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Highly dispersed Pt and SnO, double nanoparticles containing different Pt/Sn ratios (denoted as
Pt/Sn0,/CB) were prepared on carbon black (CB) by the modified Bonnemann method. The average
size of Pt and SnO, nanoparticles was 3.14+0.5nm and 2.5+ 0.3 nm, respectively, in Pt/Sn0(3:1)/CB,
3.0+ 0.5nm and 2.6 + 0.3 nm, respectively, in Pt/SnO,(1:1)/CB, and 2.8 + 0.5 nm and 2.5 + 0.3 nm, respec-
tively, in Pt/Sn0;(1:3)/CB. The Pt/Sn0O,(3:1)/CB electrode showed the highest specific activity and lowest

overpotential for ethanol oxidation reaction (EOR), and was superior to a Pt/CB electrode. Current density
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for EOR at 0.40 and 0.60V vs. reversible hydrogen electrode for the Pt/Sn0,(3:1)/CB electrode decayed
more slowly than that for the Pt/CB electrode because of a synergistic effect between Pt and SnO, nanopar-
ticles. The predominant reaction product was acetic acid, and its current efficiency was about 70%, while
that for CO, production was about 30%.

© 2010 Published by Elsevier B.V.

1. Introduction

Direct alcohol fuel cells (DAFCs) have attracted much interest
as primary power sources for portable electronic devices. The sim-
plest direct methanol fuel cells [1-4] and the direct ethanol fuel
cells [5-7] are the most popular DAFCs. In particular, ethanol is
a nontoxic fuel that can be easily produced in large quantity by
carbon-neutral processes like the fermentation of sugar-containing
raw materials, making it attractive for fuel cell vehicles. Pt-M
(M =Ru, Rh, Sn) alloys [8-11] and Pt-loaded oxides such as Pt/Ru0O,
and Pt/ZrO, have been developed to improve the slow ethanol
oxidation reaction (EOR). Several authors found that Pt-Sn alloy
catalysts was superior to other Pt-based alloy catalysts on EOR
activity [12,13]. Lamy et al. prepared bimetallic Pt-Sn catalysts
on carbon black (CB) having high EOR activity [14]. Ribeiro et al.
recently reported that Pt;9Sny;/CB and PtggSnglry3/CB catalysts
promoted the ethanol oxidation at a potential of ca. 0.25V vs.
reversible hydrogen electrode (RHE) [15].

Carbon-supported Pt-based alloy nanoparticles are usually pre-
pared by impregnation methods [16] and microemulsion methods
[17], followed by heating. However, heat treatment often causes the
sintering of metal particles, leading to a decrease in EOR activity.
Other preparation methods use colloids [18-21] and nanocapsules
[22] but the resultant nanoparticles are large in size and exhibit
broad size distributions. Hence, controlling the particle size and its
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distribution, in addition to alloy composition, would significantly
improve the EOR activity, in particular the mass activity. Bonne-
mann et al. successfully prepared bimetallic particles with average
particle sizes smaller than 2 nm and narrow size distributions in
THF at room temperature [23,24]. Tetraalkylammonium ions NR4*
ions (R=C4-Cyq), which acted as stabilizers, covered the bimetal-
lic particles, providing a promising method to control particle size
and size distribution. Bbnnemann et al. have also successfully pre-
pared bimetallic Pt-Sn nanoparticles [25]. Our original plan was to
prepare similar bimetallic Pt—-Sn nanoparticles with an appropriate
particle size and narrow distribution as electrocatalysts for EOR.
Instead, we partly modified the Bénnemann’s method and obtained
Pt/SnO, double nanoparticles.

