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Pt-ATO (Sb/Sn0,) nanoparticle is synthesized by the consecutive polyol process to enhance the catalyst
activity for the oxygen reduction reaction (ORR) in the presence of methanol. Pt—-ATO catalyst exhibits

better activity for ORR with and without methanol than Pt black catalyst in a half-cell test, which could
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be attributed to the inhibition of the coagulation of Pt nanoparticles and partial blocking of adsorption
site for the methanol molecules by ATO particle on the Pt surface. As a result, an increase in the power
density in the single cell test was achieved by using the Pt—-ATO catalyst as cathode catalyst for the direct
methanol fuel cell (DMFC) rather than by using the Pt black catalyst. The Pt-ATO particle appears to be
promising methanol tolerant catalyst with higher activity for the ORR in the DMFC.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Direct methanol fuel cell (DMFC) is attracting much attention as
an alternative potential power source for next generation portable
electronic devices due to its high energy density, feasible operation
conditions at ambient temperature, and easy availability of liquid
fuel [1,2]. However, there still remain challenging research issues
for the commercialization of DMFC for the portable power source
market. One of the important issues is to develop a new structural
and compositional cathode catalyst having a higher activity for the
oxygen reduction reaction (ORR) and a lower activity for the
methanol oxidation reaction (MOR) caused by methanol crossover
from the anode to the cathode through polymer electrolyte
membranes, leading to a potential loss of 50 mV at 100 mA cm™2
and reduction in efficiency by 25% at relatively low temperature
[3].

To overcome this issue, considerable researches have been
made in exploiting a sufficiently selective and active electro-
catalyst for the DMFC cathode. One approach is to use Pt metal
alloys with various transition metals (Cr, Fe, Co, Ni, etc.) that are
believed to produce favorable effects on the ORR. These effects are
the structural effect for shortening the Pt-Pt distance in the alloy
nanoparticles and weakening the Pt-oxygen bond, the electro-
chemical effect for enhancing the electron transfer from oxygen to
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Pt, and the blocking effect for preventing the adsorption of
methanol on Pt atom around the transition metal [4]. However, the
transition metal in the alloy catalyst is easily leached out
electrochemically in acidic aqueous solution because the segrega-
tion and oxidation of transition metal at the surface of the Pt occurs
during the preparation of these alloy catalysts [5,6]. In addition, Pt-
based transition metal alloy catalyst is commonly heat-treated at a
high temperature to suppress the segregation and oxidation
problem, which gives rise to undesired sintering of metal
nanoparticles [7]. Consequently, the intrinsic catalytic activity of
Pt-based transition metal alloy catalyst towards the ORR and the
durability under the fuel-cell operating condition are lower than
those of Pt catalyst.

Another approach is to use non-noble metal electrocatalysts
based on chalcogenides and macrocycles of transition metals.
Although the oxidation of methanol on the cathode is greatly
avoided with these catalysts, these materials are far from reaching
the catalytic activity of Pt [8,9]. Very recently, Cho et al. [10]
reported that the supported Pt/C catalyst in the cathode of the
DMEFC can improve the methanol tolerance. Thus, the development
of novel supported catalyst using advanced carbon support [11,12]
is one of the feasible candidates for mitigating the methanol
crossover in the DMFC.

In this study, Pt nanoparticle contacting with adjacent ATO was
prepared by a consecutive polyol process with aiming to the high
activity for the ORR and the methanol tolerant selectivity. ATO
enables the adsorption of OH species to occur at a low potential,
which promotes the electro-oxidation of CO and low molecular
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alcohol, such as methanol and ethanol as suggested in recent
studies [13,14]. Feasibility of using this catalyst for cathode is
demonstrated in the single cell of DMFC.

2. Experimental
2.1. Synthesis of Pt—-ATO nanoparticles

A polyol method is a kind of unprotected colloid method with
the advantages of both impregnation [15] and protected colloid
procedure [16], such as the simplicity of preparation, the narrow
distribution of prepared particles, and the easy control of particle
size. Synthesis parameters such as pH, the ratio of water to
ethylene glycol (EG), the total amount of reaction mixture solvent,
and the molar ratio of ATO to Pt were optimized through the design
of experiment approach.

