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Tin dioxide supported nanometric gold: synthesis, characterization, and
lowtemperature catalytic oxidation of CO
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The Au/SnO, catalysts were prepared by a co-precipitation method. The structure of the sample treated at different
temperatures was investigated by means of HRTEM and XPS. The structure of the samples after various treatments and their
activity in the CO oxidation were compared. The results showed that the catalytic behavior was related to the particle size of gold
and surface oxygen species on the support. Highly dispersed gold particles and adsorbed surface oxygens and hydroxyl groups on
the support were responsible for the high catalytic activity of the Au/SnO, catalyst.

KEY WORDS: Au/SnO, catalyst; synthesis; characterization; CO oxidation.

1. Introduction

Since Haruta’s [1] report of the remarkably high
activity of supported gold catalysts for low-temperature
CO oxidation, interest in the potential applications of
supported gold catalysts has increased dramatically,
along with research efforts to understand the origin of
this surprising activity [2—4]. Gold finely dispersed on
metal oxides has been demonstrated to be a promising
catalyst in a number of catalytic reactions including
complete oxidation of hydrocarbons, hydrogenation,
water—gas shift reaction, and NO reduction [5-14].
Moreover, supported Au catalysts are also promising
catalysts in various practical areas such as CO removal
in CO, lasers, CO gas sensors, air-purification devices
for respiratory protection, and pollution control devices
for removing trace quantities of CO from ambient air in
submarines and space crafts on long missions [6, 7].
There has already been a general consensus that the
preparation method, the synthesis parameters, pre-
treatment conditions and the choice of the support all
exert a significant influence on the ultimate catalytic
performance. Haruta et al. [15-17] found when co-pre-
cipitation of gold with various metal oxides, the gold
catalysts possessed a dramatic activity for low-temper-
ature CO oxidation. They discovered when gold was
highly dispersed on semiconductor metal oxides such as
TiO,, a-Fe;O3, and Co30, with diameters smaller than
5 nm, it turns out to be surprisingly active for the low
temperature catalytic oxidation of CO [18]. The
property of support, the size of gold particles and the
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properties of the gold—support interface were considered
to affect the activity of gold catalysts for CO oxidation
significantly [5, 19]. Many investigations showed that
the pretreatment conditions exert decisive effects on the
chemical state of gold, and consequently on the ultimate
catalytic activity [20-21].

Although the catalytic activity of gold catalysts in the
low temperature CO oxidation has been intensively
studied during the last decade, the catalytic activity of
gold supported on SnO; has seldom been discussed [22].
In this work, we studied the low temperature CO oxi-
dation over gold-loaded tin dioxides calcined at different
temperatures. High-resolution transmission electron
microscopy (HRTEM) and X-ray photoelectron spec-
troscopy (XPS) were employed to characterize differ-
ently treated Au/SnO, samples. The main purpose of
present investigation is to find the relationship between
the catalytic activity and the microstructure catalysts
and properties of the support. Some preliminary results
have been achieved.

2. Experimental
2.1. Catalyst preparation

The Au/SnO, catalyst was prepared by a co-precipi-
tation method using HAuCly 4H,O and SnCly 5H,O.
Under vigorous stirring, 1 mol/L NH4OH aqueous
solution was added drop-wise to a combined solution of
0.25 mol/L. SnCly and 0.004 mol/L HAuCl, freshly
prepared until the pH of the solution was 7. The
suspension formed was stirred for 3 h and then alter-
natively centrifuged and washed several times with
deionized water and ethanol alternately until CI™ could
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not be examined by 0.1 mol/L AgNOj3 aqueous solution,
then the sample was overnight dried in air at 353 K. The
gold loading of Au/SnO, was determined to be
2.94 wt.% by inductively coupled plasma atom emission
spectroscopy (ICP-AES). The as-prepared material was
then ground and calcined in air at 473, 523, 573, 623,
673 and 773 K for 3 h, respectively, and stored in a
desiccator for subsequent use. Tin oxide was prepared
by precipitation from SnCly- SH,0, and the preparation
procedure was similar to that for the preparation of the
Au/SnO, catalyst.

2.2. Catalyst characterization

High-resolution transmission electron microscopy
(HRTEM) was carried out on a Philips-T20ST electron
microscope, operating at 200 kV. The sample powder
was ultrasonically dispersed in ethane. The particle-size
distribution was obtained from TEM pictures. At least
100 particles were chosen to determine the mean diam-
eter of gold particles.

