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ABSTRACT: We synthesized Pt and PtRu catalysts sup-
ported on Nb-doped SnO2−δ (Pt/Sn0.99Nb0.01O2−δ, PtRu/
Sn0.99Nb0.01O2−δ) for direct oxidation fuel cells (DOFCs) using
poly oxymethylene-dimethyl ether (POMMn, n = 2, 3) as a
fuel. The onset potential for the oxidation of simulated fuels of
POMMn (methanol-formaldehyde mixtures; n = 2, 3) for Pt/
Sn0.99Nb0.01O2−δ and PtRu/Sn0.99Nb0.01O2−δ was less than
0.3 V vs RHE, which was much lower than those of two
commercial catalysts (PtRu black and Pt2Ru3/carbon black).
In particular, the onset potential of the oxidation reaction
of simulated fuels of POMMn (n = 2, 3) for PtRu/
Sn0.99Nb0.01O2−δ sintered at 800 °C in nitrogen atmosphere was less than 0.1 V vs RHE and is thus considered to be a
promising anode catalyst for DOFCs. The mass activity (MA) of PtRu/Sn0.99Nb0.01O2−δ sintered at 800 °C was more than five
times larger than those of the commercial catalysts in the measurement temperature range from 25 to 80 °C. Even though the
MA for the methanol oxidation reaction was of the same order as those of the commercial catalysts, the MA for the formaldehyde
oxidation reaction was more than five times larger than those of the commercial catalysts. Sn from the Sn0.99Nb0.01O2−δ support
was found to have diffused into the Pt catalyst during the sintering process. The Sn on the top surface of the Pt catalyst
accelerated the oxidation of carbon monoxide by a bifunctional mechanism, similar to that for Pt−Ru catalysts.

KEYWORDS: direct oxidation fuel cell, anode, hydrolyzed poly oxymethylene-dimethyl ether (POMM), Nb-doped SnO2−δ support,
PtRu catalyst

■ INTRODUCTION

Polymer electrolyte fuel cells (PEFCs) fueled directly with
liquid fuels are promising candidates for application as portable
power sources such as mobile phones, personal digital assistants
(PDAs), and laptop computers.1,2 Liquid alcohol fuels such as
methanol, ethanol, and propanol have several advantages, includ-
ing good energy density and low cost.3−8 However, alcohol-
fueled PEFCs have been slow to be commercialized. One of the
main problems is that portable use involves safety issues. These
alcohol fuels have low flash points, below room temperature, as
well as toxicity. The transportable quantities and methodology
of transporting liquid fuels are restricted under regula-
tions, although these have been relaxed recently, specifically
for air travel. An alternative fuel type that has also been con-
sidered is the family of poly oxymethylene-dimethyl ethers
(POMMn: CH3−O-(CH2−O)n-CH3, n = 1−8), which are
liquid oligomers at room temperature, with less toxicity
and higher flash points (>64 °C).9 During actual usage, they
are easily hydrolyzable to methanol and formaldehyde under
acidic conditions (eq 1)

− − − − +

→ + n

CH O (CH O) CH H O

2CH OH HCHO
n3 2 3 2

3 (1)

Our group reported that the hydrolysis of POMMn on
platinum-based catalysts occurred easily in a 0.1 mol dm−3

HClO4 solution and that these oligomers have the potential to
be considered as safe alternative liquid fuels.10,11

During the oxidation of the hydrolysis products, methanol,
and formaldehyde, the intermediate carbon monoxide (CO) is
produced, which is a well-known poison on the platinum sur-
face. The prevention of CO poisoning on the Pt anode surface
is required in order to use PEFCs fueled directly with these and
other well-known liquid fuels. The use of alloys with a second
or a third metal, such as PtRu and PtSn, etc., is expected to
lead to CO tolerance based on the bifunctional theory; these
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are preferred candidate catalysts for PEFCs fueled directly with
liquid fuels.12−24

In this paper, we focused on colloid-deposited Pt and
PtRu catalysts supported on the aggregated nanometer-sized
Nb-doped SnO2−δ, including the fusion of nearest-neighbor
support particles to form a random branching structure,
for application in PEFCs fueled directly with liquid POMMn
(n = 2, 3). We characterized the catalysts by XRD, STEM-EDX,
and XPS, and evaluated their anodic performance with simulated
fuels of POMMn (n = 2, 3), methanol, and formaldehyde by a
channel flow cell at various temperatures.

