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Direct methanol fuel cells (DMFCs) have attracted considerable scientific interest because
of their ease of operation and implementation; however, poor electrocatalytic activity and
durability are the main hindrances for their commercial feasibility. Moreover, the deacti-
vation of active Pt sites, due to the coverage of CO-like species during the electrochemical
oxidation reaction, significantly degrades the electrochemical surface area (ECSA). In the
present work, stable Pt-supported tin-modified indium oxide (ITO) was synthesized as a
promising electrocatalyst towards the methanol oxidation reaction (MOR) in DMFCs. It was
found that 20 wt% Pt/ITO yielded much higher current density (~0.71 mA/cm2) than the
state-of-the-art carbon-supported Pt (E-TEK) electrocatalyst. Furthermore, the If/Ib ratio,
which featured the CO tolerance of the electrocatalyst, of 20 wt% Pt/ITO was found to be
~1.42, which is ~1.5-fold higher than that of 20 wt% Pt/C (E-TEK). Chronoamperometry
results indicated that 20 wt% Pt/ITO manifested much higher stability than 20 wt% Pt/C (E-
TEK).

© 2019 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

The development of green power sources to solve the
negative consequences of fossil fuels remains the main
challenge for researchers in the 21st century. Direct
methanol fuel cells (DMFCs) have attracted tremendous
attention because of their ease of operation and imple-
mentation; however, the poor electrocatalytic activity and
durability of electrocatalysts are the main barriers for their
large-scale commercialization [1,2]. Moreover, the deacti-
vation of active Pt sites results in the significant degrada-
tion of their electrochemical surface area (ECSA) [3]. In
addition, the most commonly used Pt/C electrocatalyst
o).
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manifests several restrictions including the corrosion of the
carbon support and the intrinsic weak interactions be-
tween the carbon support and Pt nanocatalyst, which
consequently degrades the operating life of DMFCs [2e4].
To overcome these drawbacks, numerous efforts have been
undertaken to develop robust supports with high corrosion
tolerance and strong interactivity with noble metals, such
as metal oxides [5e8] and metal-doped metal oxides
[3,9,10].

Tin dioxide (SnO2) possesses a superior ability to inhibit
Pt-oxide elements at high potentials [11,12]. However, low
electronic conductivity [13] and poor stability [12] are the
major limitations for SnO2 to be applied as supporting
material in DMFCs. To circumvent these problems, Sn is
generally incorporated into host lattices of materials that
have low electrical resistance and excellent electrochemical
ll rights reserved.
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Scheme 1. Synthesis of tin-doped indium oxide.
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stability [12,13]. According to Liu and Mustain [12], tin-
doped indium oxide (ITO) manifests outstanding dura-
bility towards oxygen reduction reactivity (ORR). ITO ex-
ploits the strong interactions between Pt and Sn as well as
the stability of indium oxide to deal with the major tech-
nical drawbacks of Pt/C catalyst (such as Pt sintering,
dissolution and corrosion) [4,14].

Very few studies have reported the electrochemical
activity of Pt/ITO electrocatalyst towards methanol elec-
trooxidation reactions (MORs) in DMFCs. In the present
work, Pt-supported ITO nanoparticles were successfully
prepared through a modified chemical reduction route at
room temperature. Moreover, the electrochemical mea-
surements were carried out in acidic and methanol me-
diums to record the electrochemical activity and stability of
20 wt% Pt/ITO towards MOR. These experimental results
indicated that the 20 wt% Pt/ITO exhibited higher activity
and greater CO tolerance than the state-of-the-art carbon-
supported Pt (E-TEK) electrocatalyst. In addition, the ITO
exhibits a superior improvement in terms of reducing
degradation rates in comparisonwith common commercial
Pt nanoparticles anchored on a carbon support. These
recommend that Pt/ITO have great potential to be used as
an electrocatalyst for DMFCs.

2. Experimental procedure

2.1. Chemicals

Indium acetylacetonate [In (acac)3, 99%] and oleylamine
(70%)were obtained from ACROSS organics, Belgium. Tin (IV)
bis (acetylacetonate) dichloride (98%), dihydrogen hexa-
chloroplatinate (IV) hexahydrate (H2PtCl6$6H2O, 99.9%),
Nafion 117 solution (~5% in a mixture of alcohol and water)
and methanol (CH3OH, 99.8%) were purchased from Sigma-
Aldrich, USA. Sodium hydroxide (NaOH, 99%) and ethanol
(99.7%) were procured from Xilong, China. Ethylene glycol
(EG, 99.5%) was purchased from Fischer, USA.

