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Monodisperse ordered indium–palladium
nanoparticles: synthesis and role of indium
for boosting superior electrocatalytic activity
for ethanol oxidation reaction†

Yu-Ju Chen,a Yi-Rui Chen,b Cheng-Hsuan Chiang,c Kuo-Lun Tung,b

Tsung-Kuang Yehc and Hsing-Yu Tuan *a

The slow kinetics of ethanol oxidation reaction (EOR) has limited its widespread use for fuel cells.

Bimetallic catalysts with optimized surface compositions can considerably govern rate-determining steps

through selectivity for CH3COOH formation or by facilitating the adsorption of OHads via the bifunctional

effect of an alloy to increase the EOR’s kinetic rates. Here, we reported monodisperse ordered In–Pd

nanoparticles as new bimetallic high-performance catalysts for EOR. In–Pd nanoparticles, i.e., In3Pd2 and

In3Pd5 were prepared using arrested precipitation in solution, and their composition, structures, phase

and crystallinity were confirmed using a variety of analyses including TEM, XPS, EDS and XRD. In–Pd

nanoparticles were loaded on carbon black (Vulcan XC-72) as electrocatalysts for EOR in alkaline media.

In3Pd2 and In3Pd5 nanoparticles exhibited 5.8 times and 4.0 times higher mass activities than commercial

Pd/C, which showed that the presence of indium greatly boosts electrocatalytic reactivity for EOR of Pd

catalysts. This performance is the best among those of bimetallic nanoparticles reported to date. Such

high performance of In–Pd nanoparticles may be attributed to the following two reasons. First, In–Pd

nanoparticles exhibited excellent CO anti-poison ability, as confirmed by CO striping experiments.

Second, as revealed by DFT calculations of metals with OHads adsorption, In atoms on In3Pd2 surface

exhibited the lowest energy (−1.659 eV) for OHads adsorption as compared to other common oxophilic

metals including Sn, SnPt, Ag, Ge, Co, Pb, and Cu. We propose that the presence of indium sites pro-

moted efficient free OH radical adsorption on indium sites and resulted in a faster reaction rate of acetate

formation from acetaldehyde (the rate determining step for EOR on Pd sites). Finally, a single direct

ethanol fuel cell (DEFC) with Pd/C anode was prepared. Compared to the results for a commercial Pd/C

anode, the open circuit voltage (OCV) of In3Pd2/C improved by 0.25 V (from 0.64 to 0.89 V) and the

power density improved by ∼80% (from 3.7 to 6.7 mW cm−2), demonstrating its practical uses as Pt or Pd

catalyst alternatives for DEFC.

Introduction

Direct ethanol fuel cells (DEFC) have been recognized as a
promising future power source due to advantages such as
environmental aspects, facile storage, easy refilling and high
power density.1–6 The ethanol oxidation reaction (EOR) at the

anode of fuel cells plays a key role in governing the perform-
ance of DEFC.7 The oxidation of ethanol is more difficult than
that of methanol since the C–C bond needs to be broken to
obtain its complete oxidation.8–10 To increase the activity of
ethanol oxidation, it is necessary to modify the composition
and surface structure of the anode catalyst to achieve its com-
plete oxidation into carbon dioxide. The platinum (Pt) electro-
catalyst plays an important role in the ethanol oxidation reac-
tion (EOR).11–13 However, apart from its high cost and very low
abundance, the commercial Pt catalyst for fuel cells is still
restricted because of its poor CO tolerance and long-term dura-
bility.14 One of the superior strategies is to develop Pd-based
nanocatalysts with electrocatalytic performance scarcely com-
parable to that of pure Pt materials because of their low poten-
tial to adsorb oxygenated species (e.g., OHads from dissociation
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of water) and the electrooxidation of small organic
molecules.15–18 Inspired by this, intensive efforts have been
focused on designs of multicomponent Pd-based compounds,
which include modifications in structural and electronic pro-
perties via tuning desirable size and composition.19–22