Some research groups have recently reported that Au/CeO,
and Au/TiO, double nanoparticles showed high activity for the
water-gas shift reaction although bulk Au and metal oxides were
inactive [26-28]. Rodriguez et al. found that high activity of Au
nanoparticles partially covered by CeO, or TiO, nanoparticles
resulted from a synergistic effect of the Au and CeO, or TiO,
nanoparticles based on direct participation of the oxide-Au inter-
face [28]. In this case, oxygen vacancies of the oxide nanoparticles
accelerated the dissociation of water, which was otherwise difficult
on Au nanoparticles. The contact between oxide and noble metal
nanoparticles were therefore crucial in enhancing the catalytic
activity. Therefore, the Pt/SnO, double nanoparticles are expected
to improve EOR activity compared to previous Pt/SnO, bulk pow-
der catalysts. In the present study, we characterized the Pt/SnO,
double nanoparticles by spectroscopic methods and evaluated their
electrocatalytic activity for EOR and durability.
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2. Experimental
2.1. Preparation of Pt/SnO,/CB and Pt/CB catalysts

N(Oct)4(BEtsH) was prepared according to literature [25]. A
solution of 0.3 M N(Oct)4(BEt3H) (12 mL) in THF was added drop-
wise to a vigorously stirred solution containing PtCl, (0.177 g,
0.67 mmol) and SnCl; (0.043 g, 0.23 mmol) at 30°C in an Ar atmo-
sphere. The reaction mixture was stirred for 3 h, resulting in a black
colloidal Pt3Sn[N(Oct)4Cl]g suspension [25]. Acetone (15 mL) was
added into the suspension, followed by stirring for 30 min to oxi-
dize any excess N(Oct)4(BEt3H). The suspended Pt3Sn[N(Oct)4Cl]g
was isolated by suction filtration in air and dried in vacuo for 16 h
at room temperature, yielding a black, waxy solid. Exposure to air
during the filtration, which was not in the original method, can lead
to the oxidation of Sn.

The black solid was redispersed in ethanol. Ketjen black (67 mg)
was added in the dispersion and sonicated for 10 min. After suction
filtration, a residual black powder (powder (A)) was collected and
heat-treated at 200°C in air for 30 min to remove N(Oct)4Cl. The
resultant powder was called Pt/Sn0O,(3:1)/CB.

Pt/Sn0,(9:1)/CB, Pt/Sn0O,(1:1)/CB, Pt/Sn0,(1:3)/CB, Pt/CB, and
Sn0,/CB powders were also prepared by the similar procedure
except for different Pt/Sn molar ratios.

2.2. Characterization of Pt/Sn0,/CB and Pt/CB catalysts

Thermogravimetric (TG) analysis was performed in air using
a Thermo Plus TG8120 apparatus (Rigaku) by heating from room
temperature to 500°C at a rate of 1Kmin~'. Microstructure
of Pt/Sn0,(3:1)/CB was examined by field-emission transmis-
sion electron microscopy (FE-TEM, Hitachi). FE-TEM specimens
were prepared by pipetting a drop of an ethanol dispersion of
each catalyst onto a collodion-coated copper grid and evapo-
rating ethanol. Size distribution of Pt and SnO, nanoparticles
were measured for 500 Pt and 100 SnO, nanoparticles ran-
domly chosen from high resolution TEM images. Structural
analysis for Pt/Sn0,(9:1)/CB, Pt/Sn0,(3:1)/CB, Pt/Sn0,(1:1)/CB,
Pt/Sn0,(1:3)/CB, Pt/CB, and SnO,/CB catalysts was performed using
an X-ray diffractometer (Shimadzu XRD-6100) equipped with a
Cu Ka source (A=0.1541nm, 50kV, 30mA, 4Kmin~!). Chemi-
cal state of Pt and Sn in each catalyst was measured by X-ray
photoelectron spectroscopy (XPS) using a photoelectron spectrom-
eter (ESCA-3200, Shimadzu). The X-ray source was Mg Ka with
1253.6eV operating at 8 kV and 30 mA. The base pressure of the
system was 1.3 x 10~7 Pa. The Pt/Sn molar ratio of Pt/Sn0,(9:1)/CB,
Pt/Sn0,(3:1)/CB, Pt/Sn0,(1:1)/CB, Pt/Sn0,(1:3)/CB, Pt/CB, and
Sn0O,/CB catalysts was investigated by energy dispersive X-ray
analysis (EDX).

