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Abstract

The structure of gold clusters of different sizes supported on various metal oxides (Al2O3, TiO2, SiO2) exposed to different CO oxidation
conditions was investigated in situ using X-ray absorption spectroscopy at the Au L3 edge. In all catalysts, the only phase detected during
catalysis was Au0. In the most active sample with small gold particles (Au/Al2O3), variation in the electronic structure of the gold clusters with
changing reaction conditions was observed by XANES spectroscopy and ascribed to the adsorption of CO on the metallic gold clusters. FEFF8
calculations proved that the changes in the XANES signature of Au/Al2O3 can be explained by backdonation of d-electrons into the π∗ orbitals of
CO. For Au/Al2O3, the presence of Au–O backscattering in the EXAFS suggested weak cluster–support interactions. For Au/SiO2 and Au/TiO2,
the structure of the gold clusters remained unchanged throughout all experiments.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Supported gold nanoparticles catalyze various reactions, one
of the most intensively studied of which is low-temperature CO
oxidation, discovered by Haruta et al. [1]. Despite the great
amount of research on this reaction, the structure of the active
site remains ambiguous. The number of published reviews [2–
8] demonstrates the complexity of this subject.

Although bulk gold does not react with H2 or O2, due to re-
pulsion between the filled d-states of gold and the molecular
orbitals of these molecules [9], small clusters can show extra-
ordinary catalytic performance. The activity of supported gold
catalysts strongly depends on the particle size [10–13]. Sup-
port materials can influence reactivity and are categorized as

* Corresponding author. Fax: +41 44 632 1162.
E-mail address: j.a.vanbokhoven@chem.ethz.ch (J.A. van Bokhoven).

1 Current address: School of Chemical Engineering and Analytical Science,
The University of Manchester, Sackville Street, PO Box 88, Manchester, M60
1QD, United Kingdom.
0021-9517/$ – see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2006.03.010
active (TiO2, Fe2O3) or inactive (SiO2, Al2O3) [14]. Active
supports can provide oxygen atoms and thus enhance activity;
however, they also enhance the stability of small gold parti-
cles [15]. The reactivity of Au clusters on inactive supports is
attributed to the high dispersion of the metal and the presence
of low-coordinated gold surface sites. Theoretical studies [16]
confirm that low-coordinated gold atoms are essential for reac-
tivity.

Many investigators have proposed Au0 as the active species
[17,18]. Au nanoparticles supported on a reducible oxide are
considered essential for the genesis of active low-temperature
oxidation catalysts. Bond and Thompson [2] proposed a mech-
anism involving unreduced gold species (AuIII) at the gold–
support interface. Kung et al. found [19,20] that only very small
gold particles supported on alumina are active in CO oxida-
tion. They proposed that the reaction occurs on gold particles
only but that it requires the presence of ensembles of Au0 and
AuI–OH sites located at the metal–support interface [21]. In
this mechanism, CO oxidation proceeds by reaction between
O2, which is dissociatively adsorbed on Au0 and CO reacting
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Table 1
Ex situ characterization and catalytic performancea of the materials used in this study

Sample Support Gold loading
(wt%)

Cl content
(wt%)

davg
c

(nm)
Conversion
(% CO)

Rate
(molCO/(molAu s))

TOFe

(s−1)

Au/Al2O3 Condea 0.30 < 0.2b 1.4 89 4.6 × 10−1 1.8
Au/TiO2 Degussa P25 0.63 < 0.2b 4.0d 83 1.6 × 10−1 1.3
Au/SiO2 Aerosil 300 1.00 < 0.2b – 5 1.6 × 10−2 0.1

a 300 K, 20 mL/min, 100 kPa total pressure, 3.3 kPa CO, 1.7 kPa O2, balance He.
b Below detection limit of elemental analysis.
c Determined from TEM images.
d Bimodal particle size distribution, particle sizes 1–5 nm and 20–100 nm are detected.
e Estimated using the particle diameters derived from EXAFS.
with AuI–OH, forming hydroxycarbonyls. The involvement of
this AuI–OH site is deduced from a careful study of the catalytic
behavior of Au/γ -Al2O3 during deactivation and regeneration
with water or hydrogen and the influence of water in the reac-
tant feed [19]. Finally, based on free cluster studies, model cata-
lyst investigations, and quantum chemical calculations [22–24],
it has been found that charge transfer from F-centers to gold
clusters occurs. Anionic gold species have been discussed as a
possible cause of high activity [25–27].