If the pH value was lower than 11, Pt colloid particle was not
generated in the solution during the heating process in the polyol
process. The role of water in EG solution is believed to help to
retard the nucleus formation rate of the particles, and control the
size of the metal nanoparticles [17]. The amount of total solvent
should have influence on the growth and aggregation of Pt
colloid. Furthermore, the variation of the Pt/ATO molar ratio
could affect the number of catalyst active site related to the ORR
and the MOR.

The consecutive polyol process for the Pt—-ATO catalyst consists
of the following procedures: 2.36 g of H,PtClg-xH,0O (Umicore,
39.8 wt.% Pt) was dissolved in 197.4 g of EG, and then subsequently
the pH of the solution was adjusted to about 11 using 0.2 M NaOH
solution. The temperature of the mixture was ramped up to 383 K
over 1 h, and kept for 2 h to produce the Pt colloidal solution, and
then cooled down to room temperature (RT). Refluxing conditions
were used in order to maintain water contents in the mixture.
Continuously, Pt nanoparticles with neighboring ATO nanoparti-
cles were formed by repeating the above reduction step after
adding quarter gram of tin chloride (SnCl,-2H,0, Aldrich) and
0.03 g of antimony chloride (SbCls, Aldrich) to the preformed Pt
colloidal solution. The resulting catalyst, Pt-ATO nanoparticles,
was filtered, washed with deionized (DI) water, and finally freeze—
dried.

2.2. Preparation of membrane-electrode assembly (MEA)

EG (98%, Aldrich) and Nafion® PFSA polymer dispersion
(20 wt.%, DuPont) were used as received. PtRu black (HiSpec
6000) purchased from Johnson Matthey and in-house Pt-ATO was
used as the anode and cathode catalysts, respectively. Pt black
(HiSpec 1000) was also used as cathode catalysts for the
comparison. The conductivity and the thickness of Nafion-115
membrane used in this study was 0.1Scm™! and 100 wm,
respectively.

Catalyst inks, consisting of the catalysts, Nafion® solution, DI
water, and EG were well dispersed by using the high speed rotating
equipment (conditioning mixer, AR-500) for 10 min. To prepare
the catalyst layers, the catalyst inks were uniformly coated onto
polyethylene terephthalate (PET) blank films to give a metal
loading of about 5 mg cm 2 for both anode and cathode. And then,
these were dried for 24 h in a vacuum oven at 393 K. The catalyst
coated membrane (CCM) was obtained using the decal transfer
method by which the catalyst layer of both anode and cathode
transferred from the PET films to the Nafion® 115 membrane by
hot pressing. The CCM was pre-treated in the mixture of 1M
methanol and 1 M sulfuric acid solution at 368 K for 4 h to activate
the membrane and catalyst layer. Finally, the MEA was formed by
placing the anode and cathode diffusion layer onto the corre-
sponding sides of the CCM by hot pressing.

2.3. Characterization

The X-ray diffraction (XRD) patterns were obtained by Philips
X’pert Pro X-ray diffractometer equipped with a Cu-K, source at
40 kV and 40 mA. The crystalline size of Pt—-ATO nanoparticle and
Pt black catalyst was calculated from Scherrer’s equation using
XRD patterns [18]. Transmission electron microscopy (TEM)
images were obtained by using G2 FE-TEM Tecnai microscope at
an accelerating voltage of 200 kV. A 50 mg of Pt-ATO sample was
decomposed in a mixture of 5 ml of DI water, 4.75 ml of 35 wt.%
HCl, 0.2 ml of 50 wt.% HF and 0.10 ml of 70 wt.% HNO5 with HP500
high-pressure microwave digestion vessel system (CEM) at 450 K
and 170 psi. The composition of Pt, Sb and Sn was determined by
ICP-AES on Shimadzu ICPS-8100 sequential spectrometer. The
composition of oxygen was determined by subtracting the
calculated amount by ICP result from the initial amount of Pt-
ATO catalyst.

X-ray photoelectron spectroscopy (XPS) was performed by
using AXIS (Q2000) photoelectron spectrometer. The X-ray source
was mono-Al-K, operating at 1486.6 eV. The N, adsorption
measurements were made for the catalyst powders of Pt-ATO
and Pt black using a TRISTAR-3000 (Micromeritics) and the BET
surface area and the pore volumes were calculated as described
earlier [11].