However, previous studies mainly focused on disordered
Pd-based nanocrystals. The difference between disordered
alloys and intermetallic compounds can be attributed to the
adjustment in the crystal structure and surface structure,
which can modify the interaction energy of chemical inter-
mediates to adsorb and react on active sites for triggering
different catalytic properties.2,23,24 For example, monodisperse
PdCu nanoparticles are more active for the oxygen oxidation
reaction (ORR) than the disordered ones.25 Wang et al.
demonstrated that PdCu-based nanoparticles can improve the
activity for both ORR and EOR.20 Moreover, the intermediate
phase is highly desirable for designing Pd-based nanocatalysts
for EOR.

Oxophilic metals have been introduced into Pd-based nano-
catalysts for EOR due to their natural properties, which facili-
tate oxidative desorption of intermediates.10 The addition of
oxophilic metals, including In, Sn, Ag or Ni, promotes the
generation of OH radicals and oxidative desorption of inter-
mediates without CO poisoning,26,27 for example, by adding
some oxophilic metals to evaluate the EOR performance
PdSn,6,28,29 PdNi,30,31 and PdAg.32–34 Moreover, the rate-deter-
mining step in EOR has been considered as OH radicals react-
ing with CH3CO radicals on Pd-active sites to form acetate ions
in alkaline media.35 For example, to enhance the rate of EOR,
Wang et al. investigated ternary Pd–Ni–P nanocatalysts for
EOR, which showed 6.88 times higher mass activity than
commercial Pd/C.10 Therefore, this shows that strategies intro-
ducing oxophilic metals for Pd-based catalysts are effective for
increasing EOR catalytic performance.

In this study, we report the first example of the synthesis of
monodisperse ordered In–Pd nanocrystals via a colloidal
arrested precipitation solution-phase reaction. The obtained
In–Pd nanoparticles, i.e., In3Pd2 and In3Pd5 were supported on
carbon black for EOR. The reported EOR performances of
In3Pd2 and In3Pd5 nanoparticles showed corresponding mass
current densities (normalized to the mass of Pd) of nearly
5.8 and 4.0 times higher than that of commercial Pd/C, indi-
cating that In atoms greatly boost Pd bimetallic nanocrystals’
EOR performance. CO striping experiments and density func-
tional theory (DFT) calculations were performed to investigate
the effect of In atoms present on In–Pd surface on the kinetics
of EOR. Finally, we conducted a single cell test with In3Pd2/C
anode and Pd/C cathode as a proof of concept to evaluate its
practical performance for alkaline DEFCs.36,37

Results and discussion

Intermetallic In–Pd nanoparticles were synthesized via a hot-
injection arrested reaction in solutions with different ratios of
In/Pd precursor solutions. Monodisperse In3Pd2 nanoparticles

were synthesized by decomposing precursor solutions of
Pd(acac)2 and In(acac)2 in oleyamine (OAm) and trioctyphos-
phine (TOP) at a high temperature. On the other hand, In3Pd5
nanoparticles were prepared in OAm and TOP by high-temp-
erature reduction of precursors PdI2 and InI3 (detailed steps
are provided in the Experimental section). We developed a
route for composition-controlled synthesis of In–Pd nano-
particles, and it is significantly different from the co-reduction
process reported in the literature. Herein, OAm acted as the
reducing agent and TOP passivated the surface of nano-
particles, stabilizing it from rapid growth, i.e., without adding
TOP as a stabilizing agent, a different morphology was
obtained (Fig. S1†). The compositions of In3Pd2 nanoparticles
and In3Pd5 nanoparticles were measured using scanning trans-
mission electron microscopy (STEM)-energy dispersive X-ray
(EDS). Transmission electron microscopy (TEM) analysis
(Fig. 1A and 2A) showed monodisperse distribution (Fig. 1A
and B) with 3.9 ± 0.4 and 7.7 ± 0.5 nm for In3Pd2 nanoparticles
and In3Pd5 nanoparticles, respectively. The X-ray diffraction
(XRD) pattern (Fig. 1C) indicated peak characteristics of a
single In3Pd2 intermetallic phase at 39.7°, 40.0°, 57.7°, and
72.4°, which could be assigned to the reflections at the (1 1 0),
(0 1 2), (2 0 2), and (1 2 2) planes, respectively, of the hexagonal
Al3Ni2 structure type (P3m1 space group). In3Pd5 diffraction
peaks included (0 2 1), (4 0 1), (1 2 1) and (0 0 2) lattices at
38.5°, 38.9°, 39.3° and 42.6°, respectively, which crystallized in
the orthorhombic Ge3Rh5-type structure (Pbam space group).
High resolution TEM (HRTEM) of a representative single nano-
particle (Fig. 1D and 2D) and lattice fringe indicated that both
In3Pd2 and In3Pd5 nanoparticles were highly crystallized.
Furthermore, the diffraction patterns were obtained from fast
Fourier transform (FFT) patterns, as shown in Fig. 1E and 2E.
The presence of superlattice reflections such as (110) and (100)
confirmed the formation of an In3Pd2 intermetallic structure.
Further analysis with spatial distribution of In and Pd species

