure.30 The XRD
spectra of TDI nanoparticles display the four characteristic peaks of
(101), (110), (200), and (211), indicating the doping of Sn into In2O3

(JCPDS 01-073−-9038) (Figure S15a). Moreover, the full-survey XPS
spectra also confirm the presence of In and Sn elements in TDI
nanoparticles (Figure S15b).
Synthesis of Pt−Pd@TDI/rGO and Pt−Pd/rGO Hybrids. GO

(30 mg) was dispersed in distilled water by sonication for 6 h. To this
dispersion were added TDI (20 wt % of GO), hexachloroplatinic acid
(15 wt % of GO), and palladium chloride (15 wt % of GO), and the
resulting solution was sonicated for 6 h. To this mixture was added
hydrazine hydrate (5 mL), and the mixture was refluxed for 24 h.
Finally, formic acid (7 mL) and hexane (5 mL) were added to
complete the reduction of the metal complex. The whole mixture was
then filtered and washed repeatedly (five times) with distilled water.
The solid was then heated at 100 °C under vacuum to obtain the
desired product. The dried samples were annealed at 500 °C under
argon. The annealed samples with and without TDI are assigned as
Pt−Pd@TDI/rGO and Pt−Pd/rGO, respectively, while those without
annealing are assigned as PD@TDI/rGO-0 and Pt−Pd/rGO-0.
Physical Characterizations. To prepare the GO atomic force

microscopy (AFM) sample, a GO solution was drop cast onto a Si
surface. AFM images were recorded using an atomic force microscope,
Veeco Dimension 3100 Ambient AFM. Micro-Raman measurement
was performed using a Senterra Raman Scope system with a 532 nm
wavelength incident laser light and 20 mW power. The morphologies
of the synthesized samples were characterized using a field-emission
SEM (JEOL, FEG-XL 30S) with an acceleration voltage of 5 kV. The
Pt and Pd composition of the catalysts was measured by an ICP-AES
system. The morphology and chemical composition of the samples
were characterized on a JEM-2200FS (Cs-corrected STEM) HRTEM
coupled with an EDX spectrometer (Dxford-1NCA) at an acceleration

voltage of 200 kV. The STEM imaging and elemental mappings were
acquired on a scanning transmission electron microscope unit with
HAADF. Contact angle measurements of the as-synthesized samples
were carried out using a surface electro-optics apparatus (SEO,
Phoenix 300).

Electrochemical Cyclic Voltammetry Analysis. The electro-
chemical measurements were performed on an electrochemical
workstation (CHI 760E, CH Instruments Inc.) at room temperature,
using a three-electrode electrochemical setup, which consisted of a Pt
wire as counter electrode, a Ag/AgCl (3 M NaCl) electrode as
reference electrode, and a modified glassy carbon electrode (5 mm in
diameter) as substrate for the working electrode. The ESAs were
determined by integrating the hydrogen adsorption/desorption area in
the CV curves. The oxidation charge for a monolayer of adsorbed H
on a Pt surface is assumed to be 210 μC cm−2. To examine the MOR
and EOR electrocatalytic stability of the as-prepared catalysts,
electrochemical experiments were performed by 250 CV cycles in
N2-saturated 0.1 M HClO4 containing 0.5 M methanol or ethanol
solution at a scan rate of 50 mV s−1. The potentials were normalized to
RHE. The mass activities in the cyclic voltammograms were
normalized to the loading amount of Pt metals to evaluate the
catalytic properties.

Rotating Ring Disc Electrode and a Rotating Disc Electrode
Measurements. A three-electrode system was used with a Ag/AgCl
reference electrode (3 M NaCl), a Pt counter electrode, a rotating disc
electrode (RDE) and a rotating ring disc electrode (RRDE, PINE
AFE7R9GCPT) (Pine Instruments, Inc.) as the working electrodes.
The diameters of the RDE and RRDE with a ring made of Pt were
5.61 (glassy carbon disk area = 0.247 cm2) and 6.25 mm, respectively.
In our study, a Pt ring with a collection efficiency of 37% was used.
The polarization curves for ORR were obtained for the thin film
electrocatalysts on an RDE in an O2-saturated 0.1 M HClO4 solution
at 1600 rpm. For the initial ORR activity testing, all electrodes were
pretreated by cycling the potential between 0.00 and 1.4 V at a sweep
rate of 100 mV s−1 for 10 cycles to remove surface contamination.
Linear sweep voltammograms were recorded by scanning the disk
potential from 1.1 to 0.25 V (versus RHE) at a scan rate of 10 mV s−1.
High-purity nitrogen or oxygen was used for deaeration of the
solutions, and during the measurement, a gentle gas flow was
maintained above the electrolyte solution.

Sample Preparation for Physicochemical Characterization.
All samples for Raman were prepared by depositing a thin film of the
sample on a glass microscope slide at room temperature. Samples for
FTIR were made by mixing a small amount of as-synthesized sample
with potassium bromide powder and pressing into pellets in a die.
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