2.3. Electrochemical measurements

To achieve ultrathin and uniform dispersion of Pt/Sn0,(9:1)/CB,
Pt/Sn0,(3:1)/CB, Pt/Sn03(1:1)/CB, Pt/Sn0,(1:3)/CB, Pt/CB, and
Sn0O,/CB catalysts on a glassy carbon (GC) substrate of ¢5mm,
the following procedure was used [29]. Briefly, each catalyst
powder (6.28 mg) was dispersed in ethanol (50 mL, Wako) and son-
icated for 10 min. The resultant dispersion (20 L) was cast on
a GC substrate and dried overnight. The amount of Pt/SnO,/CB,
Pt/CB and Sn0O,/CB catalysts in the suspension was adjusted to
Weg=5.5ugcem2 (weg: amount of CB loaded on GC), while the
amount of Pt/SnO; loaded on the GC (Wpsno,) Was 12.8 pgcm—2.
A 0.05wt% Nafion solution (Aldrich) in ethanol (10 wL) was cast
on the dried catalyst layer, and then heat-treated in air at 120°C
for 1 h to evaporate ethanol, resulting in a catalyst electrode thinly
coated with a thin Nafion film of 0.1 wm. A rotating disk electrode
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Fig. 1. TG-DTA curves of black powder (A).

(RDE) apparatus (RED-1, Nikko Keisoku) equipped with a gas-tight
Pyrex glass cell was used to measure electrochemical prop-
erties of the Pt/Sn0,(9:1)/CB, Pt/Sn0,(3:1)/CB, Pt/Sn0,(1:1)/CB,
Pt/Sn0,(1:3)/CB, Pt/CB, and SnO,/CB electrodes. A Pt plate and an
RHE electrode were used as the counter and reference electrodes,
respectively. EOR activity and durability of each electrode were
evaluated at 30°C by cyclic voltammetry (CV) and potentiostatic
electrolysis. In CO-stripping voltammetric measurements, CO was
adsorbed on each electrode by immersing in a 0.5M H;SO4 solu-
tion saturated with CO for 15 min at a constant potential of 0.05V
vs. RHE. The excess CO was eliminated by Ar bubbling, and strip-
ping charge was evaluated from a voltammogram between 0.05
and 1.0V vs. RHE at a sweep rate of 50mVs~1.

2.4. Measurement of reaction products

Products in potentiostatic electrolysis with the Pt/Sn0,(3:1)/CB
electrode were qualitatively and quantitatively analyzed by a high
performance liquid chromatograph (HPLC, Tosoh) with an UV
detector (UV-8020) for acetic acid and acetaldehyde and a gas chro-
matograph (GC, Shimadzu GC-14B) with a Porapak Q column for
CO,.

3. Results and discussion
3.1. Pt/Sn0,/CB, Pt/CB, and Sn0,/CB catalyst structures

Fig. 1 shows TG-DTA curves for black powder (A). The initial
weight loss below 100°C (ca. 2 wt%) was assigned to evaporation
of physisorbed water from the powder (A) and the second weight
loss observed between 100 and 200°C is due to oxidation of sta-
bilizer N(Oct)4Cl; this is in agreement with a previous report [30].
The oxidation of CB starts at about 300°C. Weight losses due to
the oxidation of N(Oct)4Cl and CB were ca. 10 and 30 wt%, respec-
tively. Therefore, total content of Pt and SnO; loaded in Pt/SnO,/CB
catalysts was evaluated to be ca. 67 wt%.

Fig. 2(a) and (b) shows FE-TEM images of the Pt/Sn0,(3:1)/CB
catalyst at different magnifications. Fig. 2(a) clearly shows the exis-
tence of nanoparticles on CB. In Fig. 2(b) there were two kinds of
lattice fringes with interfringe distances of 0.225 and 0.333 nm.
These lattice fringes were in close agreement with those of the
(111) plane (0.227 nm) in the face-centered cubic (fcc) Pt crys-
tal and the (110) plane (0.335nm) in the tetragonal SnO, crystal,
respectively, suggesting that Pt and SnO, double nanoparticles,
instead of Pt3Sn alloy nanoparticles, are loaded on CB probably
because surface Sn atoms in the Pt3Sn alloy were oxidized and seg-
regated to form SnO; nanoparticles. Fig. 2(c) and (d) shows particle
size distribution profiles for Pt and SnO, nanoparticles, respec-
tively. Average size and standard deviation were 3.1+ 0.5 nm for
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Fig.2. TEM images of Pt/SnO,(3:1)/CB catalyst (a) at a magnification of 100,000; (b) at a magnification of 500,000; particle size distribution of (c) Pt and (d) SnO, nanoparticles;
(e) a TEM image of Pt/CB at a magnification of 100,000; (f) particle size distribution of Pt nanoparticles.

the Pt nanoparticles and 2.5+ 0.3 nm for the SnO, nanoparticles,
indicating that size distribution of both nanoparticles was narrow.
Average size and standard deviation of other Pt/SnO,/CB catalysts
were also shown in Table 2. Average size of Pt decreased with an
decrease of Pt content while that of SnO, did not depend on the Pt
content.

