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a b s t r a c t

We have investigated the effects of heat treatment in air and H2/Ar on Au/titania-coated silica aerogel
catalysts prepared through adsorption of thiol-capped Au nanoparticles (AuNPs). Sulfur atoms remained
on the support surfaces in the form of sulfates upon calcination at temperatures below 773 K. X-ray
absorption fine structure and in situ infrared absorption measurements of the catalysts suggested that
some of the sulfates affected the catalytic properties of the AuNPs through the interactions between AuN-
Ps and sulfates. The turnover frequency for CO oxidation reaction of the catalysts was enhanced by a fac-
tor of 3–5 upon the removal of the sulfates through calcination at 873 K or H2/Ar treatment at 673 K after
calcination at 673 K. These results reveal the importance of the contribution of Au–support interfaces to
the CO oxidation efficiency on Au/TiO2 catalyst systems.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Despite incomparable inertness in its bulk state, Au nanoparti-
cles (AuNPs) supported on metal oxides exhibit very high CO oxi-
dation activities when their diameters are less than 5 nm [1].
Because the size of AuNPs [1–8] and the nature of their supports
[1,9] strongly influence the reactivity and potential applications,
such as the removal of CO [1], the epoxidation of propylene [10],
the water gas shift reaction [11], and the reduction of NO with
hydrocarbons [12], research into supported Au catalysts continues
to attract much attention.

The mechanisms of the oxidation reactions are among the cen-
tral problems remaining to be solved regarding supported Au cat-
alysts. Indeed, many reaction mechanisms have been proposed for
CO oxidation on Au catalysts. Several authors have noted the
importance of Au–support interactions; for example, reactions
occurring at the perimeters of AuNPs [6,13–18], strain induced at
Au–support interfaces [19,20], and charging of AuNPs via electron
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transfer from defects on surfaces [21]. On the other hand, gold-only
mechanisms have also been suggested: effects of low-coordination
sites [2,22–24] and the thickness of Au islands on support surfaces
[3,25,26] have been emphasized. With respect to the oxidation
states of active species of gold, metallic [2,3,8,25,28], anionic
[21,29] and cationic [30–32] gold have been attributed to the ac-
tive sites.

Au/TiO2 catalysts, the most common supported Au catalysts, are
conventionally prepared using the deposition precipitation (DP)
method [33,34] in which gold hydroxides are deposited on TiO2

powders by tuning the pH of the preparation solution and then
the product composite is dried and calcined in air.

Another approach for the preparation of supported Au cat-
alysts is the use of preformed NPs [35–39]. Grunwaldt et al.
prepared Au/TiO2 and Au/ZrO2 catalysts through the deposition
of Au hydrosols, protected by tetrakis(hydroxymethyl)phospho-
nium chloride, onto the supports in aqueous solution [35]. We
have reported previously that thiol-capped AuNPs are adsorbed
efficiently onto the surfaces of oxide gels in nonpolar solvents
[38,40]. Using this approach, we prepared catalysts incorporat-
ing up to 20 wt.% Au and demonstrated that no noticeable
sintering of the AuNPs occurred upon calcination at 673 K
[41].

http://dx.doi.org/10.1016/j.jcat.2009.12.023
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In addition, the deposition of preformed NPs onto supports is
advantageous for controlling the size and structure of the NPs
in catalysts. Recent studies on the oxidation of benzyl alcohol
with Au [42] and Au–Pd [43,44] catalysts revealed that highly
active and selective catalysts were prepared with the deposition
of the NPs. It was also reported that Au/TiO2 catalysts prepared
via NPs deposition route exhibited high-temperature and long-
term stabilities [45].