X-ray photoelectron spectroscopy (XPS) measure-
ments were performed with a Perkin-Elmer PHI 5600
spectrophotometer with the MgKa radiation. The
operating conditions were kept constant at 187.85 eV
and 250.0 W. In order to subtract the surface charging
effect, the Cls peak has been fixed, in agreement with
the literature, at a binding energy of 284.6 eV.

2.3. Measurement of catalytic activity

Catalytic activity tests were performed in a continu-
ous-flow fixed-bed microreactor, using 100 mg catalyst
powder. A stainless steel tube with an inner diameter of
8 mm was chosen as the reactor tube. The reaction gas
mixture consisting of 1 vol.% CO balanced with air was
passed through the catalyst bed at a total flow rate of
33.4 ml/min. A typical weight hourly space velocity
(WHSYV) was 20,040 mL/h/g. The temperature depen-
dence of the sample catalytic activity was recorded in the
range 293-393 K. After 30 min under reaction condi-
tions, the effluent gases were analyzed online by GC-
508A gas chromatography. The activity was expressed
by the degree of conversion of CO.

3. Results and discussion
3.1. Catalytic performance

Figure 1 showed the influences of reaction tempera-
ture on the CO oxidation reaction over the Au/SnO,
catalysts calcined at different temperatures. It could be
seen that the samples calcined at 523-623 K exhibited
the highest catalytic activity in all samples. There was a
markedly decrease in the activity when the calcination
temperature above 673 K. The samples uncalcined and
calcined at 773 K displayed no activity below 393 K.
The sample calcined at 473 K reached a maximum at
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Figure 1. Temperature effects on CO oxidation over the Au/SnO,
catalysts calcined at different temperatures: (W) 473 K, (@) 523 K, (A)
573 K, (A) 623 K, (#) 673 K, and (O) 773 K.

333 K, but declined to a lower value with the further
increasing test temperature. In order to study catalyst
stability with time, the samples were reinvestigated at
323 K under the same reaction conditions. Clearly, the
samples calcined at 523-623 K also demonstrated better
stability than the other samples. This indicated that it
was effective to gain high activity catalyst for low-tem-
perature CO oxidation by selecting the proper calcina-
tion temperature. Although neither SnO, powders nor
Au particles are active in low temperature CO oxidation
[22], the SnO, supported fine Au particles exhibit high
activity in low temperature CO oxidation. Thereafter,
some structure characterizations were carried out in
order to explore the essence of the catalytic behavior
induced by treating catalysts at different calcination
temperatures.

3.2. Catalyst characterization

Figures 2 and 3 presented the bright-field images and
the Au size distributions of the Au/SnO, catalysts cal-
cined at different temperatures in static air. In the
sample calcined at 473 K, the particle size of Au was too
small to be observed clearly, but the large agglomerates
of gold clusters were occasionally found in the trans-
mission electron micrograph (figure 2a), which can be
related to the lower activity of the sample calcined at
473 K. The sample calcined at 573 K presented in fig-
ure 2b showed highly dispersed gold particles with the
particle sizes between 2 and 5 nm. The TEM results in
figure 2¢ showed gold particles in Au/SnO, sintered
after calcined at 673 K, almost no gold particles with
particle size <4 nm existed and the particle size lied
between 5 and 10 nm. From the TEM results, we
suggested that the increasing size of the gold particles
was responsible for the decreasing catalytic activity at
higher calcination temperature.
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Figure 2. HRTEM images of the Au/SnO, catalysts prepared at different calcination temperatures: 473 K (a), 573 K (b), and 673 K (c).