2.2. Synthesis of ITO nanostructures

ITO nanostructures were prepared by a facile solgel
process followed by mild calcination [12,15]. A mixture of
0.2699 g In (acac)3 and 0.026 g Sn (acac)2Cl2 was first dis-
solved in 4 mL of oleylamine in a three-neck flask con-
nected with a condenser. The reaction was then vigorously
stirred at 235 �C for 3 h to form a dark yellow suspension.
The as-obtained suspension was separated by centrifuga-
tion and washed with purified water until the supernatant
became neutral to remove unreacted reagents and residual
oleylamine. The as-prepared solid was dried overnight at
80 �C in the air to form a grey powder and subsequently
calcined in a furnace for 3 h at three different temperatures
of 400 �C, 500 �C and 600 �C. ITO samples obtained at
400 �C, 500 �C and 600 �C were denoted as ITO400, ITO500
and ITO600, respectively (Scheme 1).

2.3. Synthesis of 20 wt% Pt/ITO catalyst

The catalyst was synthesized by a modified chemical
reduction method. A mixture of 3 mL of H2PtCl6 (0.05 M)
and 0.5mL of EGwas first ultrasonicated for 20min at 20 �C.
ITO powder (46.8mg) was then added into themixture, and
the pH of the as-obtained suspensionwas adjusted to 11 by
NaOH solution. NaBH4 (acted as a reducing agent) was then
added dropwise into the suspension, and the mixture was
vigorously stirred for 2 h at 60 �C. The as-obtained sus-
pension was centrifuged and washed with purified water.
Finally, the as-obtained product was dried overnight for
further analysis (Scheme 2).
2.4. Material characterization

The phase structures of the as-obtained samples were
revealed by X-ray diffraction analysis (XRD; D2 PHASER-
Brucker, Germany) in the 2q range of 20�e80�. The mor-
phologies and particle sizes of the samples were detected
by transmission electron microscopy (TEM; JOEL-JEM
1400). For electrical conductivity measurement tests, pel-
lets of diameter 10 mm and thickness 1 mm were made
from dry samples using a hydraulic press under a pressure
of 300 MPa and then dried overnight at 105 �C.

Electrochemical measurement tests were carried out in
an EC-LAB electrochemistry device equipped with a silver/
silver chloride (saturated KCl) reference electrode, a Pt
counter electrode and a glassy carbon electrode (diameter
of 5 mm). The catalyst ink was prepared through the
following process: the catalyst powder was first ultra-
sonicated for 30 min in a solution consisting of ethanol and
0.5% Nafion. The surface of the glassy carbon disk was
polished with 0.5-mm Al2O3 polishing powder (BAS) and
then washed with ethanol and purified water. In the pre-
sent work, all electrochemical potentials were described
against the normal hydrogen electrode (NHE) scale. The
catalyst electrode was activated by 100 cycles at a sweep
rate of 50 mV/s. To measure the ECSA of the as-obtained
catalyst, the electrochemical test was executed in
nitrogen-saturated 0.5 M H2SO4 solution at a sweep rate of
50 mV/s. The electrocatalytic activity of the catalyst to-
wards MOR was recorded in a solution of nitrogen-
saturated 10 v/v% CH3OH and 0.5 M H2SO4 at a scan rate
of 50mV/s. The chronoamperometry test was carried out in
a methanol acidic media for 1000 s at an immobilized po-
tential of 1.0 V to measure the poisoning resistance of the
as-synthesized catalyst to intermediate carbonaceous spe-
cies during MOR.



Scheme 2. Synthetic procedure for Pt/ITO catalyst. EG, ethylene glycol; ITO, tin-doped indium oxide.

V.T.T. Ho et al. / C. R. Chimie 22 (2019) 838e843840
3. Results and discussion

Fig. 1 displays the XRD patterns of ITO samples (ITO400,
ITO500 and ITO600), SnO2 (JCPDS 41e1445) and InO3
(JCPDS 06e0416). All ITO samples possessed the cubic
bixbyite structure of indium oxide, and the peaks at 2q
~30.6�, 35.5�, 51� and 60.7� appeared from the (222), (400),
(440) and (622) planes, respectively. Furthermore, no
prominent SnO2 peak was observed; it indicates that Sn
was completely distributed into InO3 lattices without
forming any composite oxide after calcination. ITO400, due
to its low calcination temperature, generated much lower
XRD peak intensity than ITO500 and ITO600. The crystallite
sizes of ITO400, ITO500 and ITO600 were measured by
Scherrer equation [16,17] as ~9.25 nm, ~14.59 nm, and
~20.53 nm, respectively.