Gold catalysts prepared through the deposition of preformed
AuNPs must be treated to remove capping molecules on Au cores.
Regarding the catalysts prepared using thiol-capped AuNPs, it has
been done via heat treatments in an oxidative [38,39] or reductive
[46] atmosphere at high temperature. Under oxidative conditions,
thiol molecules should undergo combustion to form CO2, H2O, and
SOx. These gases might affect the structure and activity of the cat-
alyst; for example, treatment in SO2 can deactivate Au/TiO2

[14,47]. On the other hand, under reductive or inert conditions,
thiol molecules probably desorb from the surfaces of the AuNPs
[48,49]. Although the reactions involved in the thiol removal pro-
cesses differ according to the atmospheric conditions, active cata-
lysts treated under both sets of conditions have been reported
[38,39,46]. The detailed relationship between the heat-treatment
conditions and the catalytic activity, however, remains poorly
understood.

In this paper, we report the CO oxidation activity of Au/titania-
coated silica aerogel (Au/Ti–Si AG) catalysts heat-treated at various
temperatures under combined oxidative and reductive conditions.
We found that sulfates formed around the AuNPs and inhibited CO
oxidation to some extent after heat treatment in air at tempera-
tures below 873 K. Treating a sample pre-calcined in air under
H2/Ar enhanced the CO oxidation activity by about 3–5 times. X-
ray absorption fine structure (XAFS) and infrared (IR) absorption
analyses of the catalyst samples revealed that the nature of the
Au–support interface had a strong influence on the reaction.
2. Experimental

2.1. Sample preparation

Thiol-capped AuNPs were prepared using the method reported
by Brust et al. [50]. Briefly, AuCl�4 ions were extracted from water
into a toluene phase in the presence of excess tetraoctylammoni-
um bromide (TOAB) and then reduced with an aqueous sodium
borohydride (NaBH4) solution in the presence of n-dodecanethiol
(DDT) at 313 K. The molar ratio of Au to thiol was 1:1. The product
AuNPs were crystallized two times in toluene/ethanol (1/10) sol-
vent and finally washed rigorously with ethanol to remove un-
bound thiols [51]. The molar ratio of Au over S for the DDT-
capped AuNPs (average Au diameter, hDi = 2.0 nm) evaluated from
thermogravimetry (TG) analysis was 3.0. This value is consistent
with that estimated from the reported value of 3.4–3.6 for thiol-
capped AuNPs with hDi of 2.3 nm [51].

Titania-coated silica aerogel was prepared using a method we
reported previously and used as a support [38,41]. To incorporate
AuNPs in the support, the powdered gels in a fraction from 106
to 212 lm were immersed in a toluene solution of DDT-capped
AuNPs in a screw-capped vial and gently shaken on a rotary mixer,
so that the NPs were homogeneously adsorbed on the gel powders.
Once all the NPs were adsorbed on the gels, which was confirmed
through decoloration of the solution, the composite gels incorpo-
rating the NPs were dried in air and then heat-treated under vari-
ous conditions. Calcination of the catalyst samples was performed
using a tube furnace operated with a flow of dry air at a rate of
300 ml min�1. The catalyst samples (300 mg) were loaded on an
alumina boat and calcined for 4 h. Heat treatment in H2/Ar (1/1)
was performed for samples (100 mg) placed in a Pyrex tube at a
flow rate of 50 ml min�1. Au loadings described in the text are
based on the weights of Au in the starting solutions and on the sup-
ports immersed in them.
2.2. Characterization

Transmission electron microscopy (TEM) images of the AuNPs
and catalysts were recorded using a JOEL 2010 microscope
equipped with a LaB6 filament and operated at 200 kV. For TEM
observations, a toluene solution of the DDT-capped AuNPs or an
ethanol dispersion of the ground aerogel composites was dried
on a carbon-coated microgrid. To evaluate the size distribution of
AuNPs, the diameters of 200–300 particles were measured.

TG and differential thermal analysis (DTA) were carried out for
catalyst powders using a TG/DTA220U instrument (Seiko Instru-
ments Inc.).

X-ray fluorescence (XRF) measurements of catalyst powders
pressed onto a cellulose disc were performed using a Shimadzu
lab center XRF-1700 instrument.