The structure of active supported Au clusters—especially
under in situ or operando conditions—has not been resolved un-
ambiguously. Because most characterization techniques either
probe the active site ex situ (TEM, XPS) or indirectly by mea-
suring the interaction with probe molecules (CO chemisorption,
IR), conclusions from such experiments may not be applicable
to the working catalyst. Direct comparison of results from dif-
ferent research groups is often complicated by differences in
the applied reaction conditions, such as the water content of the
feed.

The present work characterizes the active site of multiple
samples in situ under various reaction conditions and elucidates
the structure and electronic state of the gold catalysts during
reaction. XANES spectroscopy and FEFF8 calculations were
applied to analyze and interpret changes in the electronic state
of the Au clusters. The experiments demonstrate that, indepen-
dent of support and reaction conditions, the dominant oxidation
state of the Au clusters is zero. For the most active catalyst
(Au/Al2O3), XANES difference spectra indicate backdonation
of d-electron density from the Au clusters to π∗ orbitals of
adsorbed CO. EXAFS results show changes in the geometric
structure of the Au clusters for Au/Al2O3.

2. Experimental

2.1. Sample preparation

Au/Al2O3 was prepared using a modified incipient wetness
method. First, 100 mg of HAuCl4 was dissolved in 5.1 mL of
distilled water; then 10 g of sieved and dried Al2O3 (Condea,
0.125–0.250 µm) was added, and the system was shaken vig-
orously for 1 h. The resulting gray powder was poured into
200 mL of distilled water and heated to 340 K. The pH was
maintained at 8 using 1 M NaOH. After stirring for 2 h, the
solid was filtered, washed with hot water, and dried in vacuum
at room temperature for 48 h.
Au/TiO2 was prepared by deposition–precipitation. First,
400 mg of HAuCl4 was dissolved in 200 mL of distilled wa-
ter. The pH was adjusted to 7 using 1 M NaOH. Then 10 g of
TiO2 (P25, Degussa) was added, and the suspension was heated
to 340 K. After 2 h of stirring, the solid was filtered and washed
with hot water. The resulting powder was dried in vacuum at
room temperature for 48 h.

Au/SiO2 was prepared by incipient wetness impregnation
of the support with an aqueous solution of HAuCl4 (pH = 1).
After impregnation, the sample was washed using aqueous am-
monia (pH = 11) and deionized water and dried under vacuum
at room temperature for 2 h.

The gold and chlorine content are reported in Table 1. The
chlorine content is below the detection limit (<0.2 wt%) of el-
emental analysis in all samples.

2.2. Reduction procedure and reaction conditions

To activate the catalysts, all samples were reduced in a
5% H2/He mixture before the CO oxidation experiments. This
process was followed by in situ XANES spectroscopy. A heat-
ing rate of 5 K/min was used for all temperature ramps.
Au/Al2O3 was reduced using a temperature step program with
plateaus at 340, 370, 390, 420, 440, and 470 K. Each temper-
ature was held for 30 min. Au/TiO2 was reduced by heating
to 370 K and holding the temperature for 1 h. Au/SiO2 was
reduced by using a temperature step program with plateaus at
320, 370, and 420 K; each temperature was held for 30 min.
H2 was removed by purging helium at the end temperature of
the reduction for 30 min. The samples were allowed to cool to
room temperature in a He flow of 20 mL/min. Subsequently,
each sample was exposed to the same series of CO oxidation
conditions (Table 2). All reactants were diluted to 5% in He.
The CO:O2 ratio was varied by changing the individual flow
rates while keeping a total flow of 20 mL/min. On changing
conditions, the samples were monitored using in situ XANES
spectroscopy. After steady state was reached, full EXAFS spec-
tra were recorded at the corresponding reaction temperature.
No He purging was applied between different CO oxidation
conditions. The water content of the stream was continuously
monitored using a mass spectrometer and was comparable for
all catalysts.