It is already proved that calcination plays an important
role in preventing particle agglomeration [1]. The TEM
morphologies of three different ITO samples after calcina-
tion are exhibited in Fig. 2. ITO400 was composed of
nanoflower-shaped clusters and discrete spherical particles
with an average size of 10 nm. When the calcination tem-
perature reached 500 �C, uniform grains of diameters
15e20 nm were noticed in the morphology. However, the
microstructure of ITO600 consisted of large spherical
Fig. 1. XRD patterns of ITO samples. (a) ITO400; (b) ITO500; (c) ITO600. ITO,
tin-doped indium oxide; XRD, X-ray diffraction analysis.
nanoparticles of diameter 30 nm. These results could be
understood by the influences of calcination on removing
organic ligandeencapsulated particle surfaces to form
distinct particles at over 500 �C in an oxygen-rich envi-
ronment. Beyond 500 �C, ITO particles generally have a
high tendency to form larger particles. Hence, the surface
areas of ITO samples decreased dramatically with the
increasing calcination temperature (109.153 m2/g,
72.533 m2/g and 42.333 m2/g for ITO400, ITO500 and
ITO600, respectively). Moreover, the pore volume and the
pore size of ITO400 were measured to be 0.071 cc/g and
1.18 nm, respectively; however, these values for ITO500 and
ITO600 could not be determined, which could be explained
for their much smaller surface areas than ITO400 [1].

The electrical conductivity values of ITO samples were
measured by the four-point probe technique, and the cor-
responding results are presented in Fig. 3. The electrical
conductivity values of all ITO samples were found to be
profoundly higher than those of commercial SnO2 (10�6 S/
cm) [1,12], Sb-doped SnO2 (0.11 S/cm) [9], Ru-doped SnO2
(2.5$10�3 S/cm) [18], and Ti0.7Mo0.3O2 (2.8$10�4 S/cm) [4],
and the highest conductivity of 2.60 S/cmwas obtained for
ITO600. The variation in electrical conductivity of the
samples could be attributed to the rise in their intrinsic
charge carriers during calcination. In addition, calcination
also contributed to the formation of highly crystalline
structures.

The XRD patterns of 20 wt% Pt/ITO electrocatalysts are
demonstrated in Fig. 4 (a). After the reduction process, the
XRD profiles of 20 wt% Pt/ITO samples remained well
consistent with original ITO patterns, thus indicating the
stability of ITO nanostructures. Moreover, three Pt peaks at
2q ~39�, 46� and 68� appeared corresponding with (111),
(200) and (220) Pt planes, respectively, (JCPDS 01e1194). It
is worth noting that all diffraction peaks of Pt were
broadened because of the small diameter of deposited Pt
nanoform. The structural properties (surface area, particle
size and electrochemical surface area) of 20 wt% Pt/ITO at
different calcination temperatures are depicted in Table 1.

The ECSA values of three different 20 wt% Pt/ITO sam-
ples and the commercial carbon-supported Pt (E-TEK)
electrocatalyst were compared (Fig. 5). The ECSA of these
catalysts was estimated based on hydrogen adsorption (QH)
and then divided into electric charge transfer of hydrogen
adsorption (210 mC/cm). The ECSA value of 20 wt% Pt/
ITO400 (44.1 m2/gPt) was found to be smaller than those of
other catalysts, and it can be attributed to the agglomerated
morphology of ITO400. However, the ECSA value of 20 wt%



Fig. 2. TEM images of (a) ITO400; (b) ITO500; (c) ITO600. ITO, tin-doped indium oxide; TEM, transmission electron microscopy.

Fig. 3. The comparison of electrical conductivity of ITO samples with various
calcination temperatures and other ITO and noncarbon supports. ITO, tin-
doped indium oxide.

Table 1
Properties of the 20 wt% Pt/ITO electrocatalyst.

Catalyst SBET of ITO
(m2/g)

Particle size
of Pt (nm)

ECSA
(m2/g)

20 wt% Pt/ITO400 109.2 ~10.0 44.1
20 wt% Pt/ITO500 72.5 ~9.9 54.5
20 wt% Pt/ITO600 42.3 ~8.9 63.4

ECSA, electrochemical surface area; ITO, tin-doped indium oxide.
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Pt/ITO600 was approximately equal to that of 20 wt% Pt/C
(~64.6 m2/gPt). The 20 wt% Pt/ITO600 catalyst yielded the
highest ECSA value because of the higher electrical con-
ductivity of ITO600 than those of ITO400 and ITO500
(Fig. 3), thereby facilitating efficient electron conduction
during electrochemical reactions [19,20].
Fig. 4. XRD patterns of (a) 20 wt% Pt/ITO400; 20 wt% Pt/ITO500; and 20 wt% Pt/I
indium oxide; XRD, X-ray diffraction analysis.
The cyclic voltammogram of Pt/C exhibited amajor peak
at 1.2 V (Fig. 5); it indicates that the oxidation of carbon
significantly deteriorated the catalyst. However, no oxida-
tion peaks for 20 wt% Pt/ITO samples were noticed within
the selected cyclic voltammetry (CV) range, thus suggesting
the formation of stable ITO supports.