■ EXPERIMENTAL SECTION
Preparation of Catalysts. The Sn0.96Nb0.04O2−δ nanosized

particles with aggregated network structure for use as PtRu and Pt
catalyst supports were synthesized by the flame oxide synthesis
method; details of the method are described in earlier papers.25−27

The as-prepared oxide was sintered at 800 °C for 2 h in air in a rotary
kiln furnace. Single phases of these oxides were detected by X-ray dif-
fraction measurements (XRD, Ultima 4, Rigaku Co.) with Cu Kα radia-
tion (0.15406 nm, 40 kV, 40 mA). The surface area of the
Sn0.99Nb0.01O2−δ support was 37 m2 g−1, estimated by the Brunauer−
Emmett−Teller adsorption method (BET, BELSORP-max, Nippon
BEL Co.). We supplied the Sn0.99Nb0.01O2−δ support to Tanaka
Kikinzoku Kogo K. K, which then carried out the metal loading to
produce the PtRu/Sn0.99Nb0.01O2−δ and Pt/Sn0.99Nb0.01O2−δ catalysts.

(PtRu/Sn0.99Nb0.01O2−δ: Pt loading 7.8 wt %, Ru loading 3.5 wt %).
The Pt nanoparticles were loaded on the support by a colloidal method
(Pt/Sn0.99Nb0.01O2−δ: Pt loading 8.7 wt %). Each catalyst was heat-
treated at 600 and 800 °C in nitrogen gas for 2 h and then quenched at
room temperature in the same atmosphere. Commercial PtRu black
(TEC90110: Pt loading 60.3 wt %, Ru loading 31.2 wt %) and Pt2Ru3/
carbon black (Pt2Ru3/CB: TEC81E81: Pt loading 41.7 wt %, Ru loading
32.4 wt %, CB surface area 800 m2g−1) were supplied by Tanaka
Kikinzoku Kogo K. K.

The particle size distributions of Pt and microstructures of the
catalysts thus obtained were characterized by images from transmission
electron microscopy (TEM, H-9500, Hitachi High Technologies Co.)
and images of high-angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) images from a scanning trans-
mission electron microscope (STEM, HD-2700, Hitachi High Tech-
nologies Co.) with an energy-dispersive X-ray spectroscopic attachment
(EDX, Quantax XFlash 5010, Bruker AXS K.K.). The electronic states of
the component elements were characterized with X-ray photoelectron
spectroscopy (XPS, JPS-9010, JEOL Ltd.) with in situ heat treatment
equipment.

Electrochemical Measurements. We evaluated the effect of
PtRu/Sn0.99Nb0.01O2−δ, Pt/Sn0.99Nb0.01O2−δ, and commercial catalysts
(PtRu black and Pt2Ru3/CB) on the electrochemical oxidation of
POMMn (n = 2, 3), formaldehyde and methanol by use of a multi-
channel flow double electrode (M-CFDE) cell. Details of the M-CFDE
cell used are described in our previous papers.28,29 Each catalyst was
maintained at 0.05 V for 30 min in CO-saturated 0.1 M HClO4 solution
to ensure that the Pt sites were sufficiently covered by CO. Then, a CO
stripping measurement was conducted in N2-saturated 0.1 M HClO4
solution (CO-free condition) at 20 mV s−1 to oxidize the adsorbed CO
(COads) on the working electrode. We have found that the hydrolyzed
POMMn (n = 1−8) fuels are oxidized much more quickly than the
original, unhydrolyzed ones,11 and proposed a direct fuel cell system
combined with a prehydrolysis stage by acid catalysis.10 On the basis of
such previous works, we used here “simulated fuels” of mixtures of
methanol and formaldehyde as convenient models for the 100%
hydrolyzed fuels of 0.30 M POMM2 and 0.25 M POMM3, which is
equivalent to 1.00 M CH3OH in the electric charges for their complete
oxidation, i.e., 0.60 M CH3OH + 0.60 M HCHO and 0.50 M CH3OH +
0.75 M HCHO, respectively. As the reference fuels, we also used 1.00 M

Figure 1. STEM-EDX analysis of PtRu/Sn0.99Nb0.01O2−δ catalysts. (a, b)
HAADF-STEM images of PtRu/Sn0.99Nb0.01O2−δ sintered at 600 and
800 °C under nitrogen atmosphere. (c, d) Line profiles of elements in
noble metal of PtRu/Sn0.99Nb0.01O2−δ catalyst sintered at 600 and 800 °C
under nitrogen atmosphere. Inseted images denote the line profile
position. (e, f) Elemental mapping of PtRu/Sn0.99Nb0.01O2−δ sintered at
600 and 800 °C under nitrogen atmosphere. Yellow arrows denote the
localization of Ru.

