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Comparative study of Au/Al2O3 and Au/CeO2-Al2O3 catalysts
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Abstract

Two gold-containing catalysts, Au/Al2O3 and Au/CeO2-Al2O3, have been prepared by deposition–precipitation and characterized by different
techniques (XRD, transmission electron microscopy (TEM), FTIR spectroscopy of adsorbed CO and catalytic test). The Au/CeO2-Al2O3 sample
demonstrates a much higher catalytic activity in the CO oxidation reaction than does the Au/Al2O3 sample. IR spectroscopy of adsorbed CO reveals
that ceria generally keeps gold in a more oxidized state. Gold is in the form of Au3+ on the as-prepared samples. Low-temperature CO adsorption
on the Au/Al2O3 sample evacuated at 473 K leads to the formation of Au+–CO species evidencing reduction of Au3+ to Au+. No gold carbonyls are
detected on the Au/CeO2-Al2O3 sample evacuated at the same temperature, this indicating that no auto-reduction has occurred. A carbonyl band
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t 2143 cm−1, assigned to Au+–CO species formed with Au+ cations on metal gold particles, is registered after low-temperature CO adsorption
n the Au/CeO2-Al2O3 sample evacuated at 673 K, while CO adsorption on the Au/Al2O3 sample treated in the same way leads to the formation
f Au0–CO species (carbonyl band at 2106 cm−1). Only metal gold was detected on the hydrogen-reduced Au/Al2O3 sample (carbonyl band at
101 cm−1) while on the Au/CeO2-Al2O3 sample reduced with hydrogen, in addition to the metal gold (carbonyl band at 2108 cm−1), Au+ sites
ere also detected (carbonyl band at 2131 cm−1). The role of the cationic gold sites in the CO oxidation reaction is discussed.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The interest in gold catalysts has continuously increased dur-
ng the last years [1–49]. This interest has been provoked by the
iscovery that supported gold catalysts are very active in low-
emperature CO oxidation when the gold is highly dispersed [1].
ince then, the researchers have been focusing efforts on three
ain areas: (i) understanding the origin of the catalytic activity

f gold nanoclusters (nature of the active sites and reaction mech-
nism), (ii) optimization of the catalyst structure/composition
nd (iii) testing the gold catalysts in a series of other catalytic
eactions. Despite the great number of studies, there are still
any unresolved and debatable questions. For instance, it is not

et clear which is the oxidation state of the catalytically active
old. The hypothesis about the participation of the sites situated
t the metal support interface, although gaining popularity, is
ot generally accepted either.

∗ Corresponding author. Tel.: +35 92 9793598; fax: +35 92 8705024.
E-mail address: kih@svr.igic.bas.bg (K. Hadjiivanov).

One of the most used techniques for characterization of sup-
ported catalysts is IR spectroscopy of probe molecules, espe-
cially CO [50–52]. It provides information on the oxidation and
coordination state of surface-situated atoms/cations, their loca-
tion, acidity, etc. There are many IR studies dealing with CO
adsorption on supported gold [7–43]. However, the interpreta-
tion of the gold–carbonyl bands is also debatable. Based on the
main principles of the use of CO as a probe molecule [50] and
analysis of available literature data [7–43], we can infer the fol-
lowing: the most stable carbonyl complexes of gold are produced
with participation of Au+ cations. Note that a similar situation
is encountered with copper and silver [50]. Indeed, bulk car-
bonyls of Au+ are well known, but no bulk carbonyls of Au0

have been described [53,54]. Consequently, CO adsorption on
metallic gold results in formation of relatively unstable carbonyl
species. According to Boccuzzi et al. [7,8], only particular Au0

sites are active in CO adsorption and some gold planes are not
able to adsorb CO even at low temperature.

Let us consider the other stable oxidation state of gold,
namely Au3+. In principle, coordinatively unsaturated Au3+

cations should absorb CO. However, these cations are usually
381-1169/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2006.02.056
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coordinatively saturated (blocked by water on the ‘as prepared’
samples). Activation, leading to removal of adsorbed water, in
the case of gold catalysts results in auto-reduction of the Au3+

cations. That is why Au3+–CO surface species are normally not
detected.

