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bstract

SnO2 nanocrystals were synthesized by a precipitation process and then used as the support for Au/SnO2 catalysts preparation via a
eposition–precipitation method. The samples were characterized by means of X-ray diffraction (XRD), high-resolution transmission electron
icroscopy (HRTEM)/energy-dispersive X-ray spectra (EDS) and X-ray photoelectron spectroscopy (XPS). The influence of calcination tempera-

ure of SnO2 support, calcination temperature of Au/SnO2 catalysts and Au loading on the catalytic activity of Au/SnO2 catalysts was investigated.
he SnO2 samples calcined at 573 and 673 K were found to be the suitable support materials for Au/SnO2 catalysts. In all investigated Au/SnO2

atalysts with different Au loading from 0.36 to 5.00 wt.%, the catalytic activity of the catalyst with 2.86 wt.% Au loading was the highest. The

ptimum calcination temperature of the Au/SnO2 catalysts was 473 K. According to XRD, HRTEM and XPS, the catalytic activity of the Au/SnO2

atalysts was related to the particle size of gold and tin oxide support, the fraction of metallic state Au and the degree of crystallinity of tin dioxide
upport.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Compared with inert bulk gold, supported gold catalysts show
surprising high catalytic in many reactions, such as the reduc-

ion of nitrogen oxides [1,2], the epoxidation of propene [3,4],
omplete oxidation of hydrocarbons, hydrogenation, water–gas
hift reaction [5–12] and the low-temperature oxidation of CO
13–17]. Since Haruta’s report [18] of the remarkably high
ctivity of supported gold catalysts for low-temperature CO oxi-
ation, interest in the potential applications of supported gold
atalysts has increased dramatically, along with research efforts
o understand the origin of this surprising activity. Haruta et al.
15–17] discovered when gold was highly dispersed on semi-
onductor metal oxides such as TiO2, �-Fe2O3 and Co3O4, it

urns out to be highly active for the low-temperature catalytic
xidation of CO.

∗ Corresponding author. Tel.: +86 22 23505896; fax: +86 22 23502458.
E-mail address: shrwang@nankai.edu.cn (S. Wu).
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O oxidation

Although the catalytic activity of gold catalysts in the low-
emperature CO oxidation has been intensively studied during
he last decade, the catalytic activity of gold supported on SnO2
as seldom been discussed. Due to the particular physical and
hemical properties of nanosized tin dioxide, SnO2 has cov-
red a wide range of applications such as catalyst, catalytic
upport, gas sensor, rechargeable Li battery and optical elec-
ronic device [19–21]. In previous work, we had synthesized
u/SnO2 catalysts by a co-precipitation process, and their cat-

lytic activity for CO oxidation was also investigated [22]. But
he catalytic activity was not very satisfactory. There has already
een a general consensus that the preparation method, the syn-
hesis parameters, pretreatment conditions and the choice of the
upport all exert a significant influence on the ultimate catalytic
erformance. To improve the catalytic activity of Au/SnO2 cat-
lysts, in this work, various Au/SnO2 catalysts were prepared
y a deposition–precipitation method, and the influence of the

alcination temperature of SnO2 support, calcination tempera-
ure of Au/SnO2 catalysts and Au loading on catalytic activity
as investigated. Several techniques, such as X-ray diffrac-

ion (XRD), high-resolution transmission electron microscopy

mailto:shrwang@nankai.edu.cn
dx.doi.org/10.1016/j.molcata.2006.06.021
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were calculated by using Scherrer’s equation based on the XRD
peak broadening analysis at the (1 1 0) peak and listed in Table 1.

Fig. 2 shows the XRD patterns of the Au/SnO2 catalysts with
different Au loading. In the XRD patterns of the samples with

Table 1
Mean particle size of tin dioxide treated at various temperatures
46 S. Wang et al. / Journal of Molecular C

HRTEM) and X-ray photoelectron spectroscopy (XPS), were
mployed to study the structure and the CO oxidation property
f Au/SnO2 catalysts.