Transmission IR and diffuse reflectance infrared Fourier trans-
form (DRIFT) spectra were recorded using JASCO FT-IR 620 spec-
trometer. Transmission IR spectra were measured for samples
that had been pressed into pellets having a diameter of 20 mm
and a weight of ca. 10 mg. To measure the DRIFT spectra of ad-
sorbed CO on the catalysts, a mixed gas of 1 vol.% CO in He was
introduced at a flow rate of 33 ml min�1 into a DRIFT cell in which
ca. 20 mg of the catalyst sample had been loaded.

X-ray photoelectron spectroscopy (XPS) was carried out with a
Sigma Probe spectrometer (Thermo Fisher Scientific Inc.) using Al
Ka radiation (1486.6 eV, 100 W). The pass energy was 50 eV. The
catalyst samples were pelletized and pumped overnight in a prep-
aration chamber prior to the measurements. S 2s XPS peaks were
accumulated for 1000 times to acquire acceptable signal-to-noise
ratio. Binding energies were referenced to C 1s peaks at 284.5 eV.

XAFS measurements of the catalyst samples were performed at
the BL15 in the SAGA Light Source (Saga, Japan). The catalysts were
pressed into pellets with or without boron nitride. Au LIII and Ti K
edge spectra were observed in the transmission mode at room
temperature.

For Au LIII EXAFS analyses, the background and baseline XAFS
spectra were subtracted assuming the functions of Victreen + con-
stant and cubic spline, respectively. The k3vðkÞ functions in the
range of values of k from 3.0 to 14.0 Å�1 were Fourier-transformed
using Hanning windows to obtain radial distribution functions
(RDFs). EXAFS analyses were performed using the REX version
2.5 software package (REGAKU) for values of R in the range 1.2–
3.5 Å in RDFs assuming single scattering. Phase shifts and back
scattering intensities were evaluated using the FEFF 8.1 software
package (Univ. of Washington) [52].
2.3. Catalytic activity measurement

Catalytic activities were measured using a fixed-bed flow reac-
tor. A catalyst sample (100 mg) was placed on a glass wool plug in
a Pyrex tube (inner diameter: 5 mm). The reactant gas (CO 1%, O2

21%, N2 78%) was passed through the catalytic bed at a flow rate
of 33 ml min�1 (space velocity = 20,000 ml h�1 g-cat.�1). The CO
concentration at the exit of the Pyrex tube was measured using a
Shimadzu GC-8A gas chromatograph equipped with a thermal con-
ductivity detector (TCD). Prior to measurements, the catalysts were
treated in air at 523 K for 30 min. The catalysts were also kept un-
der the flow of the reactant gas at room temperature for 2 h before
the measurements at various temperatures to stabilize catalytic
activities.
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Fig. 2. Average diameter of AuNPs in the catalysts plotted with respect to the
calcination temperature.
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3. Results

Figs. 1 and 2 compare the size distributions of AuNPs in samples
treated at various calcination temperatures. The average diameters
of AuNPs did not differ from those prior to calcination when the
calcination temperature was below 773 K in air (Fig. 2). This result
may suggest that sintering of the AuNPs was efficiently prohibited
at calcination temperatures below the melting point of the AuNPs;
Dick et al. reported that the melting point of AuNPs having a diam-
eter of 2 nm and confined in silica nano-capsules was 700 K (±50 K)
[53]. Further heat treatment under H2/Ar at 673 or 723 K did not
affect the size distribution of the AuNPs (Fig. 1d).

On the other hand, calcination at temperatures above 873 K led
to sintering of the AuNPs: the average Au diameters of the catalysts
calcined at 873 and 973 K were 3.2 and 4.7 nm, respectively
(Fig. 2). The sintering of these particles was probably due to the en-
hanced diffusivity of Au atoms or NPs. The shrinkage of the silica
network in the support may also have a marginal effect on the sin-
tering [54]. The morphologies of the supports treated under each
set of conditions examined in this present study were all amor-
phous, as evidenced using TEM and X-ray diffraction (XRD). The
structures at the pre-edge region of the Ti K X-ray absorption near
edge structures (XANES) for the catalysts treated in air and H2 were
all identical to that of the support, indicating that supporting the
AuNPs and their heat treatment did not affect Ti–O coordination
significantly (not presented).