102 N. Weiher et al. / Journal of Catalysis 240 (2006) 100–107
Table 2
Structural parameters elucidated from EXAFS

CO:O2 1:1 2:1 1:2 1:1 1:2 2:1 He

p(CO) (kPa) 2.5 3.3 1.7 2.5 3.3 1.7 0
p(O2) (kPa) 2.5 1.7 3.3 2.5 1.7 3.3 0
T (K) 300 300 300 370 370 370 300

Au/Al2O3
CNAu 5.3 5.7 5.0 5.5 6.0 5.4 5.7
RAu (Å) 2.73 2.73 2.77 2.76 2.76 2.75 2.77
σ 2

Au (10−3 Å2) 14 14 10 15 15 13 13
E0,Au (eV) 2.4 2.2 1.1 0.5 1.3 0.9 1.0
CNO 0.1 – 0.1 0.3 0.2 0.3 0.3
RO (Å) 1.87 – 2.04 2.09 2.10 2.08 2.06
σ 2

O (10−3 Å2) 8 – 7 8 11 9 14
E0,O

a (eV) −5.5 – −5.5 −5.5 −5.5 −5.5 −5.5
R-factorb (%) 6.8 – 3.6 4.4 3.1 2.4 5.8

Au/TiO2
CNAu 9.2 9.2 9.4 8.7 9.5 9.2 9.3
RAu (Å) 2.84 2.84 2.84 2.84 2.84 2.84 2.84
σ 2

Au (10−3 Å2) 8 7 8 8 9 9 8
E0,Au (eV) 4.7 3.9 4.3 3.8 4.2 3.9 3.3
R-factorb (%) 1.6 2.9 1.5 3.1 1.6 1.8 3.0

Au/SiO2
CNAu 7.1 6.3 6.5 6.7 6.2 7.0 7.2
RAu (Å) 2.83 2.82 2.82 2.82 2.82 2.83 2.82
σ 2

Au (10−3 Å2) 10 9 9 10 9 10 10
E0,Au (eV) 4.6 4.4 3.7 3.8 4.9 4.4 5.0
R-factorb (%) 2.5 3.6 1.8 2.9 3.5 4.1 2.8

Error margins are: CN ± 20%, σ 2 ± 20%, R ± 0.02 Å, E0 ± 10%.
a E0 of the Au–O shell constrained to the same value in all data sets.
b All data sets have been fitted using multiple k-weightings.

2.3. Transmission electron microscopy

TEM measurements were performed on a Tecnai F30 mi-
croscope (FEI Eindhoven). Fresh batches of Au/Al2O3 and
Au/TiO2 were reduced in H2, dispersed in ethanol, and de-
posited onto a perforated carbon foil supported on a copper grid.
Scanning transmission electron microscopy (STEM) images
were obtained using a high-angle annular dark field (HAADF)
detector that reveals the metal particles with bright contrast (Z-
contrast).