. Experimental

.1. Catalyst preparation

SnO2 support was synthesized by a precipitation pro-
ess using SnCl4·5H2O and NH4OH. Under vigorous stirring,
mol/L NH4OH aqueous solution was added drop-wise to a
.25 mol/L SnCl4 solution until the pH of the solution was 7.
he suspension formed was stirred for 1 h and then centrifuged
nd washed several times with deionized water and ethanol alter-
atively until Cl− could not be examined by 0.1 mol/L AgNO3
queous solution, and then the sample was dried overnight in air
t 353 K. The as-prepared material was ground and calcined in
ir at 473, 573, 673 and 773 K for 3 h, respectively.

Au/SnO2 catalysts were prepared by a deposition–preci-
itation method. Under vigorous stirring, SnO2 support was
ispersed in HAuCl4 solution. Over a period of 1 h, 1 mol/L
H4OH aqueous solution was added drop-wise to the above

esulting slurry under vigorous stirring until the pH of the
lurry was 10. The mixture was stirred for another hour, then
ltered and washed with deionized water and ethanol alter-
ately. The samples were dried at room temperature for 2 h
n air, followed by calcination at different temperatures in air
or 3 h.

.2. Measurement of catalytic activity

Catalytic activity tests were performed in a continuous-flow
xed-bed microreactor, using 100 mg catalyst powder. A stain-

ess steel tube with an inner diameter of 8 mm was chosen as
he reactor tube. The reaction gas mixture consisting of 1 vol.%
O balanced with air was passed through the catalyst bed at a

otal flow rate of 33.4 mL/min. A typical weight hourly space
elocity (WHSV) was 20,040 mL h−1 g−1. After 30 min under
eaction conditions, the effluent gases were analyzed online by
C-508A gas chromatography. The activity was expressed by

he degree of CO conversion.

.3. Catalyst characterization

X-ray diffraction analyses were performed on D/MAX-RAX
iffractometer operating at 40 kV and 100 mA, using Cu K�
adiation (scanning range 2θ: 20–75◦). Diffraction peaks of crys-
alline phases were compared with those of standard compounds
eported in the JCPDS Data File. High-resolution transmission
lectron microscopy was carried out on a Philips-T20ST elec-
ron microscope, operating at 200 kV.

X-ray photoelectron spectroscopy measurements were per-
ormed with a Perkin-Elmer PHI 5600 spectrophotometer with

he Mg K� radiation. The operating conditions were kept con-
tant at 187.85 eV and 250.0 W. In order to subtract the surface
harging effect, the C 1s peak has been fixed, in agreement with
he literature, at a binding energy of 284.6 eV.

D

ig. 1. XRD patterns of the SnO2 samples calcined at different temperatures:
73 K (a), 573 K (b), 673 K (c), 773 K (d) and 873 K (e).

. Results and discussion

.1. Support and catalyst characterization

Fig. 1 shows the X-ray powder diffraction patterns of the
s-prepared SnO2 samples calcined at different temperatures.
ompared to JCPDS (File No. 41-1445) standard pattern, the
eaks agreed well with tetragonal rutile crystalline structure
f SnO2 crystal, with no additional lines belonging to other
hases such as SnO, i.e. observed in any of the X-ray diffrac-
ion patterns. This indicated that the increase of calcination
emperature did not cause the transformation of lattice struc-
ure of SnO2. With the increase of calcination temperature, the
ntensity of diffraction peaks of [1 1 0], [1 0 1] and [2 1 1] crys-
al faces gradually increased, and diffraction peaks of [2 0 0],
2 2 0], [0 0 2], [3 1 0] and [3 0 1] crystal faces were gradually
isible. This showed that crystalline structure of SnO2 tended
owards integrity. From the information provided by XRD pat-
erns, we could see that the characterization diffraction peaks of
he samples were apparently broad at low temperature (<673 K),
howing that the small-sized nanocrystalline SnO2 was obtained.
t the same time, with the increase of calcination temperature,

he characterization diffraction peaks of SnO2 became more and
ore sharp, indicating the particle size of SnO2 increased. The

verage diameters of particles treated at different temperature
T (K)