Comotti et al. reported that catalysts prepared with the deposi-
tion of polyvinyl alcohol (PVA) protected AuNPs to TiO2 powders
exhibited high-temperature stability [45]. In the present experi-
ment, the particle growth was prohibited more efficiently than
Fig. 1. TEM micrographs of catalyst samples calcined at (a) 673, (b) 873, and (c) 973 K for
673 K for 4 h in air.
their results. This is probably because the AuNPs were trapped in-
side the pores of the support.

Fig. 3a displays Arrhenius plots of the turnover frequency (TOF)
in the CO oxidation reactions of the samples calcined from 473 to
873 K in air and that of the sample heat-treated at 673 K in H2/Ar
after calcination at 673 K in air. To calculate the TOFs, we assumed
that the AuNPs were hemispheres having hDis evaluated from the
TEM images, and that the reaction rate has a zero-order depen-
dence on the CO and O2 concentrations [9]. Samples calcined at
temperatures below 423 K under air did not have catalytic activity.
The catalytic activities were very similar when the samples were
calcined at temperatures in the range 473–773 K in air. This result
is consistent with the fact that no sintering of the AuNPs occurred
below 773 K (Fig. 2). Samples calcined at 873 K and treated at
673 K in H2/Ar after calcination at 673 K exhibited much higher
TOFs.
4 h in air, and (d) of a sample treated at 673 K for 1 h in H2/Ar after the calcination at
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Fig. 3. (a) Temperature dependence of TOF for the CO oxidation reactions of
samples heat-treated at 473 ðMÞ, 673 ð�Þ, 873 ð}Þ K for 4 h in air and of a sample
treated at 673 K for 1 h in H2/Ar after calcination at 673 K for 4 h in air (+). (b)
Relative TOF values at 210 K versus heat treatment temperature for samples
calcined in air ð�Þ and for a sample treated at 673 K for 1 h in H2/Ar after calcination
at 673 K for 4 h in air ð}Þ. The Au loading for each sample was 5 wt.%. A value of
zero means that samples did not exhibit catalytic activity.
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Fig. 3b displays relative TOF values at 210 K (1/T = 4.76 �
10�3 K�1) for the samples calcined at various temperatures plotted
versus the calcination temperature. The TOF values were normal-
ized on the basis of that for the sample calcined at 473 K in air.
The TOFs of the samples calcined at 873 K in air and at 673 K in
H2/Ar after treatment at 673 K in air were about 3–5 times greater
than those calcined at temperatures below 773 K in air, although
the average AuNP diameter increased from 2 to 3.2 nm in the for-
mer sample. It has been reported that the TOFs of the present cat-
alysts were similar when the AuNP diameters were 2–4 nm [8].
Thus, the drastic change in TOF was not due to the size effect.
The catalyst treated at 973 K in air displayed lower activity than
that treated at 873 K, presumably because some of the NPs grew
larger than 5 nm, as indicated in Fig. 2. The apparent activation
energies for all of the samples were similar (20–25 kJ mol�1).

Fig. 4 displays CO oxidation activity at 210 K versus time-on-
stream for the samples calcined at various temperatures. The activ-
ity decreased quickly for the first 120 min and gradually after that.
This trend was also observed at other temperatures examined in
the present study and consistent with those of standard and mes-
Fig. 4. Time-on-stream dependence of TOF at 210 K for the CO oxidation reactions
of samples heat-treated at 473 (M), 573 K ð�Þ, 673 ð�Þ, 873 ð}Þ K for 4 h in air and of
a sample treated at 673 K for 1 h in H2/Ar after calcination at 673 K for 4 h in air (+).
oporous Au/TiO2 catalysts [55]. The catalysts calcined at lower
temperatures (473 and 673 K) deactivated more quickly for the
first 120 min. In contrast, after 120 min the rate of deactivation
for each sample was similar.

