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a b s t r a c t

Carbon monoxide oxidation over the supported platinum catalysts was investigated. The catalyst of
Pt/SnO2 exhibited superior catalytic activity despite the low surface area compared to Pt/�-Al2O3. It was
confirmed by the temperature-programmed reduction analysis that the reduction of platinum species
over Pt/SnO2 was initiated below room temperature. The platinum species reducible at lower tempera-
ture should be responsible for the high activity for the complete oxidation of carbon monoxide. Moreover,
the influence of the reduction treatments on these supported platinum catalysts was studied. In the case
of Pt/�-Al2O3, the catalytic activity was improved as the reduction temperature was elevated. This is
because the adsorption sites of CO on platinum particles increased by the reduction at higher tempera-
t/SnO2

eduction treatment
trong metal–support interaction

ture, leading to the high catalytic activity. In contrast, the activity of Pt/SnO2 was enhanced even by the
reduction at 25 ◦C and the catalyst reduced at 90 ◦C attained the highest activity. Correlations between
the amount of adsorbed CO and the catalytic activity were observed in the Pt/�-Al2O3 system, which
were not found in the reduced Pt/SnO2. These results suggest that the oxygen species of the SnO2 sup-
port activated by the reduction treatments contribute to carbon monoxide oxidation. The activity of the
sample was significantly degraded by the reduction at 400 ◦C. This behavior was attributed to a decrease

e form
in reaction sites due to th

. Introduction

Carbon monoxide is a potent chemical asphyxiant [1] that may
lay a pivotal role in the creation of a continuous state of acidosis
2] and is produced under the incomplete combustion of carbon
nclusions. When carbon monoxide is sucked in human lungs, the
0% of the carbon monoxide is absorbed into the human body,

eading to hypoxemia. Besides, hydrogen fuel obtained from the
eforming of hydrocarbon contains carbon monoxide. In polymer
lectrolyte fuel cells, even a few ppm of carbon monoxide trig-
ers the serious deterioration in performance by CO poisoning of
node [3]. From these backgrounds, carbon monoxide is desired to
e removed efficiently and completely in various situations. The
etal oxide-supported precious metal catalysts are well-known

s effective catalysts for carbon monoxide oxidation. For example,
arious metal oxide-supported gold catalysts have been investi-
ated and confirmed to attain very high catalytic performance for
arbon monoxide oxidation. Haruta et al. reported the oxidation

f carbon monoxide was initiated under −70 ◦C with the use of
u/�-Fe2O3, Au/Co3O4 and Au/NiO catalysts [4] and proposed the
echanism of carbon monoxide oxidation over Au/TiO2 catalyst

5]. Another group examined the active site for carbon monoxide

∗ Corresponding author. Tel.: +81 75 383 2519; fax: +81 75 383 2520.
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oi:10.1016/j.cattod.2010.12.036
ation of intermetallic compounds.
© 2010 Elsevier B.V. All rights reserved.

oxidation on Au/�-Al2O3 catalyst [6]. The platinum catalysts sup-
ported on metal oxides such as Fe2O3, NiO, ZnO and Al2O3 were also
tested for the reaction [7,8]. Pd and CuO were used as alternative
active species supported on metal oxides [9,10].

These metal oxide-supported precious metal catalysts are used
not only for the oxidation of carbon monoxide, but also for vari-
ous chemical reactions such as purification of automotive exhaust
gases [11] and low-temperature combustion of volatile organic
compounds (VOCs) [12,13]. Intriguingly, the chemical interac-
tion between supported metal and metal oxide support is varied
depending on the combination of metals and supports, preparation
methods, and pretreatments. As the consequence, various char-
acteristics of catalysts, e.g. electronic state of supported metal,
adsorption property of reaction gas, redox property and catalytic
activity, are drastically changed [7,10,13–17]. It was emphasized
that chemical interaction between gold and metal oxide support
affected the catalytic activity for carbon monoxide oxidation [18].
Recently, we have focused on the strong chemical interaction in
Pt/SnO2 catalyst system and investigated several properties of the
catalyst. It was found that the drastic change in catalytic prop-
erties by the reduction treatments was ascribable to the strong