Electrochemical characterization was performed with Solartron
Potentiostat (Model SI 1287). A standard three-electrode electro-
chemical cell was used. A Pt mesh and a KCl-saturated Ag/AgCl
electrode were served as the counter and the reference electrode,
respectively. The working electrode was prepared by brushing the
same catalyst ink for CCM preparation on a carbon paper (Toray-
060 plain). All electrode potentials in this paper were converted to
normal hydrogen electrode (NHE).

Cyclic voltammogram for the electrochemical surface area
(ESA)was recorded in the potential range of 0.05-1.4 V versus NHE
at a scan rate of 5mVs~! after the cycling 20mVs~! in 0.1 M
HClO4 solution at RT, which was saturated with nitrogen by
bubbling pure nitrogen for 30 min.

The linear scan voltammetry for the ORR was obtained at a scan
rate of 1mVs~! at RT, which was saturated with oxygen by
bubbling pure oxygen gas for 30 min with and without 0.1 M
MeOH solution.

The performance of the single cell MEA was evaluated by
measuring the current density versus the cell voltage with a
commercial fuel-cell test system (Wonatech). The polarization
curves were obtained in the voltage range from open circuit
voltage (OCV) to 0.2V at 323 K with circulating 1 M methanol
through the anode at a rate of 0.3 ml (min A)~! and feeding air to
the cathode at a rate of 52.5 ml (min A)~.

3. Results and discussion
3.1. Physicochemical characterization of Pt-ATO catalyst

XPS was used to determine the surface oxidation states of the
components in the Pt-ATO nanoparticles. Table 1 shows the

Table 1
The binding energies of Pt 4f7/2 and Sn 3d°/? in the XPS spectra from Pt-ATO and Pt
black catalysts.

Pt 4f7/2 Sn 3d°?

PtO, PtO Pt SnO, Sn
In the literatures® 74.5 729 71.6 486.9 485.3
Pt-ATO - - 71.5 487.0 -
Pt black - - 71.5 - -

@ Refer to Refs. [19,28].
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position of peak for the 4f”/? of Pt and 3d>/? of Sn regions of the XPS
spectra of the Pt-ATO and Pt black catalysts. The most intense
doublets of 4f”/2 of Pt at 71.5 eV and 3d°/? of Sn at 487 eV could be
assigned to metallic Pt and tin oxide (Sn0O,), respectively, according
to the previous report [19]. It is indicated that Pt and Sn atoms
hardly interdiffused to form Pt-Sn alloy or Pt-Sn-0 complexes at
the Pt—-ATO interface during the synthesis. A slight shift from the
value (70.9 eV) of bulk Pt to higher binding energy is a known effect
for small nanoparticles, as reported by Roth et al. [19]. Thus, this
result clearly shows that ATO nanoparticles formed adjacent to Pt
nanoparticles in EG solution.

The chemical composition of Pt-ATO nanoparticle measured by
ICP-AES catalyst is listed in Table 2. The final composition is almost
the same as that on an input basis. The molar ratio of Sb to Snis 1/10,
which is known ratio to show the highest electrical conductivity
owing to the presence of Sb in two oxidation states, namely Sb>* and
Sb>* [20]. The molar ratio of ATO to Pt is 1/4, which could support the
assumption that the configuration of Pt-ATO such as one ATO
molecule around four Pt atoms should affect the ORR and MOR
activity of Pt. This issue will be discussed in detail later.

Fig. 1 shows representative X-ray diffraction patterns for Pt-
ATO and Pt black catalysts. Both samples are identified as a face-
centered cubic structure with the similar lattice parameters of
0.3945 and 0.3983 nm, respectively, which could be evidenced that
most ATO formed as a separate phase in the vicinity of Pt rather
than exists in the interstitial sites of Pt crystal lattice. The
crystalline size by using the Scherrer’s equation [18] from the XRD
patterns at Pt (11 1) plane of Pt-ATO catalyst (about 3.5 nm) is
smaller than that of Pt black (about 7.9 nm). The modification of Pt
with ATO prevents the Pt nanoparticles from aggregation, which
contributes to the small particle size. No phase ascribed to ATO
compound can be seen in the XRD pattern, possibly due to its
smaller amount relative to Pt. However, an increase in atomic ratio
of ATO to Pt could enhance ATO peak appearing in a typical
polycrystalline diffraction pattern of cassiterite in which some
antimony atoms are doped into the substitution sites of SnO, [21].