2.4. X-ray absorption spectroscopy

All experiments were carried out at the BM01B station of
the European Synchrotron Radiation Facility (ESRF), France.
A plug-flow type in situ spectroscopic cell [28] was used for
the experiments. Au L3 XANES and EXAFS spectra were taken
in fluorescence yield mode using a 13-element germanium de-
tector. Higher harmonics were rejected using a Cr mirror. For
each sample, the detector position was optimized to obtain the
maximum S/N ratio. Care was taken to avoid saturation of the
detector. One XANES scan was acquired every 15 min. Each
EXAFS scan took 30 min; 4 spectra were averaged to improve
the S/N ratio. All data were analyzed using the IFEFFIT li-
brary [29] and its front ends ATHENA and ARTEMIS [30]. The
overall amplitude reduction factor, S2

0 , was determined by fit-
ting a gold foil EXAFS using a fixed coordination number (CN)
of 12; it was kept fixed at a value of 0.83 while all other spectra
were fitted. Reference paths were calculated using the crystal
structures of Au (Au–Au shell) [31] and Au2O3 (Au–O shell)
[32] using the FEFF8 code [33]. EXAFS fits have been per-
formed simultaneously in k-weightings of one, two and three to
avoid introducing errors with regard to the coordination num-
bers and Debye–Waller factors.

Full multiple scattering calculations were performed with
the FEFF8 code [33]. The gold cluster used in the calculations
consisted of six gold atoms positioned in two layers—four in
the first and two on top. This cluster contains atop, bridged,
HCP, and FCC adsorption sites [34]. The CO molecule was
placed on an atop site, and a geometry optimization using force
field calculations with the HYPERCHEM software [35] was
performed. After optimization, the Au–CO distance was 2.0 Å.
Full multiple scattering FEFF simulations were carried out us-
ing self-consistent field Hedin–Lundqvist potentials. This pro-
cedure was carried out for all possible adsorption sites.

3. Results

3.1. Catalytic performance and ex situ characterization

Table 1 summarizes the properties and catalytic performance
of the investigated samples. The gold loading was determined
using atomic absorption spectroscopy. Conversions and reac-
tion rates were extracted from mass spectrometer traces, mea-
sured during the XAS experiments. The turnover frequencies
were estimated assuming hemispherical particles with sizes de-
rived from EXAFS analysis (vide infra). A stoichiometric mix-
ture of 3.3 kPa CO and 1.7 kPa O2 (balance He) at a total flow
rate of 20 mL/min and 300 K was used to determine these
values. Au/Al2O3 and Au/TiO2 showed the highest CO con-
version; Au/SiO2 was less reactive. Under the applied condi-
tions, Au/Al2O3 and Au/TiO2 showed almost 100% conversion.
Therefore, the rates and turnover frequencies for these samples
are underestimated.

Fig. 1 shows a TEM image of Au/Al2O3 taken after reduc-
tion of the catalyst. Most of the Au particles had a diameter
of 1–2 nm; the average particle size was 1.4 nm. For Au/TiO2,
TEM showed a bimodal particle size distribution. Most parti-
cles were 1–5 nm in diameter; few particles were 20–100 nm in
diameter.

3.2. Catalyst reduction

Fig. 2 shows in situ Au L3 XANES data obtained during cat-
alyst reduction. The marks correspond to the edge position of
Au foil (A), the whiteline position of Au3+ (B), and isobestic
points observed during the reduction (C–E). The first (before
reduction) and last (fully reduced sample) spectra are marked
bold; dashed spectra were acquired every 15 min. Reference
spectra of Au2O3 and Au0 are given. For all catalysts except
Au/TiO2, the spectra obtained before reduction showed the typ-
ical high white line of trivalent cationic gold species such as
Au2O3 and AuCl3 [36,37], which decreased monotonically dur-
ing the reduction process.
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Fig. 1. TEM picture and particle size distribution of Au/Al2O3.
Fig. 2. In situ XANES spectra acquired during sample reduction. Reference
spectra for Au2O3 and Au0 are given. Bold lines depict the first and last spec-
trum of the series, dashed spectra are taken in intervals of 15 min.

Au/Al2O3 was fully reduced at 470 K. Characteristic spec-
tral features of the reduced sample are (i) an edge position of
11,919 eV, (ii) a shoulder at 11,930 eV, and (iii) peaks at 11,947
and 11,970 eV. These features are located at identical energy
positions as in the spectrum of metallic gold but show a lower
intensity [38]. For Au/SiO2, reduction started at 320 K and was
complete at 420 K. Au/TiO2 showed the characteristic features
of Au0 before the H2 treatment, and no further changes were
observed.