metal–support interaction [19–21]. We reported that Pt/SnO2 cat-
alyst exhibited superior catalytic performance for acetaldehyde
combustion regardless of the low surface area compared to Pt/ZrO2
and Pt/CeO2 catalysts [22]. Therefore, Pt/SnO2 catalyst is expected
to have a great potential for oxidation reactions. In this report,

dx.doi.org/10.1016/j.cattod.2010.12.036
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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Al2O3, the 20% of carbon monoxide conversion was attained at
147 ◦C and carbon monoxide was completely oxidized at ca. 160 ◦C.
On the other hand, the conversion over Pt/SnO2 achieved 20% at
103 ◦C and the complete oxidation of carbon monoxide was accom-
70 N. Yamaguchi et al. / Cata

hen, we investigated the effects of SnO2 support on the carbon
onoxide oxidation by comparing Pt/SnO2 and Pt/�-Al2O3. More-

ver, as mentioned above, the catalytic activity would depend on
he variation in the chemical interaction between metal and sup-
ort materials by reduction treatments. Thus, the influence of the
eduction treatment on the catalytic properties was also investi-
ated.

. Experimental

.1. Catalyst preparation

Metal oxide-supported platinum catalysts were prepared by
he impregnation method. The following oxides were selected as
upport materials: SnO2 (purity ≥98%, Wako Pure Chemical Indus-
ries Ltd.) and �-Al2O3 (purity ≥99.995%, JRC-ALO-8, The Catalysis
ociety of Japan). Tin oxide powder was calcined at 800 ◦C for 5 h
rior to soaking, whereas �-Al2O3 was used without any pretreat-
ents. A nitric acid solution of Pt(NO2)2(NH3)2 (platinum content:

.553 wt.%, Tanaka Kikinzoku Kogyo) was used as a platinum
ource. Support materials were impregnated with the solution. The
ixture was kept on a steam bath at 80 ◦C until the solvent was

vaporated. Subsequently, the resulting powder was calcined at
00 ◦C for 30 min in air. Metal loading in the samples was 1.0 or
0 wt.% in every case. The catalysts with heavier loading were pre-
ared to clarify the changes in crystalline phase and electronic state.
btained samples were reduced under various conditions (Table 1).

.2. Catalytic combustion of carbon monoxide

The prepared catalyst (150 mg) was set in a fixed-bed flow reac-
or made of quartz in 6-mm inner diameter. Each catalyst was made
nto a tablet and pulverized into 10–26 mesh before catalytic reac-
ion tests. A gaseous mixture composed of 5.0% CO, 15% O2 and
2 balance was fed with a flow rate of 80 ml min−1 (space veloc-

ty: 32,000 l kg−1 h−1). The outlet gas composition was analyzed
y the non-dispersive infrared gas analyzer (Shimadzu, CGT-7000).
eaction temperature was raised up to 160 ◦C at a heating rate of
.5 ◦C min−1. The measurements were started after the concentra-
ion of CO in the outlet gas became stable.

.3. Catalyst characterization

The samples were characterized by X-ray diffraction (XRD),
-ray photoelectron spectroscopy (XPS), BET surface area,

emperature-programmed reduction (TPR), and transmission elec-
ron microscopy (TEM) observation. XRD patterns were recorded
y Cu K� radiation on the RIGAKU Ultima IV diffractometer for the
hase identification in the samples. XPS measurements were con-
ucted on the Shimadzu ESCA-3400 using a Mg K� source. In the

ase of reduced catalysts, the samples were transferred directly into
he XPS chamber without exposure to air after reduction treatment.
he binding energy was referenced to the Sn 3d peak (487.1 eV).
he fraction of Pt/Sn on the surface of catalyst was calculated from
he peak areas of the Pt 4f and Sn 3d peaks. BET surface area was

able 1
eduction treatment of 1.0 or 10 wt.% samples.