To clarify the effects of calcination on the combustion of the thi-
ols, we performed TG/DTA and XRF measurements using the un-
treated sample. Fig. 5 presents DTA and TG curves of the sample
and support in air. A weight loss due to the combustion of thiols
was observed in accordance with an exothermic peak at 473–
623 K in the TG trace [56].

We detected sulfur atoms, however, in the XRF measurements
for samples calcined at temperatures below 773 K. Fig. 6 presents
a plot of the relative content of S ðRSÞ for the catalyst samples on
the basis of the value for the uncalcined sample [57]. The RS values
were almost unity for the samples treated at temperatures below
773 K, indicating that all of the S atoms remained in the catalysts.
From these results, it is evident that the weight loss observed in
the TG traces was due to the combustion of the alkyl chains of
the capping thiols. After calcination at temperatures above 873 K
in air and/or treatment in H2/Ar at 673 K, the RS values decreased
to around zero. These results coincide with the drastic enhance-
ment of the catalytic activities exhibited in Fig. 3.

We also detected evidence for the combustion of alkyl chains in
IR absorption measurements (Fig. 7). In the spectrum for samples
calcined at temperatures below 373 K [spectrum (a)], CH stretch-
ing and bending modes appeared at 2900–3000 cm�1 and at ca.
1450 cm�1, respectively. As is evident in spectra (b) and (c), when
the catalysts were calcined at 473–773 K, these peaks were not ob-
served; instead, a shoulder appeared at ca. 1350 cm�1. Saur et al.
reported that a SO band appeared at ca. 1380 cm�1 when titania
powders were treated at 723 K under a mixture of SO2 and O2

[58]. They attributed the peak to the vibration of sulfates formed
on titania surfaces. In our present experiment, it is likely that SOx

formed during combustion of the thiols and that they reacted with
titania to form sulfates.

To characterize further the form of sulfur in the catalysts, S 2s
XPS spectra were observed (Fig. 8) [59]. Before calcination, a peak
was observed at 227.3 eV [spectrum (a)]. It shifted to 233.5 eV
upon calcination at 673 K [spectrum (b)] and disappeared when
the catalyst was further heat-treated under H2/Ar at the same tem-
perature [spectrum (c)]. The S 2s peaks for octanethiol-capped
AuNPs [60] and sulfates on stainless steel [61] were reported at
226.7 and 232.4 eV, respectively. Thus, the results in Fig. 8 also
suggest the formation of sulfates on the catalyst surfaces by calci-
nation at 673 K.

The removal of thiols from the AuNP surfaces evidenced from IR
(Fig. 7a ? b) and S 2s XPS (Fig. 8a ? b) spectra were consistent
with the emergence of the catalytic activity at 473 K (Fig. 3b).
The disappearance of sulfates upon calcination at 873 K (Fig. 7d)
and H2/Ar treatment at 673 K following calcination at the same
temperature (Fig. 8c) coincide with the drastic enhancement of
the catalytic activity (Fig. 3b).

To investigate the charged states of Au in the catalysts, we re-
corded DRIFT spectra of the adsorbed CO (Fig. 9). No peak was de-
tected in the spectrum for the uncalcined sample [spectrum (a)]. In
the spectra for the samples calcined at 673 K under air [spectrum
(b)] and further heat-treated under H2/Ar at the same temperature
[spectrum (c)], CO stretching bands were detected. The intensity of
the CO stretching band in spectrum (b) was very similar to that in
spectrum (c), indicating that the number of adsorption sites in both
samples were similar. The peak values of the bands occurred at
2125 and 2114 cm�1 in spectra (b) and (c), respectively. Bands at
ca. 2110 cm�1 were often reported for Au/TiO2 catalysts prepared
using both the DP and colloid deposition processes; they were
assigned to CO adsorbed on Au0 [46,47,62–64]. CO molecules on
isolated Au cations, which were often reported to exhibit stretch-
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673 K for 4 h, and (c) heat-treated at 673 K in H2/Ar after calcination at 673 K for
4 h.