3.3. In situ characterization of the active site

Fig. 3a shows the Au L3 XANES spectra of all reduced
catalysts exposed to atmospheres with varying CO:O2 ratios
(cf. Table 2). The gas mixture was added to the previously re-
duced catalysts. For Au/TiO2 and Au/SiO2, the shape of the
XANES was independent of gas composition and temperature.
For Au/Al2O3, the XANES spectra varied with reaction condi-
(a)

(b)

Fig. 3. (a) XANES region of the reduced catalysts during different CO oxida-
tion conditions. The arrow denotes the position where changes are visible for
Au/Al2O3. For partial pressures of the reactants refer to Table 2. (b) XANES
difference spectra (calculated as spectrum under reaction conditions − refer-
ence in He at 300 K) for the reduced Au/Al2O3 catalyst exposed to different
CO oxidation conditions. For partial pressures of the reactants refer to Table 2.
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Fig. 4. Magnitude and imaginary part of the k2-weighted Fourier transformed
EXAFS data (lines) and fits (dots) for all reduced catalysts in He at 300 K.

tions. Difference spectra between the data taken under reaction
conditions and a reference spectrum recorded in He at 300 K are
shown in Fig. 3b. The XANES intensity at 11,923 eV clearly
increased with increasing CO concentration in the gas feed at
300 K and less pronouncedly so at 370 K.

Fig. 4 shows the Fourier-transformed k2-weighted Au L3
EXAFS spectra of the reduced catalysts in He at 300 K. Fit
results are given in Table 2. Fits were performed in R-space
using Hanning windows for the Fourier filtering. The follow-
ing parameters were applied: k = [3:8.5] Å−1, R = [1:4] Å,
�k = 0.4 Å−1, and �R = 0.4 Å. Fits were performed using
multiple k-weightings of one, two and three to avoid artifacts
introduced by the fitting and background subtraction process.
This was important to obtain reliable coordination numbers
and Debye–Waller factors, because different combinations of
these parameters can yield similar fit qualities in different k-
weightings. In all cases the R-factors did not change signifi-
cantly with k-weighting; the R-factors given in Table 2 present
average values of the three individual fits. We can safely state
that the values given in Table 2 represent our data well in all
different k-weightings. For all samples, we observed the typ-
ical features for Au–Au backscattering between 2 and 4 Å.
Au/TiO2 and Au/SiO2 showed only Au–Au backscattering con-
tributions. In the case of Au/Al2O3, adding Au–O backscatter-
ing contributions improved the quality of the fit. According to
Nyquist’s theorem, the k- and R-range applied in the fitting
process corresponds to 9 degrees of freedom. Fitting two in-
dependent shells required eight variables (E0, R, σ 2 and R for
each shell), and because the Au–O contribution was small, the
variables obtained for it were on the border of statistical signifi-
cance. Au/TiO2 exhibited a high Au–Au CN (about 9), whereas
the other catalysts showed significantly lower values (about 6).
In all cases, a stable fit was obtained by varying all shell para-
meters at the same time.

Au/SiO2 showed no variation of structure with reaction con-
ditions. The average CN of 6.5 indicated a particle size of
slightly below 1 nm. A contraction of the Au–Au bond dis-
Fig. 5. Magnitude of the k2-weighted Fourier transformed EXAFS data (lines)
and fits (dots) for Au/Al2O3 under different reaction conditions.

tance compared with bulk gold was observed. Au/TiO2 showed
a less pronounced Au–Au distance contraction and higher CN.
The size of the gold clusters was estimated as 2 nm. Fig. 5
shows the Fourier-transformed k2-weighted EXAFS data and
fits of Au/Al2O3 under various reaction conditions. This sam-
ple differs from Au/TiO2 and Au/SiO2 in terms of more pro-
nounced changes in the Au–Au distance and the presence of
Au–O backscattering contributions of varying intensity. It also
has the smallest Au particle sizes, with CNs between five and
six. At 300 K, the contribution of Au–O was more pronounced
in He (0.3) than in the reaction mixture (0.1).