Sample name Reduction treatment

As-calcined As-calcined
Red. 25 ◦C Reductiona at 25 ◦C for 2 h
Red. 90 ◦C Reductiona at 90 ◦C for 2 h
Red. 200 ◦C Reductiona at 200 ◦C for 1 h
Red. 400 ◦C Reductiona at 400 ◦C for 0.5 h

a Reduction atmosphere: 10% H2/N2.
day 164 (2011) 169–175

determined by N2 adsorption at the liquid nitrogen temperature
using the BEL Japan Belsorp-mini II analyzer. TPR measurements
were conducted using the Quantachrome CHEMBET 3000 system,
and the amount of consumed hydrogen was measured by the
thermal conductivity detector (TCD). A weighed amount (50 mg)
of as-calcined catalysts was placed in a quartz tube reactor, and
then a gaseous mixture of 5% H2–95% Ar was fed to the reactor at
30 ml min−1. The reaction temperature was raised up to 800 ◦C at a
heating rate of 10 ◦C min−1. The amount of H2 detected by TCD was
calibrated by the consumption of H2 for the reduction of CuO. The
morphology and lattice image of Pt/�-Al2O3 samples reduced under
various conditions shown in Table 1 were observed by TEM using
the Philips CM200 FEG equipped with a field emission electron gun.

The amount of CO adsorbed onto the surface of catalysts was
measured by using the Quantachrome CHEMBET 3000 system in
order to investigate the correlation between CO adsorption and
the activity of catalytic combustion. Prior to the measurement,
50 mg of sample was heat-treated as shown in Table 1. Car-
bon monoxide (0.244 ml) was pulsed repeatedly to the sample at
room temperature until the amount of CO in the outlet reached a
constant value, and then the amount of adsorbed CO was calcu-
lated. Subsequently, temperature-programmed desorption (TPD)
was conducted in the temperature range of 25–800 ◦C for the result-
ing samples adsorbed with CO. The temperature was raised at a
heating rate of 10 ◦C min−1 with a supply of He gas at 16 ml min−1.
The partial pressures of CO and CO2 detected in the outlet gas were
measured by using the mass spectrometer (Anelva M-QA 2000TS)
and the fraction of CO2 to total desorbed species was calculated.

3. Results and discussion

3.1. Carbon monoxide combustion over as-calcined catalysts

The results of catalytic activity tests over as-calcined 1.0 wt.%
Pt/SnO and 1.0 wt.% Pt/�-Al O are shown in Fig. 1. Over Pt/�-
Fig. 1. Carbon monoxide conversion as a function of temperature over 1.0 wt.%
Pt/SnO2 and 1.0 wt.% Pt/�-Al2O3. Reaction conditions: CO, 5.0%; O2, 15.0%; N2 bal-
ance; S.V. = 32,000 l kg−1 h−1.
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ig. 2. Temperature-programmed reduction of metal oxide-support materials and
nd 1.0 wt.% Pt/SnO2, and (c) magnified figure of (b) in the range of −50 ◦C to 450 ◦C

lished at ca. 110 ◦C. The BET surface areas of Pt/�-Al2O3 and
t/SnO2 were 159 m2 g−1 and 8.7 m2 g−1, respectively. Regardless
f the low surface area, the activity of Pt/SnO2 was much higher and
arbon monoxide was oxidized at lower temperature by ca. 40 ◦C
ompared with the case of Pt/�-Al2O3.

.2. Characterization of as-calcined catalysts

TPR analysis was conducted so as to reveal the difference in cat-
lytic activities of as-calcined samples, and the results are shown
n Fig. 2. Fig. 2(a) shows the TPR profiles of �-Al2O3 and 1.0 wt.%
t/�-Al2O3. While the �-Al2O3 support itself was not reduced, the
eduction peaks ascribable to the reduction of Pt species in the oxi-
ation state were observed for Pt/�-Al2O3. The H2 consumption
as determined from the area of two main peaks observed in TPR
rofiles, and also calculated theoretically by assuming the reduc-
ion of PtO2 to Pt. It was found that the experimental value was
oughly comparable to the theoretical one.
Fig. 2(b) shows the TPR profiles of SnO2 and 1.0 wt.% Pt/SnO2. A
arge peak over 550 ◦C is ascribable to the reduction of the bulk of
in oxide. The reduction of Pt species over SnO2 was initiated at ca.
5 ◦C as shown in the magnified figure (Fig. 2(c)). The amount of H2
onsumption at 35–130 ◦C approximately corresponded to the the-
oxide-supported platinum catalysts: (a) �-Al2O3 and 1.0 wt.% Pt/�-Al2O3, (b) SnO2