From the full-range XPS spectra of the Au/SnO,
samples calcined at different temperatures, it could be
found that the Au4f signal was relatively weak in all the
samples. The Au concentration estimated from ICP-
AES was 2.94 wt.% in the Au/SnO, catalyst, the nom-
inal Au/Sn atom ratio was 0.023. However the surface
Au/Sn atom ratio of all samples in XPS was lower than
0.005. The Au/Sn atom ratio in XPS is tentatively used
to represent the Au dispersion, however, the low Au/Sn
atom ratio could be complicated by phenomena other
than Au agglomeration. The activity of pure SnO5 in the
CO oxidation reaction becomes significant only at
temperature above 573 K [22]. After being modified by
gold, the tin dioxide showed high catalytic activity at
low temperature, suggesting the incorporation of gold
during co-precipitation might affect the structure and
environment of tin dioxide crystallites during the calci-
nation step [23]. The low Au/Sn atom ratio could be due
to the strong mutual interaction between Au and SnO,,
that resulted in the Au/Sn cluster formation and
simultaneous buried inside the SnO, lattice [24]. Or the
transport of Au species deeper into the pore to result in
an Au-depleted skin is also possible [25-27]. This could
also be an important reason that catalytic activity of the

Au/SnO, catalysts was relatively lower than that of the
Au/TiO, or Au/Fe,Oj5 catalysts reported by Haruta et
al. [15-18].

The estimated atomic ratios O/Sn of these samples
were listed in table 1. Compared to other samples, the
sample calcined at 573 K showed higher oxygen con-
tents. With the increasing calcination temperature, the
O/Sn atomic ratio reached approximately 2. This
implied the decrease of the structural defects and the
increase of the degree of crystallinity of tin dioxide
support, leading to the serious decrease of the catalytic
activity.

The Ols XPS spectra of the Au/SnO, catalysts
calcined at different temperature were given in figure 4.
By means of computer simulation, the experimental
curve in the Ols spectrum was presented as a sum of two
components for all the samples. We assigned the signal
at lower binding energy (530.3 eV) to surface lattice
oxygen and the signal at higher binding energy
(531.5 eV) to adsorbed oxygen species such as O™, O,
and OH™ [28-31]. The intensity of Ols signal at
531.5 eV over the sample calcined at 573 K was much
higher than other samples. It implied that in this sample,
the amount of adsorbed oxygen increased as more
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Figure 3. Size distribution of Au particles for the Au/SnO, catalysts calcined at different temperatures: 573 K (a) and 673 K (b).

Table 1
The O/Sn atomic ratios and the peak area ratios of different Ols
binding energy in the Au/SnO, samples calcined at different temper-
atures measured by XPS

T (K) O/Sn Area (%)

530.3 eV S531.5eV
473 2.25 67.01 30.99
573 2.49 62.86 37.14
673 2.13 72.04 27.96
773 2.08 72.94 27.06

oxygen vacancies were created [23]. As the treatment
temperature increased from 573 to 773 K, the compo-
nent at 531.5 eV decreased in intensity and, whereas the
intensity of the component at 530.3 eV increased. It
implied that in this sample, the amount of adsorbed
surface oxygen and hydroxyl groups decreased. It was
suggested that the amount of the higher activity of
surface oxygen and hydroxyl groups could play a crucial
role in the CO oxidation [23]. In the CO oxidation the
sample calcined at 523-623 K showed the higher activity
and it might be related to the more adsorbed surface
oxygen and hydroxyl groups than the other samples.
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Figure 4. Ols spectra of the Au/SnO, catalysts calcined at different temperatures: 473 K (a), 573 K (b), 673 K (c), and 773 K (d).

4. Conclusions

The Au/SnO, catalysts were prepared by co-precipi-
tation method. The as-prepared material was calcined in
air at 473, 523, 573, 623 and 673 K for 3 h, respectively.
The samples calcined at 523-623 K exhibited the higher
catalytic activity and better stability in CO oxidation
than the other samples. This indicted that the proper
selective of calcination temperature was effective to gain
high activity catalyst for low-temperature CO oxidation.
According to the above TEM and XPS results, we
suggested that the catalytic activity of gold/tin dioxide
catalysts calcined at different temperatures depended
strongly not only on the dispersion of gold species, but
also on surface oxygen species on the support. Firstly,
the decrease in the activity observed with lower calci-
nation temperature (below 473 K) of the investigated
samples could be related to the agglomerate of gold
species. Secondly, the Au/SnO, samples calcined at
523-623 K exhibited higher catalytic activity than other
samples, due to highly dispersed gold particles and the
more adsorbed surface oxygen and hydroxyl groups on
the support than other samples. Thirdly, an increasing
size of the gold particles and the decreasing amount of
adsorbed surface oxygen and hydroxyl groups were
found with the further increasing pretreatment temper-
ature (above 673 K), leading to the serious decrease of
the catalytic activity.
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