3.4. Simulation of reactant adsorption on gold clusters

Full multiple scattering calculations with the FEFF8 code
are frequently used to interpret experimental XANES data [39].
Fig. 6a shows the calculated Au L3 XANES spectra of a Au6
cluster [34] with and without adsorbed CO. The XANES was
calculated for the atom that bonds directly to the CO molecule
(Fig. 6b). Other adsorption sites were investigated but are not
reported here, because the differences between the correspond-
ing spectra were small. All possible adsorption sites exhibited
a white line comparable to that shown in Fig. 6a. The spec-
trum of the bare Au6 cluster resembled that of bulk gold except
for the lower intensity of the features. For the cluster-adsorbate
complex, the FEFF simulation showed a significant white line
intensity.

4. Discussion

4.1. Catalytic activities and ex situ characterization

Of the three catalysts studied, Au/Al2O3 performed the
best, followed by Au/TiO2 and Au/SiO2 (Table 1). Note that
Au/SiO2 demonstrated catalytic activity, although at an order
of magnitude less than that of Au/Al2O3 and Au/TiO2. Our
data compare well with that of Costello et al. [19] and Kung et
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(a)

(b)

Fig. 6. (a) FEFF8 simulations of a Au6 cluster and a Au6 cluster with CO
adsorbed on an atop site. One experimental difference spectrum (CO:O2 = 1:1,
300 K) is given as a dashed line. (b) Optimized geometry of the Au6–CO cluster
used for the FEFF8 calculations shown in (a).

al. [20]. Our finding that Au/Al2O3 is more active than Au/TiO2
can be explained by the difference in particle size between these
samples. Au/Al2O3 contains smaller, and thus more reactive,
gold clusters compared with Au/TiO2. Although the average Au
clusters on TiO2 are significantly larger than those on Al2O3,
Au/TiO2 shows high activity. This can be explained by the
bimodal particle size distribution found via TEM. Small par-
ticles (1–5 nm) cause the activity of this sample, whereas the
large particles (20–100 nm) act as spectator species. The per-
formance of our catalysts compares with those reported in the
literature.

4.2. Structure of the active site after reduction

Unreduced Au/SiO2 and Au/Al2O3 exhibited slightly dif-
ferent white line intensities before reduction; Au/TiO2 was al-
ready reduced before H2 treatment (Fig. 2). Nonreduced Au
on Al2O3 [40] and TiO2 [41] is known to be inactive in CO
oxidation; therefore, a reductive treatment is needed to obtain
high catalytic activities, and also to ensure comparable clus-
ter properties before catalytic measurements. Au/TiO2 showed
pronounced XANES features similar to those found for bulk
gold. In all other samples, the XANES was less structured. Be-
cause the intensity of spectral features is proportional to the
number of backscattering atoms present [42], the Au clusters
in Au/TiO2 are significantly larger than those in Au/Al2O3 or
Au/SiO2.

Schwartz et al. [13] reported the presence of large, fully re-
duced gold particles in Au/TiO2-based CO oxidation catalysts.
They detected only zero-valent gold during CO oxidation; how-
ever, the Au particles in their catalyst were rather large, and thus
detecting changes in the small amount of active gold might not
have been possible. In their study, the as-prepared catalyst con-
tained Au3+. Yang et al. [41] studied the activation of Au/TiO2
using H2 and CO pulse reduction and concluded that metallic
gold is necessary to obtain active catalysts. Their XAS results
demonstrated the initial presence of Au3+ species, which are
reduced to metallic gold during the activation process.