oretical value of the complete reduction of PtO2 into Pt metal as in
the case of Pt/�-Al2O3. Accordingly, the Pt species on Pt/SnO2 was
readily reduced at low temperatures, leading to the high activity
for the carbon monoxide oxidation. In addition, it was noted that
the peak attributable to the reduction of tin oxide surface appeared
at ca. 230 ◦C. Other researchers also support the reduction of tin
oxide surface at low temperature [23,24]. This indicates that SnO2
support in the vicinity of Pt particles was also reducible at low
temperature.

3.3. Carbon monoxide combustion over reduced catalysts

As shown in Fig. 2, the reduction behavior of supported Pt
species was different between Pt/�-Al2O3 and Pt/SnO2. Then, the
effect of reduction treatment on carbon monoxide oxidation for
the supported Pt catalysts was studied to clarify the correlation
between the reduction behavior and the catalytic activity. After the
as-calcined catalyst was reduced in the test reactor under various

conditions, the catalytic activity test was performed. The results
over 1.0 wt.% Pt catalysts are shown in Fig. 3. As shown in Fig. 3(a),
the catalytic activities over Pt/�-Al2O3 were enhanced by the reduc-
tion treatments at 200 ◦C and 400 ◦C. The reduction of supported
Pt proceeded during the pretreatment at 200 ◦C or 400 ◦C in 10%
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ig. 3. Carbon monoxide conversion as a function of temperature over 1.0 wt.% Pt
atalysts reduced in various conditions: (a) Pt/�-Al2O3 and (b) Pt/SnO2. Reaction
onditions: CO, 5.0%; O2, 15.0%; N2 balance; S.V. = 32,000 l kg−1 h−1.

2/N2 as evidenced by the TPR profile of 1.0 wt.% Pt/�-Al2O3. As a
onsequence, the active sites on the surface of metallic Pt particles
ncreased by the sufficient reduction treatment.

On the other hand, the reduction treatment significantly
ffected the activities of Pt/SnO2 catalysts as shown in Fig. 3(b).
he catalytic activity was enhanced considerably by the reduc-
ion treatment at 25 ◦C and the 20% of conversion was attained
t 44 ◦C. Moreover, the catalyst reduced at 90 ◦C exhibited the
ighest activity; the 20% of conversion was achieved at 17 ◦C
nd carbon monoxide was oxidized completely at room temper-
ture. It is noted that the temperature of the 20% conversion
as reduced by ca. 75 ◦C for this sample as compared with

he as-calcined sample. However, the catalytic activity was
egraded when the reduction temperature was elevated to 200 ◦C.
he sample reduced at 400 ◦C exhibited the lowest catalytic
ctivity.

.4. Characterization of reduced catalysts

.4.1. XRD measurements of Pt supported catalysts
After the reduction treatments, the catalytic activities of Pt/�-

l2O3 were improved and those of Pt/SnO2 significantly depended

n the temperature of pretreatment. Then, the characterizations of
he catalysts were performed before and after the reduction treat-

ents to elucidate the factors affecting the catalytic activities. First,
RD measurements of 1.0 wt.% Pt/�-Al2O3 and 1.0 wt.% Pt/SnO2
ere carried out, but platinum particles on metal-oxide supports
Fig. 4. XRD patterns of 10 wt.% Pt catalysts: (a) Pt/�-Al2O3 and (b) Pt/SnO2.