In this work we report a comparative study of two gold-
containing catalysts, Au/Al2O3 and Au/CeO2-Al2O3, prepared
by deposition–precipitation and sharply differing in their cat-
alytic performance in the CO oxidation reaction. The Au/CeO2-
Al2O3 sample is much more active in both, oxidized and reduced
states. To obtain information how the addition of cerium affects
the state of gold, we have characterized the samples by differ-
ent techniques (XRD, TEM, DR UV–vis) and mainly by FTIR
spectroscopy of adsorbed CO. A disadvantage of the use of CO
is that it can reduce the catalyst, thus modifying its properties.
To avoid this, we have performed the experiments mainly at
low temperatures (100 K). We have also studied co-adsorption
of CO and O2: according to data from the literature, this could
minimize the reduction of the cationic gold [14,16,41].

2. Experimental

2.1. Preparation of the samples

The starting Al2O3 powder was aluminumoxid type C from
Degussa (104 m2 g−1). An impregnation method was used to
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step size of 0.010◦ and a step time of 2.5 s. The mean crys-
tallite sizes were estimated using the Scherrer equation and the
selected reflections peaks in the diffraction pattern were fitted by
a Gaussian function. A peak broadening due to the instrumental
broadening of 2θ = 0.08◦ was taken into account.

Transmission electron microscopy (TEM) photographs were
taken with a Philips CM200 microscope operating at 200 kV. The
samples were dispersed in ethanol by sonication and dropped on
a copper grid coated with a carbon film.

The IR spectra were recorded on a Nicolet Avatar 360 spec-
trometer at a spectral resolution of 2 cm−1 and accumulation
of 64 scans. Self-supporting pellets (ca. 10 mg cm−2) were pre-
pared from the dried sample powder and treated directly in a
purpose-made IR cell. The latter was connected to a vacuum-
adsorption apparatus with a residual pressure below 10−3 Pa.
Carbon monoxide (>99.997%) was supplied by Linde AG.
Before use, it was additionally purified by passing through a
liquid nitrogen trap. In order to minimize reactive CO adsorp-
tion and to be able to check for eventual CO + O2 interaction,
we studied adsorption of a CO + O2 mixture in a molar ratio of
1:1. In what follows we shall refer to these experiments as CO
adsorption experiments.

2.3. Catalytic measurements

Carbon monoxide oxidation was carried out in a conven-
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repare the CeO2/Al2O3 support. The adequate amount of CeO2
Sigma, 99.9% pure) was dissolved in the smallest possible vol-
me of 4 M HNO3. Then, a slurry of Al2O3 powder in 200 ml of
eionized water was added. The slurry thus prepared was taken
nto dryness by continuous stirring and heating (337–347 K).
he solid was then kept overnight at 393 K in the oven, crushed

n an agate mortar and calcined for 4 h at 873 K.
The gold-containing catalysts were prepared by deposition–

recipitation. The adequate amount of HAuCl4·3H2O (Alfa,
9.99% pure) was dissolved in 150 ml of deionized water and
he pH of the solution adjusted to 7.0 by addition of 0.1 M
aOH. The solution was heated to 343 K and then the support (as

eceived Al2O3 or prepared CeO2/Al2O3) was added and kept
nder continuous stirring for 1 h. The samples obtained were
ashed several times with deionized water (until the disappear-

nce of Cl− and Na+ ions), then dried at 303 K. Fractions from
he solids were finally calcined for 2 h at 773 K.

.2. Characterization techniques

Chemical analysis of Au was performed by an ICP-AES
hilips PV8250 spectrometer.

The specific surface area was determined according to the
ET method by nitrogen adsorption measurements at liquid
itrogen temperature in a Micromeritics ASAP 2000 appara-
us. Before analysis, the samples were degassed for 2 h at 423 K
n vacuum.

XRD analysis was performed on a Siemens D 5000 powder
-ray diffractometer. Diffraction patterns were recorded with
etector-sided Ni-filtered Cu K� radiation (40 mA, 40 kV) over
2θ-range of 22–74◦ and a position-sensitive detector using a
ional continuous flow U-shaped glass reactor (7 mm i.d.) under
tmospheric pressure. An amount of 80 mg of the catalyst
φ < 100 �m) was placed between two plugs of glass wool. No
ctivation procedure was performed over the fresh catalyst. Cal-
ined Au/Al2O3 and Au/CeO2/Al2O3 samples were activated
or 2 h at 673 K under air (30 ml min−1). The reactive mixture
84 ml min−1) contained 2.5 mol% CO and 2.5 mol% O2 in He.
he gas analysis was performed by a Balzers Omnistar benchtop
ass spectrometer.