Our observation of reduced Au particles before H2 treatment
can be explained by the high sensitivity of Au/TiO2 to light.
Exposure to light during the transfer of the sample into the reac-
tor or to the X-ray beam may have induced autoreduction. The
reduction behavior of Au/Al2O3 is in line with the results of
Calla and Davis [43–45]. The findings of our EXAFS analysis
are in agreement with their results regarding the particle sizes.
Costello et al. studied the activation of Au/Al2O3 using XAS
and TPR studies [40]. Our catalyst showed a similar reduction
behavior; elevated temperatures are necessary to completely
reduce the gold particles. The presence of isobestic points in
the reduction of Au/Al2O3 and Au/SiO2 suggests that gold is
present as either Au3+ or Au0 during the reduction. Jansen [32]
stated that Au2O3 is the only unambiguously characterized bi-
nary gold oxide. Oxides of other oxidation states are less stable
and not likely to form under the conditions applied in our ex-
periments. Therefore, the reduction behavior of the materials is
consistent with the chemistry of bulk gold oxides.

The EXAFS spectra of Au/TiO2 and Au/SiO2 (Fig. 4) were
dominated by Au–Au backscattering (Table 2). In agreement
with the intensity of the XANES features, Au/TiO2 had the
highest Au–Au CN. Although Au/SiO2 exhibited small particle
sizes, no gold–support oxygen or gold–adsorbate backscatter-
ing could be observed. For Au/Al2O3 (Fig. 5), a minor Au–O
backscattering contribution with CNs < 0.3 can be ascribed to
oxygen atoms of the support. For this catalyst, the particle size
determined via EXAFS (Table 2) was in good agreement with
the TEM results (Table 1, Fig. 1). Goodman [46] discussed
Au/TiO2 as an example for strong metal–support interactions,
which should lead to well-defined Au–O or Au–Ti shells. Be-
cause XAS is a bulk technique, these contributions are visible
only if the clusters are sufficiently small, which is not the case
with our Au/TiO2 catalyst. In all samples, the Au–Au distance
was smaller than in bulk gold (2.88 Å), an effect that has been
documented for other metal clusters [47,48].

4.3. Structure of the active site determined under reaction
conditions

For Au/TiO2 and Au/SiO2, neither the XANES nor the
EXAFS data showed clear trends when the CO oxidation con-
ditions were varied (Fig. 3a, Table 2). However, none of the
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catalysts was truly inactive, so at least weak interactions be-
tween gold and reactants were expected. In these cases, the
concentration of sites exhibiting structural variations might be
too low to allow detection by XAS. Au/Al2O3 showed pro-
nounced changes in the XANES signature between 11,920
and 11,940 eV on variation of the CO oxidation conditions
(Fig. 3b). The intensity was highest at the highest CO concen-
tration and lower at higher temperatures. One possible cause of
these changes is Au cluster reoxidation. Literature data demon-
strate that Au3+ compounds such as AuCl3 or Au2O3 show a
white line at 11,923 eV [36,37] (Fig. 2). Should reoxidation
cause the observed changes, then a correlation between white
line intensity and O2 concentration would be expected; how-
ever, the highest white line intensities were observed in the
presence of excess CO. Recent work [49] showed that spec-
tra of supported gold catalysts exhibit a small white line after
chemisorption of H2. Our FEFF8 calculations showed that the
shape of the difference spectra obtained during CO oxidation
can be explained by backdonation of d-electron density from
the Au cluster to CO (Figs. 6a and b). Studies on the interac-
tion of Au(110) with CO by Gottfried et al. confirmed that CO
interacts with gold single crystals [50]. Winkler et al. studied
the interaction of carbon monoxide with gold clusters adsorbed
on γ -Al2O3 single crystals [51] and concluded that CO adsorbs
on zero-valent gold clusters. We found a lower white line in-
tensity at 370 K than at 300 K, suggesting lower CO coverage
at higher temperatures. This can be explained by a shift of the
thermal equilibrium (i.e., less CO adsorbs at higher tempera-
tures).