In
te

ns
ity

 in
 a

rb
. u

ni
ts

Wavenumber (cm)-1

(a)

(b)

(c)

2114

Fig. 9. DRIFT spectra for samples (a) without heat treatment, (b) calcined at 673 K
for 4 h, and (c) heat-treated at 673 K in H2/Ar after calcination at 673 K for 4 h. All
spectra were recorded 20 min after the onset of a 1 vol.% CO/He flow.
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ing bands above 2150 cm�1 [62,64], were not apparent in Fig. 9.
Bands at 2120–2140 cm�1 have been ascribed to CO on positively
charged AuNPs [62,65,66] and two-dimensional small Au clusters
[67,68] in previous reports. In our present experiment, the exis-
tence of small clusters with it D < 1 nm were not detected in
TEM observations and laser desorption-mass spectrometry (LD-
MS) of the preformed AuNPs. Thus, it is more likely that our results
in Fig. 9 imply that the AuNPs were more cationic without H2/Ar
treatment.

To clarify the properties of the local environments around the
Au atoms, we performed Au LIII XAFS experiments. Fig. 10 presents
the RDFs and k3vðkÞ functions for the catalyst samples heat-treated
under various conditions and Table 1 lists fitting parameters for
the spectra. Without heat treatment, the RDF was characterized
by Au–Au (ca. 2.5 Å) and Au–S (ca. 1.9 Å) interactions (Fig. 10a).
The distance between the Au and S atoms derived from the RDF
was 2.33 Å (Table 1), which is in good agreement with the reported
value (2.31 Å) [69]. After calcination in air at 673 K, the contribu-



Fig. 10. RDFs ð�Þ derived from Au LIII EXAFS oscillations for samples (a) without heat treatment, (b) calcined at 673 K for 4 h, (c) treated at 673 K for 1 h in H2/Ar after
calcination at 673 K for 4 h in air. Gray solid lines are best-fit curves for R = 1.2–3.5 Å, using corresponding k3vðkÞ functions in k = 3.0–14 Å�1. k3vðkÞ data ð�Þ are also
presented for samples (d) calcined at 673 K for 4 h, and (e) treated at 673 K for 1 h in H2/Ar after calcination at 673 K for 4 h in air. Gray solid lines are best-fit curves to the
data. Red and blue lines indicate Au–Au and Au–O components. The vertical axes in (d) and (e) are scaled according to the maximum amplitude for each Au–Au component.
The Au loading of each catalyst sample was 3 wt.%.

Table 1
Fitting parameters for Au LIII EXAFS analyses.

Treatment Au loading BS N R (Å) DE0 ðeVÞ DWF (Å) Rf (%)

No 10 wt.% Au 6.5 2.81 4.98 0.099 1.8
S 0.55 2.33 9.95 0.055

673 K, Air 3 wt.% Au 7.2 2.80 1.19 0.093 2.1
O 0.68 2.08 �2.85 0.093(F)

10 wt.% Au 7.9 2.80 0.48 0.09 1.6
O 0.63 2.02 �7.02 0.09(F)

673 K, Air + 673 K, H2 3 wt.% Au 7.5 2.80 1.06 0.096 2.5
O 0.49 2.04 �5.46 0.096(F)

10 wt.% Au 8.4 2.83 4.89 0.097 2.0
O 0.48 2.02 �15.19 0.097(F)