were too small to be detected [21]. Then, the catalysts of 10 wt.%
Pt/�-Al2O3 and 10 wt.% Pt/SnO2 were used alternatively, as shown
in Fig. 4. In every diffraction pattern of Pt/�-Al2O3, the diffrac-
tion peaks ascribable to Pt species were undetectable because of
the overlapping with the broad diffraction pattern of �-Al2O3. The
diffraction patterns of Pt/SnO2 catalyst were changed by the reduc-
tion treatments, as shown Fig. 4(b). The pattern of as-calcined
sample was identical to that of SnO2, and no peaks attributable to
Pt species were observed. The diffraction lines of sample reduced at
25 ◦C consisted of those of Pt and SnO2, indicating that the Pt species
was reduced at room temperature. As the sample was reduced at

higher temperatures, the reduction of Pt species further proceeded
and the intensity of the metallic Pt lines increased. The pattern of
sample reduced at 400 ◦C contained the new phases assigned to
Sn and PtSn. Accordingly, it was revealed that SnO2 support was
partially reduced by the pretreatment at 400 ◦C.
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ig. 5. XPS spectra of 10 wt.% Pt/SnO2 catalysts treated under various conditions.

.4.2. XPS measurements of Pt/SnO2 catalyst
The electronic state of Pt species on �-Al2O3 and SnO2 supports

as investigated by XPS measurements. In the case of reduced cat-
lysts, the measurements were carried out in situ without exposing
he samples in the ambient atmosphere after reduction treat-

ents. The XPS study of Pt/�-Al2O3 catalysts has a known problem
eported elsewhere [14]; the XPS analysis of Pt species is difficult
ecause the binding energy of the Al 2p of the support overlaps
ith that of the Pt 4f which is generally used for the evaluation of

he electronic state of platinum. Therefore, we evaluated the state
f platinum on �-Al2O3 by TEM observation and CO adsorption
ethod as mentioned later.
The results of XPS measurements for Pt/SnO2 catalysts are

hown in Fig. 5 and the atomic ratio of the catalytic surface cal-
ulated from the spectra is summarized in Table 2. In Fig. 5, the Pt
f7/2 and Pt 4f5/2 peaks were confirmed in the range of 68–82 eV
or all samples. The spectrum of as-calcined sample indicated the
xistence of Pt species in the oxidized state (PtO (Pt 4f7/2 = 73.9 eV),
tO2 (Pt 4f7/2 = 75.3 eV) [25]). On the other hand, the binding energy
f Pt species in the reduced catalysts was almost identical to that

0
f Pt (Pt 4f7/2 = 71.3 eV) [25] and the Pt species in the electronic
tates of Pt0 would lead to the high catalytic activities. The sam-
le reduced at 400 ◦C showed slightly higher binding energy than
he Pt metal. This result suggests the electron transfer from the Pt
pecies to Sn species ascribable to the formation of Pt–Sn bond by

able 2
inding energy of Pt 4f analyzed by XPS and surface composition calculated from
he peak area of Pt 4f and Sn 3d over 10 wt.% Pt/SnO2.

Sample Binding energy (eV) Surface composition (%)

Pt 4f7/2 Pt 4f Sn 3d

As-calcined 74.8 18.5 81.5
Red. 25 ◦C 71.2 21.8 78.2
Red. 90 ◦C 71.1 21.6 78.4
Red. 200 ◦C 71.5 18.6 81.4
Red. 400 ◦C 71.7 3.56 96.4

inding energy: Pt(0) = 71.3 eV, Pt(II) = 73.9 eV, Pt(IV) = 75.3 eV.
Fig. 6. TEM images of 10 wt.% Pt/�-Al2O3 catalysts: (a) As-calcined and (b) Red.
200 ◦C.

strong metal–support interaction (SMSI) [21]. In addition, the frac-
tion of Pt atom on catalytic surface decreased with an increase in the
reduction temperature. This implies that the reduction treatment
should promote the formation of intermetallic compounds, which
could not be detected by XRD analysis for the samples reduced at
and below 200 ◦C.