. Results

.1. Initial characterization of the sample

Some characteristics of the samples are presented in Table 1.
he gold content in the two samples was similar, which allowed
omparison of their properties. It is also seen that gold depo-
ition and calcination of the samples only slightly affect their

able 1
ome characteristics of the samples investigated

ample Composition (wt%) SBET (m2 g−1)

Al Au Ce

l2O3 52.94 – – 104.0

u/Al2O3 48.00 1.91 – Fresh: 101.7
Calcined: 93.9

eO2/Al2O3 39.45 – 14.95 87.9

u/CeO2/Al2O3 38.73 1.46 14.22 Fresh: 85.2
Calcined: 84.8
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Fig. 1. XRD patterns of: Al2O3 (a); Au/Al2O3 fresh (b); Au/Al2O3 calcined
(c); CeO2/Al2O3 (d); Au/CeO2/Al2O3 fresh (e); Au/CeO2/Al2O3 calcined (f).
Polycrystalline Au is labelled by ‘*’.

specific surface areas. Only a small decrease of the surface
area of the support was established after deposition of ceria on
alumina.

The XRD of the fresh Au/CeO2/Al2O3 sample showed no
patterns due to gold, this indicating the absence of sufficiently
large, if any, metal gold particles (Fig. 1, pattern b). However,
metallic gold peaks were detected in the calcined sample (Fig. 1,
pattern c). In this case the average size of the gold particles, as
deduced from the broadening of the reflection gold peaks, was
about 8.9 nm. These results agree with those obtained from the
TEM observations. The mean gold particle size calculated from
the particle size distribution in the TEM micrographs proves to
be 8.2 nm for the calcined sample and below 2 nm for the fresh
one. Note that TEM is not sensitive to the oxidation state of
gold.

As in the case of Au/Al2O3, the XRD patterns of fresh
Au/CeO2/Al2O3 showed no peaks due to gold (Fig. 1, pattern e).
Here again, the calcined sample showed a reflection characteriz-
ing metallic gold (Fig. 1, pattern f). Compared to the Au/Al2O3
sample, the gold peak was broader, suggesting a smaller average
particle size. Indeed, the size of the gold crystallites, deduced
from the broadening of the reflection gold peaks is, between 4.5
and 5.6 nm for the Au/CeO2/Al2O3 sample and the CeO2 crys-
talline size is about 8 nm. In addition, the intensity of the peak
is lower, which suggests either a low crystallinity or incomplete
reduction of gold.
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Fig. 2. Catalytic activity of the samples in the CO oxidation reaction. (A)
CeO2/Al2O3-based samples: (�) CeO2/Al2O3 support; (�) Au/CeO2/Al2O3

fresh; (©) Au/CeO2/Al2O3 calcined. (B) Al2O3-based samples: (�) Al2O3 sup-
port; (�) Au/Al2O3 fresh; (©) Au/Al2O3 calcined.

3.2. Catalytic activity

The results on the catalytic activities of the supports, the fresh
and the calcined Au/Al2O3 and Au/CeO2-Al2O3 samples are
presented in Fig. 2. Alumina showed no activity in the CO oxi-
dation reaction (Fig. 2B). Ceria on alumina demonstrated a low
activity at high temperatures (Fig. 2A). This activity is related
to the redox properties of ceria itself.

The fresh Au/Al2O3 sample showed an increasing activity
in the range 330–620 K, the CO conversion reaching ca. 100%.
The calcined sample was less active, with a kinetic curve shifted
by ca. 70–100 K at higher temperatures (Fig. 2B).

A considerable activity was demonstrated by the fresh
Au/CeO2/Al2O3 sample even at 273 K (Fig. 2A). As in the
case of Au/Al2O3, the calcined sample was less active. Here
the kinetic curve was shifted by ca. 50 K at higher temperatures.

3.3. IR spectral characterization of the supports

In order to assign unambiguously the gold-containing
species, it was necessary initially to characterize the supports.
Here results will not be described in details for brevity. Gener-
ally, low-temperature CO adsorption on alumina activated at
673 K led to the appearance of a strong band at 2154 cm−1

(H-bonded CO) with a shoulder at 2185 cm−1 (Al3+–CO). The
Al3+–CO band was more stable but also decreased in intensity
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The high atomic weight of cerium makes contrast differenti-
tion of the gold particles on Au/CeO2/Al2O3 samples difficult,
lthough the more pronounced spherical shape of the gold par-
icles helps. In the same way, particles with a very low diameter
typically, below 1 nm) are also difficult to detect due to the low
ass and diffraction contrast. These factors probably drive to the
ain detection of the larger particles on the Au/CeO2/Al2O3 cat-

lysts. Taking in mind these events, the mean gold particle size,
alculated from the particle size distribution in the TEM micro-
raphs, results to be ca. 4.0 nm on the calcined Au/CeO2/Al2O3
ample.
nd disappeared during evacuation at 100 K. At low coverages
he bands were shifted to higher wavenumbers: the band at
185 cm−1 was settled at 2194 cm−1 and the band at 2154 cm−1,
t 2160 cm−1. The absence of bands above 2200 cm−1 is consis-
ent with the relatively low activation temperature of the sample.