With respect to the oxidation state of gold in low-temperature
oxidation catalysts, a broad range of experimental data and
opinions exists [17,18,22–26,52–56]. Haruta and coworkers
[17,18] concluded that small zero-valent clusters cause the
high activity of supported gold catalysts. Evidence for nega-
tively polarized gold in CO oxidation catalysts has been re-
ported [22–26]. Several authors have reported the presence of
cationic gold clusters [52–56]. Some have claimed that cationic
gold is present along with zero-valent gold [52,53,55]; oth-
ers have claimed that only cationic gold can be active [54].
Following this hypothesis, in an article describing a highly
active Au/La2O3 CO oxidation catalyst, Fierro-Gonzalez et
al. [56] questioned whether zero-valent gold is in fact neces-
sary for generating high activity. These authors claimed that
the XANES spectrum of the catalyst showed only character-
istics of Au3+. The XANES spectra of Au3+ species exhibit
very high white line intensities, as shown by the spectrum of
Au2O3 in Fig. 2. In contrast, the XANES spectrum reported
by Fierro-Gonzalez et al. [56] showed a strongly reduced white
line intensity and resembled the intermediate spectra obtained
during catalyst reduction shown in our Fig. 2. This is unmistak-
able evidence for the presence of lower oxidation states. In all
catalysts investigated in the present study—especially the most
active one, Au/Al2O3—only zero-valent gold was detected in
situ under various CO oxidation conditions. Our results suggest
that in the materials investigated, fully reduced gold was the
active species in the oxidation of CO. This conclusion agrees
with those of previous reports [13,17,18,43–45]. No evidence
for cationic gold species in active CO oxidation catalysts was
found, although we cannot rule out that such species may be
formed under certain conditions.

Au/Al2O3 and Au/SiO2 exhibited similar gold cluster sizes.
Although trends in the electronic structure of Au/Al2O3 with
varying reaction conditions were observed via XANES spec-
troscopy (Fig. 3b), such trends were absent in Au/SiO2. This
finding is consistent with the observation that this catalyst was
less active; reactant adsorption on the gold clusters was not fa-
vored in this material. The support influenced the activity of the
gold clusters in Au/Al2O3, and weak Au–O interactions were
detected (the presence of an Au–O contribution in Table 2).
Previous studies have shown that the support can affect the pre-
ferred adsorption sites on small metal particles [57]. Argo et
al. [58] suggested that the support behaves as a ligand that af-
fects the metal particles. Valden et al. [59] correlated the onset
of catalytic activity with the appearance of nonmetallic proper-
ties in Au/TiO2. Ramaker et al. [60] reported that the metal to
insulator transition in supported metal particles is a function of
the support. We did not detect any changes in the active site of
Au/TiO2, which can be explained by the larger average particle
size and bimodal particle size distribution observed via TEM.
In Au/Al2O3, the small average particle size and narrow particle
size distribution facilitated observation of changes in electronic
and geometric structure.

5. Conclusion

Here we report a detailed study of the structure of the ac-
tive site of various supported gold catalysts. The presence of
isobestic points observed in the XAS during catalyst reduction
suggests that the reduction proceeds directly from Au3+ to Au0

without passing other oxidation states. For Au/Al2O3, we de-
tected CO adsorption manifesting as changes in the electronic
structure of the gold cluster on variation of reactant stoichiom-
etry. A correlation between CO concentration and whiteline
intensity can be attributed to backdonation of d-electron den-
sity from the metallic gold cluster to CO. Small cluster–support
interactions were detected for this sample. Such trends were
not observed for Au/SiO2, which is consistent with this cat-
alyst’s lower reactivity. For Au/TiO2, the large gold particles
prevented detection of structural changes by XAS. It is impor-
tant to stress that in all of the materials studied, only metallic
gold was detected during the catalytic oxidation of CO.
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