Fig. 1 (A) TEM image of monodispersed In3Pd2 nanoparticles; (B) histo-
grams of size distribution; (C) powder XRD pattern of intermetallic
phase of In3Pd2; (D) high-resolution TEM (HRTEM) image of individual
nanoparticle; (E) corresponding FFT of nanoparticle shown in (D).
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in nanoparticles was performed by scanning transmission
electron microscopy-energy dispersive X-ray (STEM-EDS) mode.
The result of STEM-EDS suggested that the atomic ratios of
In/Pd in In3Pd2 and In3Pd5 nanoparticles are 59.7/40.3 and
38.1/61.9, respectively. STEM-EDS line-scan (Fig. 3A and B) and
corresponding high annular dark field (HAADF)-STEM results
showed uniform distribution of indium and palladium. The
consecutive variations in line profiles with two nanoparticles
have no any segregation for In and Pd. In addition, line scan
EDS spectra in which In and Pd are recorded through the center
of a single particle clearly confirm the dominance of indium
and palladium on these nanoparticles.

Two types of nanoparticles were deposited on carbon
support (Vulcan XC-72) for anodes on EOR studies. TEM
images (Fig. 4) confirm that intermetallic nanoparticles are
dispersed on carbon black uniformly and the morphology of
the supported nanoparticles is identical to the sizes of free
nanoparticles, showing their suitable use as an electrocatalyst.
The catalytic performance of the as-prepared In–Pd nano-
particles was studied for the ethanol oxidation reaction in

alkaline media and was compared to that of commercial Pd/C
catalyst. First, the electrochemically active surface area (ECSA)
was calculated using cyclic voltammetry (CV) in 1.0 M KOH at
a scan rate of 50 mV s−1. The reduction peak of Pd–O species
was around −0.45 V (versus SCE) for cathodic backward, as
shown in Fig. 5A. The ECSA values of In3Pd2/C, In3Pd5/C and
Pd/C were estimated using the closely identical active sites on
the nanoparticle surface. The measurement is according to the
equation ECSA = Q/(405 × WPd), where Q (C) and WPd (mg) rep-
resent the coulombic charge by integrating the reduction peak
area of PdO and Pd loading on electrode, respectively.
Simultaneously, 405 (C cm−2

Pd) is the desired charge for
reduction of the PdO monolayer. The ECSA values of In3Pd2/C,
In3Pd5/C and Pd/C were 76.51, 73.28 and 24.93 m2 gPd