Figure 2. STEM-EDX analysis of PtRu/Sn0.99Nb0.01O2−δ catalysts. (a, b)
HAADF-STEM images of Pt/Sn0.99Nb0.01O2−δ sintered at 600 and
800 °C under nitrogen atmosphere. (c , d) Line profiles of elements in Pt/
Sn0.99Nb0.01O2−δ sintered at 600 and 800 °C under nitrogen atmosphere.
Inseted images denote the line profile position.
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CH3OH and 1.50 M HCHO in the evaluation of oxidation
performances at the newly developed catalysts. From the hydrodynamic
voltammograms at various temperatures of the O2-saturated electro-
lyte solutions, we calculated the kinetically controlled electrochemical
oxidation activity for simulated POMMn (n = 2, 3), as well as pure
formaldehyde and methanol, at the working electrode. On each working
electrode, the various catalysts mentioned above were uniformly
dispersed on an Au working electrode (flow direction length 1 mm,
width 4 mm, geometric area 0.04 cm2) at a constant loading of platinum,
5.5 μg cm−2. Nafion films were cast on the catalyst layer with an average
film thickness of 0.1 μm.30 The Nafion-coated catalysts on gold were
heated at 130 °C for 30 min in air to adhere the Nafion to the catalyst.
A platinum mesh was used as the counter electrode. All electrode
potentials were controlled by an 8-channel multipotentiostat (HA1010
mM8, Hokuto Denko Co., Japan) with respect to the reversible
hydrogen electrode (RHE). The RHE, which was maintained at the
same temperature as that of the cell (t, °C) [denoted as RHE(t)], was
used as the reference electrode. The flow circuit system of the electrolyte

solution used was the same as that described previously.28,29 The
electrolyte solution of 0.1 M HClO4 was prepared from reagent grade
chemicals (Kanto Chemical Co., Japan) and Milli-Q water (Milli-Pore
Japan Co., Ltd.) and purified in advance by conventional pre-electrolysis
methods.31 The electrolyte solution was saturated with N2 or O2 gas
bubbling for at least 1 h prior to the electrochemical measurements.
The electrolyte flow rate was 30 cm s−1.

■ RESULTS AND DISCUSSION

Characterization of PtRu/Sn0.99Nb0.01O2−δ and Pt/
Sn0.99Nb0.01O2−δ . HAADF-STEM images of PtRu/
Sn0.99Nb0.01O2−δ and Pt/Sn0.99Nb0.01O2−δ sintered at 600 and
800 °C under nitrogen are shown in Figure 1a, b and Figure 2a,
b. Each of the support nanoparticles are fused partially with
nearest neighbors, forming a randomly branched structure. This
branched structure has continuous chains of necked particles
with low contact resistance, which act as electronically con-
ductive paths.27,32,33 This structure also forms open pores from
10 to 50 nm in diameter. We consider that the open pores act as
mass transport paths for reactants such as oxygen and hydrogen,
fuels such as methanol and formaldehyde, as well as POMMn
(n = 2, 3). Such pores should be suitable for gas diffusion
electrodes in PEFCs. The noble metal catalyst particles were
dispersed uniformly on the support with hemispherical shape,
and the particle sizes were well controlled as listed in Table 1.
The chemical compositions of each catalyst, which were charac-
terized by spot analysis of STEM-EDX (spot size 0.2 nm),
are also listed in Table 1 (see Figure 1S in the Supporting
Information). We found that each of the catalysts contained Sn,
suggesting that they had reacted with the Sn0.99Nb0.01O2−δ
support during the sintering procedure.
The distributions of each element in these catalysts were