Fig.2(e)and (f) shows a TEM image and a size distribution profile
of Pt nanoparticles for Pt/CB catalyst, respectively. Fig. 2(e) clearly
shows the Pt nanoparticles are loaded on CB. In Fig. 2(f), average
size of the Pt nanoparticles was 2.4 & 0.6 nm. These results indicate
that N(Oct)4(BEt3H) is likely to act not only as a reducing agent, but
also as a stabilizer.

Fig. 3 shows XRD patterns for Pt/Sn0,(9:1)/CB, Pt/Sn0,(3:1)/CB,
Pt/Sn0,(1:1)/CB, Pt/Sn0,(1:3)/CB, Pt/CB, and SnO,/CB catalysts.
Each XRD pattern exhibit a broad diffraction peak at 20-25°,

which was assigned to the (002) plane of CB with a hexago-
nal structure. Diffraction peaks at 39.7, 46.2, 67.5, and 81.3° for
Pt/CB were assigned to Pt(111),(200), (220), and (31 1), respec-
tively; these are characteristic of the fcc structure. Lattice constants
were evaluated to be 0.394 and 0.393nm for Pt/Sn0O,(3:1)/CB
and Pt/CB catalysts, respectively, which are in good agreement
with the lattice constant of Pt (0.3923nm). The Pt(111) peak
observed for Pt/Sn0,(9:1)/CB, Pt/Sn0,(3:1)/CB, Pt/Sn0,(1:1)/CB,
Pt/Sn0,(1:3)/CB, and Pt/CB and the Sn0,(2 1 1) peak displayed by
the SnO,/CB catalyst were used to calculate crystallite sizes accord-
ing to Scherrer’s equation and summarized in Table 1. The average
Pt crystallite size for the Pt/Sn0,(3:1)/CB catalyst was 2.9 nm which
was in close agreement with the TEM evaluations. The average Pt
crystallite size for the Pt/CB catalyst increased from 1.9 nm to ca.
3.6 nm during heat-treatment due to sintering. On the other hand,
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Fig. 3. X-ray diffraction patterns of Pt/Sn0O,(9:1)/CB, Pt/Sn0,(3:1)/CB,

Pt/Sn0,(1:1)/CB, Pt/Sn0,(1:3)/CB, Pt/CB, and SnO,/CB catalysts.

average SnO, crystallite size (2.0 nm) for the SnO,/CB catalyst was
maintained even during heat-treatment.

Contents of Pt and SnO; in Pt/Sn0,(9:1)/CB, Pt/Sn0,(3:1)/CB,
Pt/Sn0,(1:1)/CB, and Pt/Sn0,(1:3)/CB were evaluated by EDX and
summarized in Table 1. The contents of Pt and SnO,, in each catalyst
was nearly equal to those of Pt and Sn precursors. Thus the contents
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of Pt and SnO; loaded on CB can be controlled by those of Pt and Sn
precursors.

XPS analyses did not show any peak in N1s and CI2p core
level spectra, suggesting that the heat-treatment completely
removed N(Oct)4Cl. Fig. 4 shows Pt4f and Sn3d core level
spectra for Pt/Sn0,(9:1)/CB, Pt/Sn0,(3:1)/CB, Pt/Sn0,(1:1)/CB,
Pt/Sn0,(1:3)/CB, and Pt/CB. Pt4f spectra exhibited intense doublets
at 71.1 and 74.4 eV (Fig. 4(a)), which were assigned to metallic Pt
(Pt9), but there was not any peak assigned to Pt oxides. On the
other hand, Sn3d spectra (Fig. 4(b)) clearly exhibited intense dou-
blets assigned to the 3d3), (495.1eV) and 3ds, (486.7 eV) of Sn#*
but no doublet of metallic Sn (493.2 and 484.8 eV), thus suggesting
that Sn was oxidized to SnO,.