−1,
respectively. Herein, the electrocatalytic performance for EOR
of both In–Pd/C and Pd/C catalysts was investigated using
cyclic voltammetry in 1.0 M KOH and 1.0 M C2H5OH at a scan
rate 50 mV s−1. The electrocatalytics measurements were con-
ducted about 20 cycles of CVs for ligand removed. The anodic
peaks in the CV scans (Fig. 5B) of In3Pd2/C (2.82 A mg−1Pd),
In3Pd5/C (1.98 A mg−1Pd) and Pd/C (0.49 A mg−1Pd) indicated
that the mass current densities (normalized to the mass of Pd)
are nearly 5.8 and 4.0 times higher than that of Pd/C, and
In3Pd2/C is more active than other bimetallic Pd-based cata-
lysts, as shown in Fig. 5D.24,31,38–42 The electrocatalytic activity
of In3Pd2 catalyst showed the highest value than those of any
other catalysts, which agreed with the results of ECSA calcu-
lation. Moreover, the durability measurements of In3Pd2/C,
In3Pd5/C and Pd/C were recorded at −0.25 (versus SCE) by the
chronoamperometric method in 1.0 M KOH and 1.0 M
C2H5OH. During the ethanol oxidation reaction, the mass

Fig. 2 (A) TEM image of monodispersed In3Pd5 nanoparticles as syn-
thesized; (B) histograms of size distribution; (C) powder XRD pattern of
intermetallic phase ratio 3 : 5 of In/Pd; (D) high-resolution TEM (HRTEM)
image of individual nanoparticle; (E) corresponding FFT of nanoparticle
shown in (D).

Fig. 3 (A and B) Element distribution across a center of nanoparticles
by STEM-EDS line-scanning technique; insets: HAADF-STEM images of
In3Pd2 (left) and In3Pd5 (right), respectively. The scale bar corresponds to
5 nm.

Fig. 4 (A, C) TEM images and (B, D) HRTEM images of In3Pd2 and
In3Pd5 supported on carbon, respectively.

Paper Nanoscale

3338 | Nanoscale, 2019, 11, 3336–3343 This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 0
4 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

by
 N

at
io

na
l T

si
ng

 H
ua

 U
ni

ve
rs

ity
 o

n 
7/

27
/2

01
9 

1:
43

:1
0 

PM
. 

View Article Online

https://doi.org/10.1039/c8nr07342b


current of all catalysts decayed to meet its limiting current.
After 2100 s, the mass current densities of In3Pd2/C and
In3Pd5/C were still much higher than that of Pd/C (Fig. 5E).
The mass activity of In3Pd2/C (675.8 mA mgPd

−1) still remained
5.85 times than that of commercial Pd/C (115.4 mA mgPd

−1)
(Fig. 5F). In addition, the TEM analysis of In3Pd2/C and
In3Pd5/C compounds after the durability test (Fig. S2†) indi-
cated that the nanoparticles do not exhibit morphology and
size change. All the results imply that In3Pd2/C has remarkable
activity and stability toward EOR compared to many supported
Pd-based electrocatalysts (Table S1†).

To further investigate the mechanism of excellent EOR
electrocatalytic performance, the electronic states of In and Pd
surfaces were studied using X-ray photoelectron spectroscopy
(XPS). The XPS spectra analysis via peak fitting showed that
Pd3d5/2 and Pd3d3/2 peaks of In3Pd2 and In3Pd5 were recog-
nized as elemental Pd (0).43 The 3d5/2 peaks of In3Pd2 and
In3Pd5 were located at 334.7 eV and 335.0 eV (Fig. 6A and B),
respectively, and both the binding energies exhibited slightly
negative shifts as compared to that of element Pd. Apart from
active sites, the synergistic effect between In and Pd atoms can
be another critical factor for modifying the electronic structure

and chemical properties of a metal in a multicomponent
surface through ligand and strain effects. The negative shift in
Pd 3d binding energy confirmed the modification of the Pd
electronic structure on the surface. In addition, the position of
the d-band center with respect to the Fermi level is the critical
factor that determines the strength of the interaction of Pd
with the adsorbate. Therefore, the d-band center of Pd shifted
down towards the Fermi level, resulting in a stronger inter-
action between In and Pd of the as-synthesized In–Pd nano-
particles. In other words, the downshift of d-band center wea-
kened the strength between Pd and intermediates such as
(CH3CO)ads, favoring the electro-oxidation of ethanol.
Furthermore, the broad In 3d peaks (Fig. 6C and D) were
deconvoluted to two peaks, which were determined to be
elemental In and In(OH)3.