R range: 1.2–3.5 Å; k range: 3.0–14.0 Å�1.
N, Au–Au coordination number; R, distance; DE0, energy shift; DWF, Debye–Waller factor; Rf, residual factor; (F) denotes that the parameter is fixed.
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tion of the Au–S interactions disappeared and the RDF was gov-
erned by Au–Au interactions (Fig. 10b and d). A contribution of
Au–O interactions was also considered, based on reported XAFS
data for Au/TiO2 catalysts [5]. Inclusion of Au–O interactions im-
proved the fitting to the k3vðkÞ function. The resulting Au–O dis-
tances were longer than those in Au2O3 (1.93 Å) and were similar
to those reported previously [5,70]. Subsequent H2/Ar treatment
at 673 K led to a decrease in the intensity of the Au–O component
(Fig. 10c and e), apparent from the comparison of the amplitudes of
the blue lines in Fig. 10d and e. The vertical axes in Fig. 10d and e
are scaled according to the maximum amplitude for each Au–Au
component (red dotted line). Indeed, the coordination number
for the Au–O interactions decreased, whereas that for the Au–Au
interactions increased as indicated in Table 1. We observed this
behavior for series of samples having Au loadings of 3 and
10 wt.% (Table 1).

Fig. 11 displays Au LIII XANES spectra for catalyst samples heat-
treated under various conditions. The white line component at the
absorption edge decreased after calcination at 673 K for 4 h. This
result was probably due to a decrease of Au cations on the AuNP
surfaces after removal of the thiols. Further heat treatment in H2/
Ar at 673 K did not change the shape of the spectrum. We consider
that the change in the valence state of the AuNPs was too small to
be detected by XANES. This explanation is likely because monova-



Fig. 11. Au LIII XANES spectra for samples without heat treatment (dot-dashed line),
calcined at 673 K for 4 h (solid line), and treated at 673 K for 1 h in H2/Ar after
calcination at 673 K for 4 h in air (gray dotted line).
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lent gold cations have filled 5d orbitals and, thus, do not give in-
tense white line [71,72].

4. Discussion

Fig. 3b reveals that the TOF changed drastically upon calcina-
tions at 473 K (TOF: 0 ? 1) and at 873 K (TOF: 1.5 ? 5). The latter
increase was also realized upon heat treatment in H2/Ar at 673 K
after calcination at the same temperature. This behavior correlates
well with the changes in the forms of the sulfuric compounds in
the catalysts. The IR (Fig. 7b) and S 2s XPS (Fig. 8b) spectra of the
calcined catalysts reveal that the onset of the catalytic activity
was due to removal of the thiols on the AuNPs, which occurred
at temperatures above 473 K. The oxidized thiols reacted with tita-
nia and remained on the surfaces in the form of sulfate units [58].
The latter change in the catalytic activity, caused by calcination at
873 K or reduction by H2/Ar at 673 K, correlated with the removal
of these sulfates as evidenced from XRF (Fig. 6), IR (Fig. 7) and XPS
(Fig. 8) data.

Ruth et al. reported that treatment of Au/TiO2 catalysts pre-
pared using the DP method with a SO2/air mixed gas at 573 K
had no influence on their CO oxidation activities [14]. Moreover,
recent reports suggested enhancement of CO oxidation activity
with addition of small amounts of various cations and anions
[73–75], although higher concentration of these ions lead to lower
catalytic activity than that of unmodified catalyst. These results
seem inconsistent with our present findings of a drastic increase
in the CO oxidation activity after the removal of the sulfates
formed from the combustion of thiols at temperatures above
473 K. These discrepancies are probably due to differences in the
surface modification processes. According to the reports [73–75],
the enhancement of CO oxidation occurred at the concentration
of additive ions of 0.4 mol% or less with respect to the support.
In our present experiment, the corresponding concentration of sul-
fates is estimated at ca. 0.4 mol%. Nevertheless, the catalytic activ-
ity was significantly suppressed. Upon treatment of a Au/TiO2

catalyst with the addition of cations or anions, the whole catalyst
would be evenly modified. In contrast, in our present conditions
for the preparation of the catalysts, it is likely that the sulfates
were distributed preferentially around the AuNPs, because they
originated from the thiols on the AuNP surfaces; thus, they could
efficiently prohibit the oxidation reactions.