3.2. Electrochemical properties and EOR activity of Pt/SnO,/CB,
Pt/CB, and Sn0,/CB electrodes

Fig. 5 shows «cyclic voltammograms of Nafion-
coated Pt/Sn0,(9:1)/CB, Pt/Sn0,(3:1)/CB, Pt/Sn0,(1:1)/CB,
Pt/Sn0,(1:3)/CB, Pt/CB, and SnO,/CB electrodes in an Ar-saturated
0.5M H;,S04 solution at 30°C. A couple of peaks due to hydrogen
adsorption and desorption on the Pt surface [31] were observed for
Pt/Sn0,(9:1)/CB, Pt/Sn0,(3:1)/CB and Pt/Sn0,(1:1)/CB electrodes
as well as a Pt/CB electrode. However, the hydrogen adsorp-
tion/desorption peaks were indistinct, as described previously for
Nafion-coated Pt nanoparticles/CB [10,32] and PtSn/CB electrodes
[10]. The Pt/SnO,(1:3)/CB electrode did not have distinct hydro-
gen adsorption/desorption peaks. The electrochemically active
surface area (EASA) of the Pt nanoparticles was evaluated from
the electric charge of the hydrogen desorption wave in each CV,
supposing 210 wCcm~2 for polycrystalline Pt. EASA was 0.208,
0.305, 0.197, and 0.284 cm? for Pt/Sn0,(9:1)/CB, Pt/Sn0,(3:1)/CB,
Pt/Sn0,(1:1)/CB, and Pt/CB electrodes, respectively.

Fig. 6 shows linear sweep voltammograms for Pt/Sn0,(9:1)/CB,
Pt/Sn0,(3:1)/CB, Pt/Sn0,(1:1)/CB, Pt/Sn0,(1:3)/CB, Pt/CB, and
Sn0,/CB electrodes in an Ar-saturated 0.5M H;SO4 solution con-
taining 1 M ethanol. The specific activity (SA), defined as the current
density per real Pt surface area, was used. Fig. 6 shows that the onset
potential of EOR shifts toward a less positive value when the Pt/Sn
ratio increases up to 3. The onset potential for the Pt/Sn0O,(3:1)/CB
electrode (ca. 0.15V) was ca. 0.25V less positive than that for the
Pt/CB electrode (ca. 0.40 V), suggesting that the former had smaller
overpotential for EOR than the latter. These results clearly indicate
that SnO, synergistically enhances the EOR activity of Pt. In addi-
tion, the Pt/Sn0,(3:1)/CB electrode exhibited smaller overpotential
for EOR than that of bimetallic Pt-Sn/CB [14], Pt/SnO,/CB [33], and
Pt microparticles dispersed on SnO, thin films [34]. Therefore, we
can conclude that the combination of Pt and SnO, nanoparticles
provides the highest EOR activity for Pt/Sn catalysts.

SAs for EOR were plotted against mole fraction of Pt (xp) at
0.4 and 0.6V in Fig. 7. The Pt/Sn0,(3:1)/CB electrode whose xp¢
was 0.79 displayed the highest SAs (0.51 and 0.86 mAPt-cm—2

Table 1

Typical properties of Pt/Sn0O,/CB prepared with different SnO, contents and Pt/CB and SnO;/CB catalysts.
Catalysts Content Pt:Sn0;/at.% dxgp®/nm drem®/nm

Pt SnO, Pt SnO;

Pt/CB 100:0 3.6 - 24+0.6 -
Pt/Sn0,(9:1)/CB 82:18 34 - - -
Pt/Sn0,(3:1)/CB 71:29 29 - 3.1+0.5 25403
Pt/Sn0(1:1)/CB 46:54 2.8 25 3.0+£0.5 26+03
Pt/Sn0,(1:3)/CB 27:73 - - 28405 25403
Sn0O,/CB 0:100 - 2.0 - 2.0

@ Average crystallite size calculated from Scherrer’s equation.
b Average particle size based on TEM observation.
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Fig. 4. (a) Pt4f and (b) Sn3d core level spectra for Pt/Sn0,(9:1)/CB, Pt/Sn0,(3:1)/CB, Pt/Sn0,(1:1)/CB, Pt/Sn0,(1:3)/CB, and Pt/CB catalysts.