To reveal the catalytic and CO tolerance properties of
20 wt% Pt/ITO samples during MOR, cyclic voltammograms
were recorded in a solution of nitrogen-saturated 10 v/v%
CH3OH and 0.5 M H2SO4 at a scan rate of 50 mV/s (Fig. 6).
All CV profiles consisted of two major peaks (appeared
from the oxidation of methanol and residual intermediates)
during the forward and upward scans. The CO-poisoning
TO600 and (b, c) 20 wt% Pt/ITO500 with different scale bar. ITO, tin-doped



Fig. 5. Cyclic voltammetry profiles for (a) 20 wt% Pt/ITO400, (b) 20 wt% Pt/ITO500, (c) 20 wt% Pt/ITO600 and (d) Pt/C in acidic media. ITO, tin-doped indium
oxide; NHE, normal hydrogen electrode.

Fig. 6. Cyclic voltammograms for methanol oxidation reaction of (a) 20 wt% Pt/ITO400, (b) 20 wt% Pt/ITO500, (c) 20 wt% Pt/ITO600 and (d) 20 wt% Pt/C. ITO, tin-
doped indium oxide; NHE, normal hydrogen electrode.
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Table 2
Electrochemical parameters of Pt/ITO for the methanol oxidation reaction.

Catalyst SESA-H (m2/g Pt) If (mA) Ib (mA) If/Ib

20 wt% Pt/ITO400 44.1 0.68 0.56 1.24
20 wt% Pt/ITO500 54.5 0.71 0.50 1.42
20 wt% Pt/ITO600 63.4 0.56 0.46 1.20
20 wt% Pt/C 64.6 0.60 0.49 1.22

ITO, tin-doped indium oxide.

Fig. 7. Chronoamperometry analyses of the Pt/ITO catalysts at 1.0 V in 1 M
CH3OH/0.5 M H2SO4 solution. ITO, tin-doped indium oxide.
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factor is associated with the ratio of currents in the forward
and backward scans (If/Ib). A small If/Ib ratio implies the
elimination of residual carbonaceous intermediates
(mostly CO species) during the forward scan, thus resulting
in higher CO tolerance [21e23]. The 20 wt% Pt/ITO500
catalyst yielded the highest CO tolerance because of its
highest If/Ib ratio of ~1.42, whereas other two catalysts led
to the same If/Ib value of ~1.22 (Table 2). The promising CO
tolerance of 20 wt% Pt/ITO500 can be ascribed to the strong
affinity between Pt and ITO500 [12], which is not normally
found in the Pt/C catalyst [4,24,25].

The stability of Pt/ITO catalysts was investigated by
chronoamperometry (Fig. 7). In the beginning, the current
densities of 20 wt% Pt/ITO catalysts declined rapidly
because of the absorption of poisoning intermediates. The
20 wt% Pt/C catalyst represented a rapid degradation only
after 100 s; however, all 20 wt% Pt/ITO samples manifested
much slower degradation rates. The 20 wt% Pt/ITO600
catalyst had the slowest degradation rate, thus suggesting
its high tolerance against poisoning species. The high CO
tolerance of 20 wt% Pt/ITO samples can be attributed to the
strong electron affinity between Pt and ITO substrates that
suppress the adhesion of CO species on Pt active surfaces.

4. Conclusion

ITO electrocatalysts were successfully prepared through
a facile solgel route followed by calcination, and the effects
of calcination temperature on ITO morphologies were
investigated. The ITO sample calcined at 500 �C caused less
particle agglomeration than the sample calcined at 400 �C,
and it can be attributed to the removal of organic ligands
after calcination at 500 �C. Moreover, the ITO catalyst
calcined at 600 �C led to particle growth and had the
smallest surface area. More importantly, ITO showed high
electrical conductivity that could be applied as a good
support material in fuel cells. The results of electrochemical
analyses indicated that the ECSA values of Pt/ITO and Pt/C
catalysts were almost the same. However, Pt/ITO catalysts
exhibited much better MOR electrocatalytic activity, CO
tolerance and durability than commercial Pt/C.
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