also characterized by STEM-EDX line analysis. The PtRu/
Sn0.99Nb0.01O2−δ and Pt/Sn0.99Nb0.01O2−δ catalysts sintered at
600 °C (Figures 1c and 2c) showed that the Sn and Ru content
around the surfaces of the particles were relatively lower than
that of the central area. We conclude that the surfaces of the
catalyst particles sintered at 600 °C were covered with a Pt-rich
phase. The catalysts sintered at 800 °C (Figures 1d and 2d)
showed that each element was uniformly distributed in the
catalyst particle, and that portions of both Sn and Ru were
exposed on the top surface. As shown in the STEM-EDX
mapping (Figure 1e), part of the Ru metal (localized blue area
indicated with yellow arrow) was localized on the support after
sintering at 600 °C. After sintering at 800 °C, the STEM-EDX
mapping of Figure 1(f) showed that the localized Ru metal
were not observed, and the catalyst composition was close to
the desired ratio (Pt:Ru = 1:1).

Table 1. Atomic Ratios of the Metal Catalyst Nanoparticles, Pt Particle Size, Particle Size of Noble Metal, and Electrochemical
Surface Area of Each Catalyst

atomic ratios of the metal
catalyst nanoparticlesa

sample
sintered temperature

(°C) Pt Ru Sn
particle size of noble metal

(nm)
electrochemical active surface area estimated from

CO stripping ECSACO (m2 g−1)

PtRu/Sn0.96Nb0.01O2‑δ 600 0.60 0.25 0.15 2.98 ± 0.70 68.8
PtRu/Sn0.96Nb0.01O2‑δ 800 0.43 0.38 0.19 5.24 ± 1.44 67.3
Pt/Sn0.96Nb0.01O2‑δ 600 0.85 0.15 3.73 ± 0.44 90.2
Pt/Sn0.96Nb0.01O2‑δ 800 0.84 0.16 5.90 ± 1.21 63.1
Pt2Ru3/CB 2.05 ± 0.44
PtRu 3.00 ± 0.55
aAtomic ratios of the metal catalyst nanoparticles are based on spot analyses of more than 20 particles, with the electron beam focused on each
particle (ca. 2−6 nm), so that the atomic ratios reflect only the catalyst particles (Figure 1S in the Supporting Information).

Figure 3. (a) XRD patterns of PtRu/Sn0.99Nb0.01O2−δ catalysts and (b)
Pt/Sn0.99Nb0.01O2−δ catalyst. Inseted profiles are differential XRD
profiles of PtRu/Sn0.99Nb0.01O2−δ and Pt/Sn0.99Nb0.01O2−δ against
Sn0.99Nb0.01O2−δ support sintered at 600 and 800 °C under nitrogen
atmosphere.
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The XRD patterns of both PtRu/Sn0.99Nb0.01O2−δ and Pt/
Sn0.99Nb0.01O2−δ after sintering at 600 and 800 °C under
nitrogen are shown in Figure 3a, b. The inseted figures were
differential XRD profile of PtRu/Sn0.99Nb0.01O2−δ and Pt/
Sn0.99Nb0.01O2−δ against Sn0.99Nb0.01O2−δ support. The XRD
profiles showed that the peaks around 2θ = 39.5° originated
from some peaks including Pt, PtRu, PtSn, and any other Pt−
Ru−Sn alloys; these grew with increasing sintering temperature
because of increasing crystallite sizes of the catalysts.
XPS spectra of the as-prepared and sintered catalysts

(600 °C, 800 °C) are shown in Figures 4 and 5. More than
50 atom % of the Pt in the as-prepared PtRu/Sn0.99Nb0.01O2−δ and
Pt/Sn0.99Nb0.01O2−δ catalysts was in the oxide state (Figure 4a, b).
After sintering at 800 °C in nitrogen atmosphere, all of the
Pt converted to Pt metal. Similar behavior occurred with the
Pt/Sn0.99Nb0.01O2−δ catalyst. More than 90 atom % of the Ru in
the as-prepared PtRu/Sn0.99Nb0.01O2−δ catalyst was in the oxide
state (Figure 4b). After the sintering procedure at 800 °C in
nitrogen atmosphere, the Ru in the PtRu/Sn0.99Nb0.01O2−δ catalyst
also changed to the Ru metal state. Both PtRu/Sn0.99Nb0.01O2−δ
and Pt/Sn0.99Nb0.01O2−δ catalysts contain Sn metal state, which
originated from the Sn0.96Nb0.01O2−δ support (Figures 4c and
5b). However, we also found that the Sn metal appeared
clearly in the PtRu/Sn0.99Nb0.01O2−δ catalyst after sintering
at 800 °C in nitrogen atmosphere. The Sn metal peak also
appeared in the Pt/Sn0.99Nb0.01O2−δ catalyst, but the peak inten-
sity was small.
From these results, we summarize the characterization of