at 0.4 and 0.6V, respectively). The SAs at 0.4 and 0.6V for the
Pt/Sn0,(3:1)/CB electrode were ca. 25 and 4 times higher than
those for the Pt/CB electrode, respectively. In addition, the SA
at 0.4V for the Pt/Sn0,(3:1)/CB electrode was still higher than
that for PtSn [15], PtSnlIr [35], and PtMo [36] which showed high
EOR activities. The Pt/Sn0;(1:1)/CB electrode, which had the same
real surface area as the Pt/CB electrode, also had higher SAs than
the Pt/CB electrode. On the other hand, the EOR activity of the
Pt/Sn0,(1:3)/CB electrode was lower than that of the Pt/CB elec-
trode probably because the content of SnO, with poor electronic
conductivity increased [35]. The SnO,/CB electrode was inactive
for EOR.

Synergistic effect arising from the combination of Pt and SnO,
nanoparticles can be ascribed to the bifunctional mechanism
[15,37,38] in which Sn atoms adjacent to Pt atoms supply oxygen-
containing species for the oxidative removal of Pt-bound CO-like

PY/Sn0,(3:1)/CB
PYSnO,(1:1)/CB
PYSNO,(1:3)/CB

-0.05 -
-0.10
Pt/Sn0,(9:1)/CB
_0.15 ] | 1 1
1] 0.1 02 03 04 05 06
E !V vs. RHE

Fig. 5. Cyclic voltammograms of Nafion-coated Pt/Sn0,(9:1)/CB, Pt/Sn0,(3:1)/CB,
Pt/Sn0,(1:1)/CB, Pt/Sn0,(1:3)/CB, Pt/CB, and SnO,/CB electrodes in an Ar-saturated
0.5 M H;,S04 solution at 30°C. Sweep rate=20mVs~'.

intermediates. The Pt/Sn0O,(3:1)/CB electrode, which displayed the
highest SA, seems to have the optimal number of Pt and Sn pairs to
accelerate the oxidative removal.

Fig. 8 shows CO-stripping voltammograms of Pt/Sn0,(3:1)/CB,
Pt/Sn05(1:1)/CB, and Pt/CB electrodes. For the Pt/CB electrode, the
onset potential of CO oxidation was ca. 0.6V, and the sharp oxi-
dation peak was observed at ca. 0.9V. On the other hand, the CO
oxidation peak for the Pt/Sn0,(3:1)/CB and Pt/Sn0,(1:1)/CB elec-
trodes were broad and split into two. Moreover, the CO-stripping
voltammograms for the Pt/Sn0,(3:1)/CB, Pt/Sn0,(1:1)/CB and
Pt/CB electrodes were similar to those reported by Eguchi and co-
workers [39] and Ueda and co-workers [40]. In the case of the
Pt/Sn0,(3:1)/CB electrode, the peak at the higher potential (0.82 V)
is attributed to CO oxidation on Pt atoms, while the shoulder at
the lower potential (0.3-0.7 V) is assigned to that on Pt atoms adja-

1.0 -
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“-‘E 0.3i 1 P/Sn0,(9:1)/CB
ol & PYSnO,(1:1)/CB .
& a4
g: ““ T PysnO,(1:3)CB
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Fig. 6. Specific EOR activity of Nafion-coated Pt/Sn0,(9:1)/CB, Pt/Sn0,(3:1)/CB,
Pt/Sn0,(1:1)/CB, Pt/Sn0,(1:3)/CB, Pt/CB, and SnO,/CB electrodes in Ar-saturated
(1M C;Hs0H+0.5M H,S04) solution at 30°C. Sweep rate=20mVs~'. Wpyjsno, =
12.8 pgem—2, wep = 5.5 ugem—2.
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Pt/Sn0,(3:1)/CB, Pt/Sn0,(1:1)/CB, Pt/Sn0O,(1:3)/CB, Pt/CB, and SnO,/CB elec-
trodes in Ar-saturated (1M C;HsOH+0.5M H,SO4) solution at 30°C. Sweep
rate=20mVs~!. Wpysno, = 12.8 pgem=2, wep = 5.5 pgem—2,

cent to Sn atoms. This indicates that in the latter, overpotential
for CO oxidation is lowered via the bifunctional mechanism. The
similar results were obtained for the Pt/SnO,(1:1)/CB electrode.
Moreover, the CO oxidation current at the Pt/Sn0O,(3:1)/CB elec-
trode was higher than that at the Pt/SnO,(1:1)/CB electrode, which
is attributable to the difference in the bifunctional effect based on
the number of Pt and Sn pairs.