44 The In 3d5/2 peaks of In3Pd2 and
In3Pd5 were located at 443.9 eV and 444.1 eV (Fig. 6C and D),
respectively, and both binding energies slightly shifted posi-
tively as compared to that of elemental In. Significantly, the
XPS results showed that oxygen-containing species are formed
on In surface sites of the In–Pd compound in alkaline media
and promote EOR.

It is generally accepted that poison species of EOR on Pd
sites in alkaline media are CO and CHX (Fig. S3†).45 Therefore,
the weakly adsorbed CO on active sites can avoid blocking the
active sites, preventing decrease in EOR efficiency. Indium
reacts with hydroxyl to form hydroxylated species (In–OH) on
the catalyst surface, and the species can form an electron–
proton conductor, which facilitates the oxidation of carbon-
aceous intermediates (e.g., CH3CO, CH3COOH, and CO).41 It
has been widely accepted that the reaction takes place between
the formed OHads and COads (Pd–COads + In–OHads → Pd +
In + CO2 + H2O) after CO stripping.22 Therefore, CO stripping
can present a way to estimate the CO tolerance of catalysts.46,47

Fig. 5 (A) Cyclic voltammetry obtained on In–Pd/C with different com-
positions and commercial Pd/C catalyst in 1.0 M KOH solution at scan
rate of 50 mV s−1; (B) CVs of In–Pd/C with different compositions and
commercial Pd/C catalyst in 1.0 M KOH and 1.0 M C2H5OH solution at a
scan rate of 50 mV s−1; (C) histograms of ECSA (red) and mass activity
(blue) normalized with Pd mass; (D) the performance comparison of
various bimetallic Pd-based catalysts on EOR (the ratios of catalyst are
based on mass activity and compared with commercial Pd/C). (E), (F)
Chronoamperometric curves reflecting durability of nanoparticle cata-
lysts in 1.0 M KOH and 1.0 M C2H5OH solutions at constant −0.8 V for
2100 s.

Fig. 6 XPS analysis of (A, B) high-resolution region of Pd 3d; (C, D)
high-resolution region of In 3d for different In–Pd catalysts. All spectra
were calibrated by C 1s peak located at 284.6 eV.
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The CO electro-stripping was conducted in 1.0 M KOH with
saturated CO at room temperature. The potential was held at
−0.8 V to obtain full coverage of active sites. As can be seen in
Fig. 7, the peak potentials of pre-adsorbed CO on sites of both
In3Pd2 and In3Pd5 are located at −0.2 V (versus SCE) in the first
forward scan, which are significantly lower than that of Pd/C
for weaker adsorption of CO (Fig. 7D).48,49 The second forward
scan, i.e., the CO oxidation peak, clearly disappeared because
of the elimination of CO on the sites of catalysts, showing
good CO tolerance of these catalysts. All results demonstrate
that the remarkable eletrocatalytic performance for EOR and
excellent CO anti-poison ability are caused by incorporating
Indium.

The formation of acetate from acetaldehyde has been
identified as a rate-determining step for the EOR on Pd sites
in alkaline media (Fig. S3†).22,50 It can be expressed as follows:

M–ðCOCH3Þads þM–OHads ! M–CH3COOHþM

This was evaluated by comparing energy barriers (Ea) as
well as thermodynamics (ΔE) and structural parameters.35

M–OHads and M–(COCH3)ads intermediates were combined to
generate acetate anions, which are generally dominant in the
overall reaction of EOR. Therefore, catalysts with facile OHads

generation contribute to excellent electrocatalytic performance
towards EOR.50 To reveal the nature of the In–Pd compound
characteristic in EOR, we further performed density functional
theory (DFT) calculations (ESI Method 1†). First principle cal-
culations were utilized to determine the role of hydroxyls
during EOR on the catalyst surface in alkaline media. We
established the clustering analysis of hydroxyl radical adsorp-
tion energy on the (111) surface via DFT calculations (ESI
Method 1†) to study the incorporation of oxophilic metals on
the catalyst surface. On the basis of the adsorption energy,
OH− displayed favourable adsorption on In atoms, as shown in