the catalysts on the Sn0.99Nb0.01O2−δ support below. The results
are also shown schematically in Figure 6. Each catalyst was a

disordered alloy including Sn, with hemispherical particles in
the 3−6 nm range, and they were uniformly dispersed on the
Sn0.99Nb0.01O2−δ support. The surfaces of the PtRu catalyst
particles after sintering at 600 °C consisted mainly of Pt
metal and only slightly of Ru metal, Sn metal, and Ru oxides.
After sintering at 800 °C, the surface concentrations of Sn
metal on the PtRu particles increased sharply, together with
that of Ru metal. In the case of the Pt catalyst, similar
behavior occurred, but the concentration of metallic Sn was
relatively small.

Electrochemical Characterizat ion of PtRu/
Sn0.99Nb0.01O2−δ and Pt/Sn0.99Nb0.01O2−δ. Figure 7 shows
the adsorbed CO stripping voltammograms for each catalyst
in 0.1 mol dm−3 HClO4 solution saturated with N2 at 25 °C.
The onset of COads oxidation was observed at 0.36 V vs RHE
on both Pt/Sn0.99Nb0.01O2−δ, at 0.42 V vs RHE on Pt/
Sn0.99Nb0.01O2−δ sintered at 600 °C, and at 0.34 V on PtRu/
Sn0.99Nb0.01O2−δ sintered at 800 °C, all of which were lower
than that of Pt/C. These results indicate the promotion effect
of the COads oxidation by the alloying of Sn and Ru.
The electrochemically active surface areas of all samples,

estimated from the CO stripping peak areas (ECSACO), are
listed in Table 1. The CO stripping peak potential is sensitive
to the PtRu surface. The ECSACO of PtRu/Sn0.99Nb0.01O2−δ
sintered at 600 °C was lower than that of Pt/Sn0.99Nb0.01O2−δ
sintered at 600 °C, which would correspond to the effect of Ru
coverage on the catalyst surface. After the sintering procedure
at 800 °C, Sn and Ru were uniformly distributed in the catalyst
particles, as shown in the STEM-EDX mapping (Figures 1d and
2d). We consider that similar amounts of Sn and Ru were

Figure 4. XPS spectra of Pt 4f, Ru 3d, and Sn 3d regions for as-prepared PtRu/Sn0.99Nb0.01O2−δ catalyst and the catalysts sintered at 600 and 800 °C
under nitrogen atmosphere. The spectra were deconvoluted based on NIST reference spectra.34 (a) black line, raw data; red line, Pt metal; green
line, PtO; blue line, PtO2; (b) black line, raw data; red line, Ru metal; green line, RuO2; blue line, RuO3; gray line, carbon; (c) black line, raw data;
red line, Sn metal; green line, SnO2.
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exposed on the top surface by sintering at 800 °C, and both
catalysts reached the same order of ECSACO.
Figure 8 shows the hydrodynamic voltammograms for the

oxidation of the methanol-formaldehyde mixtures for simulated
fuels of POMMn (n = 2,3) on the various catalysts, PtRu/
Sn0.99Nb0.01O2‑δ, Pt/Sn0.99Nb0.01O2−δ, PtRu black, and Pt2Ru3/
CB, in 0.1 mol dm−3 HClO4 solutions saturated with oxygen
at 25 °C. The current densities were calculated based on the
geometric area. We found that the onset potentials (defined
as the potential at which a current density of 10 μA cm−2 was
reached) of oxidation of the simulated fuels were less than
0.3 V vs RHE, which was more than 0.1 V lower than those
of the commercial catalysts PtRu black and Pt2Ru3/CB.
The mass activities (MA) for both PtRu/Sn0.99Nb0.01O2−δ and
Pt/Sn0.99Nb0.01O2−δ at 0.45 V vs RHE were also improved with
operating temperature (Figure 9), and reached values more

than 3 times larger than those for either PtRu black or Pt2Ru3/
CB at 80 °C.
POMMn hydrolyzes promptly to formaldehyde and methanol

under acid conditions and supplies protons via oxidation on the
electrocatalyst (eqs 2−5).