3.4.3. TEM observation of Pt/�-Al2O3 catalyst
For the Pt/�-Al2O3 catalysts, the state of Pt species was investi-

gated by TEM observation before and after the reduction treatment.
Most of the Pt particles in the as-calcined sample were in the amor-
phous state as shown in Fig. 6(a). On the other hand, the lattice
image of crystalline Pt particles in the sample reduced at 200 ◦C was
clearly observed and the lattice spacing was 2.34 Å, which approx-
imately agreed with Pt(1 1 1) lattice spacing of 2.27 Å (Fig. 6(b)).
The TEM images of the samples reduced at other temperatures also
revealed that the Pt species existed as metal.
3.4.4. CO adsorption over Pt supported catalysts
The amount of adsorbed CO onto the surface of catalysts was

measured for the evaluation of the chemical state of platinum. Prior
to the measurement, a catalyst was heat-treated in various condi-
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Table 3
Amount of adsorbed CO and catalytic activity for CO oxidation over 1.0 wt.% Pt/�-
Al2O3.

Sample Amount of
adsorbed CO
(�mol g−1)

Metal surface
area (m2 g−1)

T20
a (◦C) BET surface

area (m2 g−1)

As-calcined 10.0 0.48 147 159
Red. 25 ◦C 19.1 0.92 146 146
Red. 90 ◦C 21.6 1.04 146 150
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Table 5
Fraction of CO2 desorbed from Pt/�-Al2O3 and Pt/SnO2 catalysts.

Pt/�-Al2O3 CO2/(CO + CO2) Pt/SnO2 CO2/(CO + CO2)
Red. 200 ◦C 50.2 2.42 140 158
Red. 400 ◦C 44.6 2.15 139 156

a Temperature at which 20% conversion is achieved.

ions as shown in Table 1. In the case of 1.0 wt.% Pt/�-Al2O3 except
he sample reduced at 400 ◦C, it was revealed that the reduction
t higher temperature increased the amount of adsorbed CO as
hown in Table 3. Considering that this behavior of CO adsorption
as associated well with the catalytic activity, the platinum species

ver �-Al2O3 reduced upon the pretreatment should directly con-
ribute to the carbon monoxide oxidation. However, for the sample
educed at 400 ◦C, the amount of adsorbed CO decreased compared
o the one reduced at 200 ◦C because a part of Pt particles was
ggregated accompanied with the decrease in surface area.

It is generally considered that the catalytic activity is influ-
nced by the electronic state of Pt species. Carbon monoxide is a
-acceptor ligand and carbon atom is directly bonded to a metal
tom. The 5� orbital with lone electron pair of carbon atom over-
aps with the unoccupied d orbital of the metal atom, resulting in
he formation of weak �-bond. As a result of electron transfer from
� orbital of carbon to the unoccupied d orbital of metal atom, an

ncrease in the electron density on the metal atom gives rise to a
urther electron transfer from the d orbital of metal atom to the
noccupied 2�* orbital of carbon atom. As a consequence, carbon
onoxide is adsorbed on the metal [26]. Therefore, the amount of

dsorbed CO was small for as-calcined Pt/�-Al2O3 sample because
he d orbital of Pt species in the oxidation state should be occu-
ied. In reduced catalysts, the electron transfer to the unoccupied
orbital readily occurred for the metallic Pt. Then, the increasing

mount of adsorbed CO led to high catalytic activity as compared
ith the as-calcined catalyst. Moreover, the pretreatment at higher

emperatures promoted the reduction of Pt species, resulting in an
ncrease in the adsorbed sites on Pt metal particles and the enhance-

ent of catalytic activities. Consequently, it is clear that the Pt metal
lays a critical role in carbon monoxide combustion.

As shown in Table 4, the Pt/SnO2 catalysts showed the differ-
nce in CO adsorption behavior from the Pt/�-Al2O3 catalyst. The
O adsorption on Pt/SnO2 was promoted by the reduction at 25 ◦C,
ecause the adsorption sites on platinum increased by the reduc-
ion of the Pt species to the metallic state. For the samples reduced
t higher temperatures, the amount of adsorbed CO decreased

ith increasing reduction temperature. This was attributed to the

ormation of intermetallic compounds between Pt and Sn, which
as clarified by the change in surface composition (Table 2) and

he appearance of PtSn phase (Fig. 4). It can be concluded that

able 4
mount of adsorbed CO and catalytic activity for CO oxidation over 1.0 wt.% Pt/SnO2.