473 573 673 773 873

1 1 0 (nm) 3.2 3.8 6.0 12.2 18.4
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nanoparticle in HRTEM images (Fig. 4d) was ca. 0.24 nm, cor-
ig. 2. XRD patterns of the Au/SnO2 catalysts with different Au loading:
.14 wt.% (a), 2.86 wt.% (b), 3.21 wt.% (c), 3.57 wt.% (d), 4.29 wt.% (e) and
.00 wt.% (f).

u loading below 2.14 wt.%, no reflection peaks of gold were
bserved. This was probably due to the small particle size and
ow content of gold, and therefore its reflection peaks did not
llow to be discriminated from the background. When the Au
oading reached 2.86 wt.%, the weak Au (2 0 0) diffraction peak
t 2θ = 44.4◦, related to the presence of metallic gold (JCPDS
ard No. 04-0784), could be detected faintly. For the samples
ith Au loading above 3.21 wt.%, the Au (2 0 0) diffraction peak

ould be clearly observed. With the increase of Au loading, the
u (2 0 0) characterization diffraction peak became more signif-

cant and sharper, indicating the mean particle size of the gold
n the Au/SnO2 catalysts increased. The average size of gold
articles calculated from the Au (2 0 0) reflection peak by using
he Scherrer’s equation was listed in Table 2.

Fig. 3 shows the XRD patterns of the 1.43 wt.% Au/SnO2
atalysts (SnO2 support calcined at 673 K for 3 h) calcined at dif-
erent temperatures. In the XRD pattern of the sample calcined
t 473 K almost no reflection peaks of gold were observed. This
as probably due to the small particle size of gold, and there-

ore its reflection peaks did not allow to be discriminated from
he background. For the sample calcined at 573 K, the weak Au
2 0 0) diffractions peak at 2θ = 44.4◦ could be detected faintly.
t higher calcination temperature (673 K), the Au (2 0 0) diffrac-

ion peak could be clearly observed. With further increasing
alcination temperature, the characterization peaks diffracted

rom the gold became more significant, indicating the gold par-
icle size increased. The average size of gold particles, calculated
rom the Au (2 0 0) reflection peak by using the Scherrer’s equa-

able 2
ean particle size of Au in the Au/SnO2 catalysts with different Au loading

Au loading (wt.%)

2.86 3.21 3.57 4.29 5.00

2 0 0 (nm) 2.5 4.4 7.1 10.1 13.9

r
n

T
M
A

D
D

ig. 3. XRD patterns of the SnO2 support calcined at 673 K (a) and 1.43 wt.%
u/SnO2 catalysts calcined at different temperatures: 473 K (b), 573 K (c), 673 K

d) and 773 K (e).

ion, was listed in Table 3, in which TEM results were also
ncluded.

HRTEM measurements (Fig. 4a) showed that tin dioxide was
ighly crystalline after calcination at 673 K. The selected area
lectron diffraction (SAED) pattern (inset in Fig. 4a) of the SnO2
upport distinctly exhibited four diffraction rings, which corre-
ponded to the (1 1 0), (1 0 1), (2 1 1) and (1 1 2) planes of the
etragonal-phase SnO2 with rutile structure, respectively. This
as perfectly in agreement with the XRD analytical results, and

ndicated that the SnO2 nanoparticles were well crystallized. It
as also confirmed by energy-dispersive X-ray spectra (EDS;
ig. 4b) that there were not any impurities, indicating that chlo-
ides were completely removed during washing.