+ → ++ + + nC O H H O HCHO 2CH OHn n n2 1 2 6 2 3 (2)

+ → − + −3Pt HCHO 2H Pt CO Pt (3)

+ → − + −5Pt CH OH 4H Pt CO Pt3 (4)

− → + ++ −H Pt H e Pt (5)

The kinetics of oxidation for formaldehyde and methanol at
the anode are strongly dependent on the poisoning of the
intermediate carbon monoxide on the Pt surface (eqs 3 and 4).
CO can be removed from the Pt surface by oxidation to CO2.
The adsorbed water on the Pt surface is the origin of atomic
oxygen to oxidize the adsorbed CO on the Pt surface, but the
CO easily adsorbs on the Pt surface and prevents the
adsorption of water. The Pt alloying facilitates the oxidation
of alcohols by shifting the onset of the reaction to less positive
potentials. Typical alloying metals are Ru or Sn, which have a
stronger affinity for the adsorption of atomic oxygen and water
rather than CO, and can be act as supply sites for water and
oxygen.

+ → −M H O H O M2 2 (6)

− + − → − +H O M CO Pt H Pt CO2 2 (7)

where M indicates either Ru or Sn. In the previous sec-
tion, we explained that the top surface composition of
Ru and Sn in each catalyst increased with increasing tem-
perature. The presence of both elements on the top surface
of catalyst would accelerate the CO oxidation reactions

Figure 5. XPS spectra of Pt 4f and Sn 3d region for as prepared
Pt/Sn0.99Nb0.01O2−δ catalyst and the catalysts sintered at 600 and
800 °C under nitrogen atmosphere. The spectra were also
deconvoluted based on NIST reference spectra.34 (a) Black line, raw
data; red line, Pt metal; green line, PtO; blue line, PtO2; (b) black line,
raw data; red line, Sn metal; green line, SnO2.

Figure 6. Schematic drawing of PtRu/Sn0.99Nb0.01O2−δ and
Pt/Sn0.99Nb0.01O2−δ catalysts sintered at 600 and 800 °C under
nitrogen atmosphere.

Figure 7. Adsorbed CO stripping voltammograms of (a) Pt/
Sn0.99Nb0.01O2−δ sintered at 600 °C, (b) Pt/Sn0.99Nb0.01O2−δ sintered
at 800 °C, (c) PtRu/Sn0.99Nb0.01O2−δ sintered at 600 °C, (d) PtRu/
Sn0.99Nb0.01O2−δ sintered at 800 °C in 0.1 mol dm−3 HClO4 solution
saturated with N2 at 25 °C. The dotted lines are the voltammograms
obtained after CO stripping.
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(eqs 6 and 7), and would improve the MA and onset
potential.12,13,35,36

We also evaluated the oxidation reactions of methanol and
formaldehyde, which can be obtained from the hydrolysis of
POMMn (n = 2, 3) in acid media, on the various catalysts, Pt/
Sn0.99Nb0.01O2−δ, PtRu/Sn0.99Nb0.01O2−δ, PtRu black, and
Pt2Ru3/CB (Figure 8). The onset potentials for the methanol
oxidation reaction (MOR) and the formaldehyde oxidation
reaction (FOR) on both Pt/Sn0.99Nb0.01O2−δ and PtRu/
Sn0.99Nb0.01O2−δ were less than those of the commercial
catalyst PtRu black and Pt2Ru3/CB at 25 °C, and the potentials
of these catalysts sintered at 800 °C were less than 0.2 V vs
RHE. The MA values for the FOR at 0.45 V vs RHE for Pt/
Sn0.99Nb0.01O2−δ and PtRu/Sn0.99Nb0.01O2−δ were improved
with increasing operating temperature and reached values more
than five times larger than those of the commercial catalysts at
80 °C (PtRu/Sn0.99Nb0.01O2−δ sintered at 800 °C). The MA for
the MOR at 0.45 V vs RHE for PtRu/Sn0.99Nb0.01O2−δ and Pt/
Sn0.99Nb0.01O2−δ was as large as that of commercial Pt2Ru3/CB.
(Figure 9). Each of the PtRu and Pt catalysts contained some
Sn, as discussed in the previous section. The Sn is able to
supply water or oxygen to the reaction sites on the Pt, which
could be the origin of the improvement of the FOR and MOR
via the bifunctional mechanism.12,13,35,36 This enhancement of
the activity of the catalyst helps to make the use of the POMMn
fuels in DOFCs attractive from the viewpoint of performance
and safety.