Fig. 8; the corresponding binding energies are summarized in
Table S2.† Indium (1.659 eV) of In3Pd2 compound exhibited
the lowest adsorption energy with OH− among Sn (5.445 eV),
Ag (5.320 eV), Co (2.954 eV), Pb (6.331 eV), Cu (2.119 eV) and
Ge (3.816 eV) (Table S2†), which indicated that it is the most
accessible to adsorb with OH−; this result is consistent with
the experimental data. Furthermore, the XRD patterns indi-
cated In3Pd2 nanoparticles with exposed (1 1 0), (0 1 2), (2 0 2),
and (1 2 2) planes and In3Pd5 nanoparticles with exposed
(0 2 1), (4 0 1), (1 2 1) and (0 0 2) planes. We also calculated
the adsorption energies on (0 1 2) and (1 1 0) crystal planes of
In3Pd2 and (1 2 1) and (4 0 1) crystal planes of In3Pd5; the
adsorption energies on (0 1 2) and (1 1 0) crystal planes of
In3Pd2 were 0.158 eV and 2.304 eV, respectively, whereas those
on the (1 2 1) and (4 0 1) crystal planes of In3Pd5 were
1.242 eV and 1.505 eV, respectively, which again showed that
In3Pd2 compound has the lowest energy for OH− adsorption.
Fig. S5† shows the projected density of states (PDOS) of Pd 3d
orbitals for 24-atom nanocluster of InPd compound and Pd
carried out using the material studio software package. The
electron–ion interactions were described with the projector-
augmented wave (PAW) method.51 The generalized gradient
approximation (GGA) of Perdew–Burke–Ernzerhof (PBE) func-
tional was adopted for exchange–correlation interactions.52

The εd values of Pd atoms in In3Pd2 and In3Pd5 compounds
were calculated to be −2.193 eV and −2.187 eV, respectively,
showing a downshift in comparison to −1.908 eV for pure Pd,
which again indicated that the presence of In caused the
d-band center of Pd to downshift more towards the Fermi
level.

To further confirm the activities of In3Pd2 nanoparticles for
practical use, the polarization curves of alkaline DEFC module
assembled by In3Pd2/C and Pd/C are shown in Fig. 9. A single
cell test is shown in Fig. S4;† the experiment was conducted at
70 °C with 1.0 M KOH and 1.0 M ethanol feeding to the anode
of the fuel cell. The alkaline DEFC with an In3Pd2/C anode
exhibited better performance than that with Pd/C in terms of
both OCV and power density. Accordingly, the DEFCs with
Pd/C and In3Pd2/C exhibited OCV values of 0.64 V and 0.89 V,
respectively. The maximum power density for In3Pd2/C was

Fig. 7 CO anti-poisoning test for (A) In3Pd2/C, (B) In3Pd5/C (C) and Pd/
C; (D) J–V curves reflecting CO oxidation catalyzed by different catalysts
with full coverage of CO in 1.0 M KOH at a scan rate of 50 mV s−1.

Fig. 8 The geometries of OH− adsorption complex on Pd, In3Pd2 and
In3Pd5 clusters. The values indicate the chemical reaction energy of OH
adsorption.
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6.7 mW cm−2, and that for Pd/C was 3.7 mW cm−2. Compared
with the observations for Pd/C, OCV and power density of
In3Pd2/C improved by 0.25 V and ∼81%, respectively. The
results further indicated that the In3Pd2/C catalyst showed
higher electrocatalytic activity toward EOR in alkaline media
than the Pd/C catalyst in a practical DEFC single cell.