Fig. 4c, d, f–h presented the bright-field images of the
.43 wt.% Au/SnO2 catalysts calcined at different temperatures.
s shown in Fig. 4c, the gold nanoparticles were dispersed

ffectively on the surface of the SnO2 nanoparticles after cal-
ined at 473 K for 3 h and were not agglomerated. The gold
anoparticles had crystallite sizes between 2 and 4 nm. The
nergy-dispersive X-ray spectrum (Fig. 4e) confirmed the pres-
nce of Au element. It was also confirmed by EDS that there were
ot any impurities, indicating that chlorides were completely
emoved after washing. The interplanar spacing of the gold
esponding to the interplanar distance of the (1 1 1) plane of Au
anocrystal. The interference fringe of the (1 1 0) plane of inner

able 3
ean diameter of gold particles (DAu) determined by XRD and TEM study for
u/SnO2 catalysts calcined at different temperatures (T)

T (K)

473 573 673 773

Au XRD (nm) ND ND 6.8 14.5

Au TEM (nm) 3 4.5 6 14.2
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nO2 nanoparticles was clearly observed in the HRTEM image
Fig. 4d), demonstrating a good crystallinity and a high stability
f SnO2 nanoparticles after the decoration of Au nanoparticles.
he HRTEM photograph of the samples calcined at 573 K, pre-
ented in Fig. 4f, also showed highly dispersed gold particles,
nd the small gold particles were also observed. The increase of
he particle size of Au with increasing calcination temperature
ould be observed clearly, which confirmed the XRD results.
he larger gold particles (10 nm) in the sample calcined at 673 K
ere occasionally found in the TEM (Fig. 4g). The TEM results

n Fig. 4h showed gold particles in Au/SnO2 sintered after cal-
ined at 773 K, almost no gold particles with particle size <6 nm

xisted and the particle size lied between 6 and 20 nm. The mean
iameters of Au particles in Au/SnO2 catalysts were estimated
y averaging diameters of more than 100 individual particles
nd listed in Table 3. It was clear that during the calcinations

t
p
p
p

ig. 4. HRTEM images of SnO2 calcined at 673 K (a) and 1.43 wt.% Au/SnO2 nano
g) and 773 K (h). (b and e) The EDS spectra of SnO2 calcined at 673 K and Au/SnO
sis A: Chemical 259 (2006) 245–252

bove 673 K of the catalysts the sintering of Au clusters would
ccur.

The full-range XPS spectra of the 1.43 wt.% Au/SnO2 cata-
ysts calcined at different temperatures were shown in Fig. 5. The
PS spectra revealed that the surface of samples contained gold,

in, oxygen and carbon elements. The absence of chlorine was a
ood indication of the effectiveness of the washing procedure.
or the Au/SnO2 catalyst with 1.43 wt.% Au loading, the nom-

nal Au/Sn atom ratio was 0.011. However, the surface Au/Sn
tom ratio of all samples in XPS was higher than 0.011, and the
alue of surface Au/Sn atom ratio decreased with the increase of
alcination temperature. The Au/Sn atom ratio in XPS is tenta-

ively used to represent the Au dispersion. This indicated that Au
articles were well dispersed on the surface of SnO2, and that Au
article size increased with the increase of the calcination tem-
erature. The result was agreement with the XRD and TEM data.

particles calcined at different temperatures: 473 K (c and d), 573 K (f), 673 K

2 nanoparticles calcined at 473 K, respectively.
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Fig. 4.

Fig. 6 compared the XPS spectra in the Au 4f region of
he1.43 wt.% Au/SnO2 catalysts calcined at different temper-
tures. In all samples, the characteristic doublets of Au 4f7/2 and
f5/2 peaks were observed. The two peaks for the uncalcined cat-
lyst were at 85.3 and 88.9 eV, respectively, which were similar
o those reported on Au3+ compounds [23]. Increasing calcina-
ion temperature, the Au 4f7/2 and 4f5/2 peaks became sharper
nd shifted to lower binding energy (84.2 and 87.8 eV) indicat-
ng an increase of the fraction of Au0. For the sample calcined at
73 K, the two peaks were 84.4 and 88.1 eV, which were slightly
arger than these of metallic state Au (84.2 and 87.8 eV) but
maller than these of oxidation state Au, indicating a mixture of

xidation state Au and metallic state Au. The samples calcined
bove 473 K showed that the Au 4f7/2 peak centered at 84.2 eV
nd Au 4f5/2 peak centered at 87.8 eV, which was characteristics
f Au in a metallic state [24,25].