Sample Amount of
adsorbed CO
(�mol g−1)

Metal surface
area (m2 g−1)

T20
a (◦C) BET surface

area (m2 g−1)

As-calcined 16.2 0.78 103 8.7
Red. 25 ◦C 21.8 1.05 44 7.7
Red. 90 ◦C 11.1 0.53 17 6.4
Red. 200 ◦C 3.75 0.36 37 7.7
Red. 400 ◦C 0.00 – 112 5.0

a Temperature at which 20% conversion is achieved.
As-calcined 0.469 As-calcined 0.346
Red. 90 ◦C 0.430 Red. 25 ◦C 0.349
Red. 400 ◦C 0.131 Red. 90 ◦C 0.342

inhibited CO adsorption gives rise to low catalytic activity for the
sample reduced at 400 ◦C. On the other hand, the samples treated at
90 ◦C and 200 ◦C exhibited high catalytic performance, though the
adsorbed amount decreased upon these pretreatments. Therefore,
for Pt/SnO2 catalysts, it is reasonable to consider that other factors
such as support effect contributed to carbon monoxide oxidation
effectively.

3.4.5. TPD measurements of Pt supported catalysts
TPD measurements were conducted for the catalysts after CO

adsorption experiments mentioned above. Fractions of desorbed
CO2 to total desorption species were calculated for Pt/�-Al2O3
and Pt/SnO2 as summarized in Table 5, respectively. In the case
of Pt/�-Al2O3 catalysts, the sample reduced at higher temperature
exhibited lower fraction of CO2 because of the small number of oxy-
gen species adsorbed on Pt metal surface. In contrast, the fraction
of CO2 desorbed from the as-calcined sample was relatively high
due to the sufficient oxidation of carbon monoxide by the abundant
oxygen species in PtO2.

On the other hand, TPD results of Pt/SnO2 catalysts were dif-
ferent from those of Pt/�-Al2O3 catalysts. The fraction of CO2 was
almost the same in three samples of As-calcined, Red. 25 ◦C, and
Red. 90 ◦C. It is reasonable to assume that adsorbed CO on reduced
catalysts is scarcely oxidized considering the results of Pt/�-Al2O3
catalysts mentioned above. However, the fraction of CO2 was rel-
atively high for the sample reduced at 90 ◦C. This finding suggests
that the oxygen species of SnO2 support significantly contributed
to carbon monoxide oxidation on the Pt surface or at the perimeter
sites of the Pt–SnO2 boundary. In conclusion, the oxygen species
of SnO2 support was activated by the reduction treatment at 90 ◦C,
resulting in the noticeably high catalytic performance.

4. Conclusions

The effect of SnO2 support in Pt/SnO2 catalyst on carbon monox-
ide oxidation was investigated by comparing Pt/�-Al2O3 catalyst.
Despite the low surface area, carbon monoxide was oxidized over
Pt/SnO2 at lower temperature by ca. 40 ◦C than Pt/�-Al2O3. The Pt
species was readily reduced over SnO2 support at low temperature,
leading to the high activity. Moreover, the influence of reduction
treatment on the reaction was studied to clarify the correlation
between the reduction behavior and the catalytic activity. In the
case of Pt/�-Al2O3, the reduction of supported platinum species
proceeded during the pretreatments at higher temperatures, giv-
ing rise the slight improvement in the catalytic activities. On the
other hand, the catalytic activity of Pt/SnO2 significantly depended
on the reduction temperature. The highest activity was attained by
the reduction at 90 ◦C, though the amount of CO adsorbed on the
catalyst decreased. These results implied that the oxygen species
of SnO2 support was activated by the reduction treatment at 90 ◦C,
and then contributed to the oxidation reaction over Pt. The sample
reduced at 400 ◦C exhibited lower catalytic activity than the as-
calcined sample. This was because the intermetallic compounds

between Pt and Sn elements were formed and the amount of
adsorbed CO decreased by the reduction treatment. Consequently,
it is important to control the chemical interaction between metal
and metal oxide support by reduction treatments for the catalytic
activity enhancement of carbon monoxide oxidation.
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