Fig. 9 shows time courses of current density during EOR at 0.4
and 0.6V for Pt/Sn0,(3:1)/CB and Pt/CB electrodes in Ar-saturated
(1M C3H50H+0.5M H,S04) solutions at 30°C. Table 2 shows SAs
at the beginning, 60 and 180 min in potentiostatic electrolyses at
0.4 and 0.6V for each electrode. The decay of oxidation current
density at 0.6 V was suppressed more significantly than thatat0.4 V.
In addition, the oxidation current density at the Pt/Sn0O,(3:1)/CB
electrode decayed more slowly than that at the Pt/CB electrode,
indicating clearly that the Pt/Sn0O,(3:1)/CB electrode was superior
in durability to the Pt/CB electrode.

Fig. 10 shows CVs of a Nafion-coated Pt/SnO,(3:1)/CB electrode
in an Ar-saturated 0.5M H,SO,4 solution at 30°C. In the CV at
the 1st potential sweep, two couples of peaks due to hydrogen
adsorption/desorption on the Pt surface [31] at potentials less than
0.3V and Sn(II)/Sn(IV) redox reactions at ca. 0.6 and ca. 0.8V were
observed. The former current density gradually increased with an
increase in sweep number, while the latter one decreased. In the
CV at 20th cycle, the peaks due to Sn(II)/Sn(IV) redox reactions at
ca. 0.6 and ca. 0.8V disappeared and typical distinct peaks due to
hydrogen adsorption/desorption on the Pt surface were observed,
indicating clearly that SnO, on Pt easily dissolved out during the
redox reactions and the increase in the EASA of Pt originates from
the disappearance of SnO, on Pt.
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Fig. 8. CO-stripping voltammograms for Nafion-coated (a) Pt/Sn0,(3:1)/CB, (b)

Pt/Sn0,(1:1)/CB, and (c) Pt/CB catalysts in 0.5M H,SO4 solution at 30°C. Sweep
rate=50mVs-'. Wpysno, = 12.8 pgem—2, weg = 5.5 pgem2.

Table 2
Durability of Pt/Sn0O,(3:1)/CB and Pt/CB electrodes.
EIV Catalyst Current density/mA Pt-cm 2 i60-180)* 1%
Beginning 60 min (ip_g0)° 180 min (ip-180)°
04 Pt/Sn0,(3:1)/CB 0.587 0.126 (22%) 0.090 (15%) 71
Pt/CB 0.009 ca. 0 (0%) ca. 0 (0%) ca.0
0.6 Pt/Sn0(3:1)/CB 1.534 0.615 (40%) 0.459 (30%) 75
Pt/CB 0272 0.086 (32%) 0.046 (17%) 53

3 i150/igo x 100.

b igo/io x 100.
< ig0/ip x 100.
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On the other hand, as shown in Fig. 11, CV at the SnO,/CB elec-
trode was almost identical for 20 cycles, and current density in the
CV was much smaller than that for the Pt/Sn0,(3:1)/CB electrode.
Moreover, the redox peaks of Sn(II)/Sn(IV) at ca. 0.6 and ca. 0.8V
were not observed even in the CV at the 1st cycle, suggesting that
the degree of dispersion of SnO, nanoparticles on CB was low com-
pared to the Pt/Sn05(3:1)/CB. This might make the dissolution of
SnO, with low electronic conductivity difficult.