A
A
6
l

inued).

.2. Catalytic performance

Fig. 7 shows the activity of 2.14 wt.% Au catalysts supported
n different calcination temperature SnO2 support with the Au
atalysts calcined at 473 K for 3 h. For the Au/SnO2 catalyst with
he SnO2 support calcined at 873 K, no obvious CO conversion
as detected below 413 K reaction temperature. The Au/SnO2

atalysts with the SnO2 support calcined at 473 and 773 K were
ound not to be particularly active in CO oxidation. In fact, no
00% CO conversion was detected in the reaction temperature
ange of 283–413 K. The highest CO conversion over Au/SnO2
atalyst with the SnO2 support calcined at 473 K was lower than

u/SnO2 catalyst with the SnO2 support calcined at 773 K. The
u/SnO2 catalysts with the SnO2 support calcined at 573 and
73 K clearly exhibited a better performance than other cata-
ysts, and the Au/SnO2 catalyst with the SnO2 support calcined
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ig. 5. Full-range XPS spectra of the 1.43 wt.% Au/SnO2 catalysts calcined at
ifferent temperatures: 298 K (a), 423 K (b), 473 K (c), 573 K (d) and 673 K (e).

t 573 K was more active than the Au/SnO2 catalyst with the
nO2 support calcined at 673 K. This indicated that the calci-
ation temperature of SnO2 support had an evidently influence
n catalytic activity of Au/SnO2 catalysts, and SnO2 samples
alcined at 573 and 673 K were suitable support materials for
he Au/SnO2 catalysts. The XRD results (Fig. 3) indicated that
rystalline structure tended towards integrity and the particle size
f SnO2 increased with the increase of calcination temperature.
he interaction between gold and support is of substantial impor-

ance in the case of CO oxidation. The smaller SnO2 nanopar-
icles may supply more active sites and contribute to the strong
nteraction between gold and nanocrystalline SnO2. Therefore,

he catalytic activity of Au/SnO2 (573 K) was better as compared
o that of Au/SnO2 (>673 K). On the other hand, the degree of
rystallinity of the support also brought markedly influence on

ig. 6. XPS spectra of Au 4f region for 1.43 wt.%Au/SnO2 catalysts calcined
t different temperatures: 298 K (a), 423 K (b), 473 K (c), 573 K (d) and 673 K
e).

2
O
T
c

F
o

ig. 7. Influence of calcination temperature of SnO2 supports on the activity of
u/SnO2 catalysts for CO oxidation.

he catalytic activity. Therefore, the Au/SnO2 (573 K) catalyst
as more active than the Au/SnO2 (473 K). We suggested that

he catalytic activity of Au/SnO2 catalysts was related to both
he particle size and the degree of crystallinity of tin dioxide
upport.

Figs. 8 and 9 show the relationship between the activity and
he Au loading in Au/SnO2 catalysts. The loading of gold in
he Au/SnO2 catalysts markedly influenced the catalytic activ-
ty. The optimum Au loading was 2.86 wt.%, which had an
ppreciably high catalytic activity [the temperature of 100% CO
onversion (T100%) was 303 K]. When the Au loading was below
.86 wt.%, T100% decreased with the increase of the gold loading.

n the other hand, when the Au loading was above 2.86 wt.%,
100% increased with the increase of the gold loading. This indi-
ated that a proper Au loading was necessary to gain high activity

ig. 8. Influence of Au loading on the activity of Au/SnO2 catalysts for CO
xidation.
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ig. 9. Influence of Au loading on 100% conversion temperature (T100%) of CO
ver Au/SnO2 catalysts.

u catalyst. From the XRD results (Fig. 2 and Table 2), we could
ee that when the Au loading was above 2.86 wt.%, the average
ize of gold particles significantly increased with the increase of
u loading, which could be an important factor resulted in the
ecrease of catalytic activity.