Conclusions

Synthetic methods, EOR performance, and DEFC single cell of
monodisperse ordered In3Pd2 and In3Pd5 nanoparticles were
described. Two new bimetallic nanoparticles enhanced the
catalytic performance of EOR more than 4 times compared to
commercial Pd/C catalysts. As confirmed by CO stripping
experiments, incorporating with Indium greatly enhanced CO
anti-poison ability for Pd-based bimetallic nanoparticles.
Furthermore, DFT results agreed with experimental results to
show that In sites facilitated the formation of OH•, which
accelerated the rate-determining step for EOR. Therefore, the
electrocatalytic activity and durability of In–Pd compound
showed remarkable performance. Finally, fuel cell perform-
ance tests demonstrated that the optimized In3Pd2/C catalyst is
a promising practical anode catalyst for alkaline DEFCs with
higher power density and OCV. This study makes a new pro-
gress for Pd-based bimetallic nanoparticles designed for
higher electrocatalytic activity for EOR as well as their practical
single cell applications.

Experimental
Chemicals

Palladium(II) acetylacetonate (Pd(acac)2, 99%), palladium(II)
iodide (PdI2, 97%), indium(III) acetylacetonate (In(acac)2,
99.99%), indium(III) iodide (InI3, 99.998%), trioctylphosphine
(TOP, 97%), oleylamine (OAm, 70%), hexamethyldisilazane
(HMDS, 99%) and Nafion® perfluorinated resin solution
(5 wt%) were purchased from Sigma-Aldrich. Ethanol (≥99.9%,
Honeywell), n-hexane (99%, J. T. Baker), toluene (≥99.7%,

J. T. Baker), potassium hydroxide (87.7%, J. T. Baker) and
Vulcan XC-72 (Cabot) were purchased and used as received.
Milli-Q ultrapure water (18.2 MΩ cm) was used in all electro-
chemical experiments.

Characterization

Powder XRD patterns were obtained using a Shimadzu
XRD-6000 diffractometer equipped with Cu Kα radiation. TEM
and HRTEM samples were prepared by drop-casting onto
300 mesh Cu grids and drying in vacuum overnight; the
images were recorded via JEM-ARM200FTH (JEOL) trans-
mission electron microscope operating at 200 kV equipped
with an Oxford INCA EDS spectrometer. High Resolution X-ray
Photoelectron Spectrum (HRXPS) was obtained on PHI
Quantera SXM (ULVAC-PHI) to study the surface state of In–Pd
nanoparticles. Elemental composition of nanoparticles on
carbon support was determined using an inductively coupled
plasma-mass spectrometer (ICP-MS, Agilent 7500ce).

Synthesis of In3Pd2 nanoparticles

In a typical preparation, about 152.6 mg Pd(acac)2, 332.8 mg In
(acac)3, 20 mL of OAm and 1.5 mL of TOP were heated to
120 °C under magnetic stirring and argon flow in a three-neck
flask for 30 minutes. Then, the mixture was heated to 260 °C
under continuous stirring and moderate argon flow. Solution
colour became dark-brown and eventually turned to black at
230 °C. Later, the colloidal suspension was maintained at this
temperature for 1 hour before it was cooled to room tempera-
ture. The final product was collected by centrifugation at
10 000 rpm and washed with an ethanol/toluene mixture
twice. The product was dispersed in toluene for later use.

Synthesis of In3Pd5 nanoparticles

Under an argon atmosphere and magnetic stirring, 5 mL TOP
and 36 mg PdI2 were mixed in a three-neck flask and heated to
120 °C for 30 min, removing water and other organic bypro-
ducts. At the same time, the stock solution in a vial was pre-
pared by dissolving 50 mg InI3 in 10 mL OAm and sonicated
for 30 min. The stock solution and 1 mL HMDS were injected
by syringe into a three-necked flask and reheated to 120 °C.
The mixture was then heated to 310 °C at a heating rate of 2 °C
min−1. The orange solution turned black once the reaction
temperature reached 260 °C. After quenching to room temp-
erature, the In3Pd5 nanoparticles were separated by adding
ethanol/toluene and centrifugation. In3Pd5 nanoparticles were
collected from the precipitate, washed three times and finally
dispersed in toluene.