The SnO, on Pt causes underestimation of the EASA of Pt. The
SnO; coverage on the Pt surface (6s,0,) in Pt/Sn05(3:1)/CB can be
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<
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= 04
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Fig. 10. Cyclic voltammograms of Nafion-coated Pt/Sn0O,(3:1)/CB electrode in
Ar-saturated 0.5M H,SO4 solution at 30°C. Sweep rate=20mVs~!. Wpyjsno, =
12.8 pgem—2, weg = 5.5 pgem=2.
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Fig. 11. Cyclic voltammograms of Nafion-coated SnO,/CB electrode in Ar-saturated
0.5M H,SO4 solution at 30°C. Sweep rate=20mVs~'. Wpyjsno, = 12.8 pgem—2,
wep = 5.5 pgem—2,

calculated by the following equation:

1 — Qu(pt/sno,)
Qnuepy)

where Qypy/snoz2) and Qpypy) are EASAs evaluated from the CVs at 1st
and 20th cycles, respectively. The 8sp0, was evaluated to be 0.47,
indicating that many pairs of Pt and Sn are formed and cause the
synergistic effect.

Using the Pt/Sn0,(3:1)/CB electrode, electrolysis at 0.6V was
performed for 16 h (0.696 C). Acetic acid, acetaldehyde, and CO,
can be produced by EOR. The products were analyzed by HPLC
and GC after the potentiostatic electrolysis. The predominant reac-
tion product was acetic acid, which was also the main product
in EOR using other Pt- and Sn-containing electrocatalysts [41],
but acetaldehyde was not detected. The current efficiencies for
acetic acid and CO, production were about 69.0 (1.25 pmol) and
26.6% (0.185 wmol), respectively. Vigier et al. reported that the
first product of the dissociative adsorption of ethanol on Pt surface
was acetaldehyde, which only requires the transfer of 2 electrons
per ethanol molecule, and in the second step acetaldehyde was
oxidized to acetic acid and CO, [41]. Adzic and co-workers have
recently reported that Pt-Rh-SnO, catalyst was effective for the
oxidation of ethanol to CO, with selectivity over 90% [42]. The addi-
tion of a third element like Rh into the Pt/SnO,(3:1)/CB catalyst may
enable a complete EOR to CO,. Further studies are now in progress
to investigate this idea.

(1)

Osno, =

4. Conclusions

We prepared Pt/SnO,/CB catalysts with different Pt and SnO,
contents by the modified Bonnemann method. TEM images of
the Pt/Sn0,(3:1)/CB catalyst showed twin Pt and SnO, nanopar-
ticles with Pt(111) and SnO,(110) lattice fringes. The average
size of Pt and SnO, nanoparticles were 3.0+ 0.5 and 2.6 + 0.3 nm,
respectively, for Pt/Sn0O,(1:1)/CB and 2.8 +0.5 and 2.5+0.3 nm,
respectively, for Pt/Sn0,(1:3)/CB. Pt4f and Sn3d core level spec-
tra of Pt/Sn0,(3:1)/CB, Pt/Sn0,(1:1)/CB, Pt/Sn0,(1:3)/CB, and Pt/CB
catalysts showed that Pt® and Sn** or SnO, were observed at the
surface, suggesting that Sn was oxidized to SnO,. The onset poten-
tial of EOR for the Pt/Sn0,(3:1)/electrode in an Ar-saturated 0.5 M
H,S04 solution containing 1 M C;H50H was about 0.25V less posi-
tive than that for the Pt/CB electrode. In addition, the SAs at 0.4 and
0.6V for Pt/Sn0,(3:1)/CB were ca. 25 and 4 times higher than those
for the Pt/CB electrode, respectively, indicating that EOR activity
was significantly improved because of the synergistic effect of Pt
and SnO,. Pt/Sn0,(3:1)/CB and Pt/Sn0,(1:1)/CB catalysts showed
a CO oxidation peak at ca. 0.8V, which was attributed to the CO
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oxidation on Pt, and a shoulder at ca. 0.4V, which was ascribed to
CO oxidation on Pt adjacent to Sn atoms. This indicates that contact
with SnO, can lower the oxidation potential of Pt-adsorbed CO via a
bifunctional mechanism. Time course of the current density at 0.40
and 0.60V vs. RHE for Pt/Sn0,(3:1)/CB decayed more slowly than
that for the Pt/CB electrode. The Pt/Sn0,(3:1)/CB electrode there-
fore displayed significantly improved EOR activity and durability
compared with the Pt/CB electrode. The main product of EOR was
acetic acid. The current efficiency for acetic acid production was
about 70% while that of CO, was about 30%.
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