Table 2
Chemical composition of Pt-ATO catalyst measured by ICP-AES.
Element
Pt Sn Sb Oxygen
wt.% 76.5 10.7 13 11.5
Mole 0.40 0.09 0.01 0.72
Crystalline size
Pt-ATO : 3.5nm
— Pt black : 7.9nm
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Fig. 1. XRD patterns of Pt—-ATO and Pt black catalysts.

To investigate the morphology of Pt particles in the Pt-ATO and
Pt black catalyst, TEM images were obtained as in Fig. 2. While
agglomerates of Pt nanoparticles are observed in the Pt black
catalyst, the spherical Pt-ATO catalyst is uniformly dispersed
without agglomeration of nanoparticles, which indicates that the
addition of ATO to the Pt colloidal particles could prevent the
coagulation of Pt nanoparticles. When hundred particles in a
random region are sampled, the average particle size of Pt-ATO is
estimated to be 2.5 nm, whereas the particle size of Pt is estimated
to be 10.2 nm.

The BET surface area and total pore volume of the Pt-ATO and Pt
black catalysts were estimated by N, adsorption method and
summarized in Table 3. The Pt-ATO catalyst exhibited twice higher
surface area and total pore volume than Pt black catalyst, which is
in accordance with the result of TEM image and XRD result.

3.2. Electrochemical characterization of Pt-ATO catalyst

Fig. 3 shows characteristic cyclic voltammograms of Pt-ATO
and Pt black catalysts. All samples exhibit hydrogen adsorption/

(a) P-ATO

(b) Pt black

Average particle size: 10.2 nm

HI)

Fig. 2. TEM micrograph of the Pt—-ATO and Pt black catalysts. Magnification: 200 K.
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Table 3
BET surface area and total pore volume estimated from N, adsorption of the Pt—-ATO
and Pt black catalyst.

Sample BET surface area (m? g~ ') Total pore volume (cm®g~!)

Pt-ATO 60 0.31
Pt black 29 0.12

1.0

0.5

0.0

-0.5

-1.0

Mass activity(Alg,)

1.5

-2.0

——(a) Pt-ATO
—— (b) Pt black

L 1 1 1 L
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Potential(V vs. NHE)

Fig. 3. Cyclic voltammograms of the Pt—-ATO and Pt black catalysts in N»-saturated
0.1 M HCIO, at a sweep rate of 5mV s~! and room temperature.

desorption peak at 0.05-0.3 V and Pt-oxide formation/reduction
peak at 0.8-1.4 V. The ESA calculated from H-desorption area of Pt—
ATO is almost the same as that of Pt black (15 m?/gp.). The
discrepancy between surface area by BET equation using N,
adsorption isotherm and ESAs from CV might result from the fact
that the well-defined hydrogen adsorption/desorption behavior at
Pt is disturbed by other faradaic processes [22]. Dassenoy et al.
reported that the coverage of the ruthenium surface by selenium
allows enough free active sites for an efficient electrocatalysis or
coordination with oxygen/water, but this structure of RuSe catalyst
is completely suppressed at the hydrogen desorption peak [23].
The oxidation current peak at 0.8-1.4 V of Pt-ATO catalyst is much
higher than that of Pt black, which is in accord with the structural
effect reported by Dassenoy et al.

Fig. 4 displays the ORR polarization curves for Pt—-ATO and Pt
black catalysts in O,-saturated 0.1 M HClO4 solution at RT. Both

Potential
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|| ORR mass activity@0.8V
- (a) Pt-ATO : 5.28
-25|| —— (b) Pt black : 3.05

0.
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L L 1 1 | L 1 "
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Fig. 4. Polarization curves for the ORR on the Pt-ATO and Pt black catalyst in O,-
saturated 0.1 M HClO, at a sweep rate of 1 mV s~ and room temperature.

curves illustrate the typical polarization behavior for the electro-
chemical reduction of molecular oxygen with the current starting
to flow above 0.9 V. The ORR mass activity of the Pt—-ATO catalyst
measured at 0.8V is 1.7 times higher than that of the Pt black
catalyst. The inset in Fig. 4 shows the Tafel slopes of the two
catalysts above 0.8 V. It seems an inflection point around 0.83 V for
both catalysts and the Tafel slope in the potential range above
0.83 V is about 80 mV dec~!, which is a similar value of Pt catalyst
in acid electrolyte [24]. Although the slope in the range from 0.8 V
to 0.83 V is higher than 80 mV dec!, we compare the ORR mass
activity at 0.8 V for the sake of convenience. The same Tafel slopes
of both catalysts prove that the addition of ATO did not change the
ORR mechanism of Pt substantially. Therefore, the higher ORR
mass activity of Pt—-ATO can be attributed to the smaller particle
size of Pt with ATO than Pt alone.