In fact, the changes in the Au–Au and Au–O coordination num-
bers caused by H2 treatment (Table 1) suggest that the sulfates
interacted with the Au atoms located at Au–support interfaces.
The shift of the CO stretching bands to lower wavenumbers after
the H2 treatment (Fig. 9) suggests that the AuNPs were more cat-
ionic prior to H2/Ar treatment, consistent with the existence of
electronegative sulfates in close proximity to the AuNPs. Rodriguez
et al. reported that the AuNPs on TiO2(110) surfaces have extraor-
dinary ability to absorb and dissociate SO2 under vacuum condi-
tions [27]. They also found from density-functional calculations
that stable adsorption geometries of SO2 on Au (atom)/TiO2(110)
were those of which a SO2 molecule bridges Au and TiO2 [27].
These results may rationalize the interactions between AuNPs
and sulfated titania in our present experiments.

The intensity of CO stretching bands (Fig. 9) and the activation
energy of the reaction (Fig. 3a) did not change appreciably after H2

treatment. These results suggest that neither the number of CO
adsorption sites nor the reaction mechanism were affected by
the removal of sulfates. Thus, the drastic change in the TOF after
the removal of the sulfates was probably due to increase in the
number of activated O2 or reaction sites.

The key to understanding the reaction mechanism seems to
characterize the sites at which O2 molecules are adsorbed and acti-
vated. Many theoretical and experimental investigations have pro-
posed that low-coordinated sites on AuNPs [2,22–24], interfaces
between AuNPs and supports [15–17,22,18], and defects on the
supports [6] are all possible O2 adsorption sites. It has also been
suggested that the mechanisms of O2 adsorption may differ
according to the reducibility of the supports [18,22]. For the Au/
TiO2 system, density functional theory (DFT) simulations have sug-
gested that O2 molecules can be adsorbed on support sites adjacent
to the AuNPs through cooperative charge donation to O2 from both
vacancies on the support and the AuNPs through the support [22].
The adsorbed O2 molecules can lean toward the AuNPs and react
with CO on them. A model proposed by Bond and Thompson is
based on a similar activation process of O2 molecules despite that
the formation of Au–OH via transfer of OH from the support was
assumed to result in the generation of vacancies [18].

Our DRIFT data suggest that electrons in the AuNPs were do-
nated to the sulfates and that the AuNPs were more cationic when
the catalysts were calcined in air. In such cases, adsorption of O2 is
likely to be prohibited, because fewer electrons can be transferred
to O2 molecules than in the systems without sulfates. Moreover,
even if O2 molecules are adsorbed, they cannot lean toward the
AuNPs when sulfates are bridging the Au atoms at the Au–support
interfaces.

A recent report by Herzing et al. suggested a pivotal role of bi-
layer Au clusters on iron oxide supports [26]. It has also been
emphasized that a gold-only reaction pathway is responsible for
CO oxidation on the bilayer clusters [25]. In the present experi-
ment, the existence of small clusters with D < 1 nm were not de-
tected in TEM observations and LD-MS of the preformed AuNPs.
Thus, the presence of the bilayer clusters in the catalyst samples
are not likely to exist. However, we still cannot deny the possibility
that the bilayer clusters were eventually formed through the heat
treatment processes. Even if it is the case, the present results sug-
gest the contribution of the interface between the Au clusters and
the support to the CO oxidation reaction.
5. Conclusions

We have investigated the effects of the heat treatment condi-
tions on the CO oxidation activity of supported Au catalysts pre-
pared from thiol-capped AuNPs. Calcination in air at
temperatures below 773 K led to the formation of sulfates,
presumably distributed around the AuNPs. A fraction of these sul-
fates affected the catalytic property of AuNPs through the interac-
tions between AuNPs and sulfates. The CO oxidation activity of the
catalysts was enhanced by a factor of 3–5 after the removal of the
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sulfates. Our results strongly suggest that the Au–support inter-
faces contribute greatly to CO oxidation reactions performed using
Au/TiO2 catalyst systems.
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