Preparation of nanoparticle catalyst ink

The colloidal suspension of ten milligrams In–Pd was taken
up in hexane (15 mL) and sonicated for 8 hours to ensure
good dispersity. Then, the VulcanXC-72 carbon black (Cabot)
powder was added for further 2 hour sonication to allow the
nanoparticles to be transferred onto the carbon support. The
precipitate was separated by centrifugation after several wash-
ings with excess ethanol, and a colourless supernatant was dis-

Fig. 9 Polarization curves of DEFC module assembled by Pd/C and
In3Pd2/C.
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carded. The nanoparticles/C was dried at 60 °C under vacuum
for another 6 hours to obtain the supported catalyst. The
carbon-supported catalysts were studied using inductively
coupled plasma mass spectrometry (ICP-MS). The final
product was dispersed in the mixture of 1 ml isopropanol and
50 μl Nafion solution (5 wt%) and sonicated for 1 h to yield a
well-dispersed catalyst ink with a concentration of 5 mg mL−1.

Electrochemical measurement

Electrochemical measurements were performed in a three-
electrode cell with a potentiostat (VMP3, BioLogic Science
Instrument) at room temperature. All experiments were con-
ducted with a saturated calomel electrode (SCE) electrode as
the reference electrode, and glassy carbon (GC) electrodes were
used as working electrodes (0.196 cm2), with Pt wire as the
counter electrode. After the electrode was dried, 10 μl of cata-
lyst ink was dropped onto a GC electrode. The concentrations
of Pd in the catalyst inks were obtained using an inductively
coupled plasma mass spectrometer (ICP-MS). Aqueous solu-
tions of 1 M KOH containing 1 M ethanol were used as electro-
lytes. All CV measurements were performed at room tempera-
ture. Before the electrochemical measurement, the electrolyte
was purged with argon for at least 30 min. The working elec-
trode was initially cycled between −0.8 V and 0.4 V at 50 mV
s−1 in 1.0 M KOH for about 20 cycles, removing the residues
on the catalyst surface. The EOR measurement was obtained
by CV scans between −0.8 V and 0.4 V at 50 mV s−1 in 1.0 M
KOH and 1.0 M ethanol. Afterwards, the corresponding poten-
tial was held at −0.2 V during the chronoamperometry
measurements in 1.0 M KOH and 1.0 M ethanol. Before CO
stripping, the solution was purged with argon for 30 min and
then bubbled with CO gas (99.9%) for 15 min at −0.8 V in the
solution of 1.0 M KOH to achieve the maximum coverage of
CO at Pd-active sites. The residual CO in the solution was
excluded by nitrogen for 30 min.

DEFC assembly and measurements

A membrane electrode assembly (MEA) was prepared with
Pd/C (30%, Aldrich) or In3Pd2/C as the anode and Pt/C (40%,
Premetek) as the cathode. The catalyst powder was mixed with
isopropyl alcohol, deionized water, and Nafion solution
(5 wt%) to prepare the catalyst ink. Then, the well-mixed cata-
lyst ink was sprayed onto the gas diffusion layer to fabricate
the electrodes. MEA was prepared by hot-pressing the anode
and cathode electrodes onto the two sides of the Nafion
115 membrane (DuPont) at 80 °C for 5 min at 20 kg cm−2.
When DEFC stack was fixed, MEA inside the stack was acti-
vated and then connected with 850e cables and fuel suppliers
prior to the electrochemical measurement. During the
measurement, the stack was heated to 70 °C and fed by 1.0 M
ethanol and 1.0 M KOH solution with the flux of 60 mL h−1 at
the anode and 100 sccm of oxygen flow at the cathode at the
identical temperature of the DEFC stack. The entire stack was
stabilized for at least 30 min (or at a stable open circuit
voltage) prior to the electrochemical (I–V curve and power
density) measurement.
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