Fig. 10 shows the influence of the calcination temperature of
.43 wt.% Au/SnO2 catalysts on the catalytic activity. The uncal-
ined material had no activity when the reaction temperature was
elow 423 K. The catalyst pretreated at 423 K had already had
ertain activity, which could oxidize CO to CO2 at 323 K, and the
100% was 383 K. With the increase of calcination temperature,

he catalytic activity increased. The catalyst calcined at 473 K
howed the best catalytic performance (T100% was 333 K). When

he calcination temperature was above 573 K, with the increase
f calcination temperature, a decrease in the catalytic activity
ould be observed. The sample calcined at 773 K displayed no

ig. 10. Influence of calcination temperature of Au/SnO2 catalysts on catalytic
ctivity of CO oxidation.
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ctivity when reaction temperature was below 393 K. The results
eported in the present paper showed that the catalytic behav-
or of the Au/SnO2 system was remarkably influenced by the
hermal pretreatment of the catalyst. A calcination pretreatment
as necessary to activate the catalyst, but the activity decreased

apidly in high pretreatment temperature above 673 K. The XPS
nalyses results showed for the sample uncalcined and calcined
t 423 K, the fraction of Au0 was lower than the samples cal-
ined above 473 K. Increasing the calcination temperature, the
raction of Au0 increased. The samples calcined above 473 K
howed the Au 4f7/2 peak centered at 84.2 eV and Au 4f5/2 peak
entered at 87.8 eV, which was characteristics of Au0. This indi-
ated that the fraction of Au0 markedly influenced the catalytic
ctivity, which resulted in the catalyst calcined at 473 K was
ore active than the catalysts uncalcined and calcined at 423 K.
igher calcination temperature than 673 K result in the forma-

ion of bigger (>10 nm) Au agglomerates, and these catalysts
emonstrated lower activity as compared to the ones containing
ostly small Au nanoparticles. It was clear that during the cal-

ination above 673 K the sintering of Au clusters of the catalysts
ould occur, which resulted in a rapid decrease in the catalytic

ctivity after high pretreatment temperature above 673 K. From
he XRD and TEM results, we suggested that the increasing size
f the gold particles was responsible for the decreasing catalytic
ctivity at higher calcination temperature.

. Conclusions

The calcination temperature of SnO2 support had an evidently
nfluence on catalytic activity of Au/SnO2 catalysts, and SnO2
amples calcined at 573 and 673 K were suitable support mate-
ials for the Au/SnO2 catalysts. From the XRD results, it was
uggested that the catalytic activity of Au/SnO2 catalysts were
elated to both the particle size and the degree of crystallinity of
in dioxide support.

The loading of gold in the Au/SnO2 catalysts markedly influ-
nced the catalytic activity. In all investigated Au/SnO2 catalysts
ith different Au loading from 0.36 to 5.00 wt.%, the catalytic

ctivity of the catalyst with 2.86 wt.% Au loading was the high-
st. When the Au loading was below 2.86 wt.%, the catalytic
ctivity increased with the increase of the Au loading. On the
ther hand, when the Au loading was above 2.86 wt.%, the cat-
lytic activity decreased with the increase of the Au loading.

The results reported in the present paper showed that the
atalytic behavior of the Au/SnO2 system was remarkably influ-
nced by the thermal pretreatment of the catalyst. The optimum
alcination temperature of the Au/SnO2 catalysts was 473 K.

calcination pretreatment was necessary to activate the cata-
yst, but the activity decreased rapidly when the pretreatment
emperature was higher than 673 K. The XPS analyses results
howed that the fraction of metallic state Au markedly influenced
he catalytic activity, which resulted in the catalyst calcined at
73 K was more active than the catalysts uncalcined and cal-

ined at 423 K. From the XRD and TEM results, we suggested
hat the increasing size of the gold particles was responsi-
le for the decreasing catalytic activity at higher calcination
emperature.
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