■ CONCLUSIONS
Pt and PtRu catalysts supported on Nb-doped SnO2−δ
(Pt/Sn0.96Nb0.04O2−δ, PtRu/Sn0.99Nb0.01O2−δ) were synthesized
by the colloidal method for application as anodic catalysts for
DOFCs. We found that the onset potentials of the oxidation
reaction for simulated fuels of poly oxymethylene-dimethyl
ether (POMMn, n = 2, 3) for Pt/Sn0.99Nb0.01O2−δ and PtRu/
Sn0.99Nb0.01O2−δ were lower than those of the commercial
catalysts PtRu black and Pt2Ru3/CB. In particular, the onset
potential for PtRu/Sn0.99Nb0.01O2−δ sintered at 800 °C reached
values lower than 0.1 V vs RHE, which would enhance the
operating voltage of the DOFC. The MA values of Pt/
Sn0.99Nb0.01O2−δ and PtRu/Sn0.99Nb0.01O2−δ were also larger
than those of the commercial catalysts in the measurement
temperature range from 25 to 80 °C. In particular, the MA for
the formaldehyde oxidation reaction on PtRu/Sn0.99Nb0.01O2−δ
sintered at 800 °C was more than five times larger than those
of typical commercial catalysts over a range of temperatures,
whereas the MA for the methanol oxidation reaction was
unchanged.
All of the Pt and PtRu catalysts prepared in this study

reacted with the Sn0.99Nb0.01O2−δ support during the sinter-
ing procedure, and Sn diffused into the catalyst. Both Sn
and Ru can adsorb water and thus accelerate the oxidation
of CO on Pt, based on the bifunctional mechanism, which
would accelerate the oxidation reaction activity of POMMn
(n = 2, 3).

Figure 8. Hydrodynamic voltammograms for the oxidation of
simulated fuels of both (a) POMM2 and (b) POMM3, (c) methanol
and (d) formaldehyde on the various catalysts using the PtRu/
Sn0.99Nb0.01O2−δ, Pt/Sn0.99Nb0.01O2−δ, Pt2Ru3/carbon black, and PtRu
black at 25 °C. Blue line, Pt2Ru3/carbon black; violet line, PtRu black;
orange line, PtRu/Sn0.99Nb0.01O2−δ sintered at 600 °C under nitrogen
atmosphere; red line, PtRu/Sn0.99Nb0.01O2−δ sintered at 800 °C under
nitrogen atmosphere; yellow-green line, Pt/Sn0.99Nb0.01O2−δ sintered
at 600 °C under nitrogen atmosphere; green line, Pt/Sn0.99Nb0.01O2−δ
sintered at 800 °C under nitrogen atmosphere.

Figure 9. Mass activity for the oxidation of simulated fuels of both
(a) POMM2 and (b) POMM3, (c) methanol, and (d) formaldehyde on
the PtRu/Sn0.99Nb0.01O2‑δ, Pt/Sn0.99Nb0.01O2−δ, PtRu black, and Pt2Ru3/
CB as a function of temperature. Blue symbols, Pt2Ru3/carbon black;
violet symbols, PtRu black; orange symbols, PtRu/Sn0.99Nb0.01O2−δ
sintered at 600 °C under nitrogen atmosphere; red symbols, PtRu/
Sn0.99Nb0.01O2−δ sintered at 800 °C under nitrogen atmosphere; yellow-
green symbols, Pt/Sn0.99Nb0.01O2−δ sintered at 600 °C under nitrogen
atmosphere; green symbols, Pt/Sn0.99Nb0.01O2−δ sintered at 800 °C
under nitrogen atmosphere.
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M. Recent Progress in the Direct Ethanol Fuel Cell: Development of
New Platinum-Tin Electrocatalysts. Electrochim. Acta 2004, 49, 3901−
3908.
(7) Cao, D.; Bergens, S. H. A Direct 2-Propanol Polymer Electrolyte
Fuel Cell. J. Power Sources 2003, 124, 12−17.
(8) Qi, Z.; Kaufman, A. Performance of 2-Propanol in Direct-
Oxidation Fuel Cells. J. Power Sources 2002, 112, 121−129.
(9) Vigier, F.; Coutanceau, C.; Leǵer, J. M.; Dubois, J. L.
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