The methanol tolerant properties of the catalysts were
examined by polarization experiments in an O,-saturated 0.1 M
HClO,4 solution containing 0.1 M methanol as shown in Fig. 5.
Although the ORR polarization curve of the Pt-ATO catalyst in
Fig. 5(a) is not greatly changed in the presence of methanol, that of
the Pt black catalyst in Fig. 4(b) has two signs of ongoing methanol
oxidation reaction as a side reaction. The hump around 0.75 V and
the oxidation current at more than 0.9V result from methanol
oxidation, and these characteristic current can be magnified in a
more concentrated methanol solution. The more methanol-
tolerant behavior of Pt-ATO catalyst could be explained by the
geometric “ensemble” effect [25,26]. It is well known that the
dissociative chemisorption of methanol requires the existence of
several adjacent Pt ensembles. Therefore, the presence of atoms of
the second metal or metal oxide around Pt active sites could block
methanol adsorption on Pt sites due to the ensemble effect.
Consequently, methanol oxidation on the binary component
electrocatalyst can be suppressed. On the other hand, the
dissociative chemisorption of oxygen, requires only two adjacent
Pt sites, and is less affected by the presence of the second metal or
metal oxide. The composition of Pt-ATO catalyst, one ATO
molecule with four Pt atoms as mentioned in Section 3.1, results
in a low activity towards methanol oxidation, and thus, a high
methanol tolerance during the ORR.

An MEA was prepared using the Pt-ATO nanoparticle as
cathode catalyst, and comparison of its performance with an MEA
using the Pt black catalyst is shown in Fig. 6. The cell voltage of Pt-
ATO in the range of 1-10 mA cm~2 (refer to the inset in Fig. 6),
which is mainly related to region of catalytic activity and low
potential loss of methanol crossover for the DMFC [27], is higher
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Fig. 5. Polarization curves for the ORR on the Pt-ATO and Pt black catalyst in O,-
saturated 0.1 M HClO,4 containing 0.1 M CH5OH at a sweep rate of 1mVs~! and
room temperature.
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Fig. 6. The polarization curve of the single cell MEA having Pt-ATO and Pt black
catalysts as the cathode catalysts. The counter anode catalyst is PtRu black and the
active area of MEA is 10 cm?.

than that of Pt black catalyst. This is in agreement with the above
result from the ORR test with and without methanol. Thus, the
maximum power density is 88.4 mW cm 2 for Pt-ATO catalyst and
74.1 mW cm2 for Pt black catalyst, respectively. As a result, this
can be attributed to the enhanced ORR activity by the larger
catalytic surface area and the better methanol tolerance by the
blocking of ATO nanoparticles nearby to Pt surface, in agreement
with the half-cell results.

4. Conclusion

Pt-ATO nanoparticles comprising of Pt nanoparticles with
adjacent ATO are synthesized using the stepwise polyol method.
According to the XPS study, Pt exists as a metal phase and ATO
exists as a metal oxide phase without alloying each other. From the
TEM and XRD analysis, the particle size of Pt—-ATO catalyst (about
3.5 nm) is smaller than that of Pt black (about 7.9 nm). Relatively
small Pt particles are formed with the addition of ATO because
nanoscale ATO nanoparticles can inhibit the agglomeration of Pt
nanoparticles during the synthesis.

The Pt-ATO catalyst shows improved electrochemical activities
for the ORR compared with the Pt black catalyst in both half-cell
and single cell tests regardless of methanol. The methanol tolerant

property of Pt-ATO catalyst is attributed to the blocking effect of
ATO on the surface of Pt-ATO nanoparticles. The higher ORR
activity and the methanol tolerant property of the Pt-ATO catalyst
make this material a suitable cathode catalyst for the application in
the DMFC. Also, the consecutive polyol method can be used to
prepare other core-shell structured catalysts.
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