The spectra of the CeO2/Al2O3 sample (as well as the spectra
f gold supported on it) were characterized by a much higher
evel of the noise. In this case again H-bonded CO (2160 cm−1)
as detected after low-temperature CO adsorption. Two bands
ere detected at higher frequencies, at ca. 2190 and 2180 cm−1.
hese are attributed to Al3+–CO and Cen+–CO species, respec-

ively [50,55,56].
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Fig. 3. FTIR spectra of CO + O2 (1:1) co-adsorbed at 100 K on the Au/Al2O3

sample activated at 473 K. Initial CO equilibrium pressure of 665 Pa and evac-
uation at 100 K (a–f) and at ambient temperature (g).

3.4. CO adsorption on samples activated at 473 K.

Adsorption of a CO + O2 mixture at 100 K on the Au/Al2O3
sample evacuated at 473 K results in the appearance of two
bands, at 2184 and 2153 cm−1, in the IR spectra (Fig. 3, spec-
trum a). They are assigned to Al3+–CO and OH–CO species,
respectively [50,55]. Evacuation leads to disappearance of these
bands (the Al3+–CO band shifted to 2191 cm−1) and at low cov-
erages a band at 2168 cm−1 is demasked (Fig. 3, spectra d–f).
At ambient temperature only the band at 2168 cm−1 is recorded
(Fig. 3, spectrum g). This band disappears from the spectrum
after 373 K evacuation (not shown). Based on its stability and
frequency, we assign the band at 2168 cm−1 to Au+–CO species
[11–19,21–23,39].

The same sets of experiments were performed with the
Au/CeO2/Al2O3 sample. In this case the low-temperature CO
adsorption resulted in the appearance of three bands at 2190,
2180 and 2156 cm−1 (Fig. 4, spectrum a). All these bands
were already observed with the support. A very weak feature at
2184 cm−1 remained after evacuation at ca. 300 K (Fig. 4, spec-
trum d). This band could characterize some carbonyls formed
with the participation of cationic gold sites. Note, however, that
this assignment is tentative.

3.5. CO adsorption on samples activated at 673 K

p
d

Fig. 4. FTIR spectra of CO + O2 (1:1) co-adsorbed at 100 K on the
Au/CeO2/Al2O3 sample activated at 473 K. Initial CO equilibrium pressure of
665 Pa and evacuation at 100 K (a–c) and at increasing temperature (d).

2160 cm−1) (Fig. 5, spectrum a). Both bands are observed at
higher frequencies as compared to the sample activated at 473 K.
This is due to the additional sample dehydroxylation and cre-
ation of more acidic sites. In addition, a band at 2106 cm−1 is
well seen.

The OH–CO band easily disappeared after evacuation even
at low temperature (Fig. 5, spectra b and c). The Al3+–CO
band was more resistant but also declined (Fig. 5, spectra
b–e). The band at 2106 cm−1 was the most stable one and
was continuously blue shifted (to 2115 cm−1) with the coverage
decrease. However, this band also disappeared after evacuation
at T > 100 K (Fig. 5, spectrum g). In agreement with literature
data [7–17,19–25,27,29,32–37,41–43] we assign it to Au0–CO
species. Hence, the results demonstrate that increasing the evac-
uation temperature from 473 to 673 K leads to auto-reduction
of the cationic gold sites on alumina and formation of metallic
gold particles.

Low-temperature CO adsorption on the Au/CeO2/Al2O3
sample that was preliminary evacuated at 673 K resulted in the
appearance of bands at 2195, 2184, 2171 and 2143 cm−1 (Fig. 6,
spectrum a). The bands at 2195 and 2184 cm−1 were already
observed with the support and the sample activated at 473 K.
Here they were somewhat blue shifted due to the higher acti-
vation temperature. The band at 2171 cm−1 disappeared very
readily during evacuation (Fig. 6), i.e. it characterized a weak
a +
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Low-temperature CO adsorption on the Au/Al2O3 sam-
le evacuated at 673 K led to the appearance of the already
escribed bands of Al3+–CO (ca. 2195 cm−1) and OH–CO (ca.
dsorption form and could not be due to Au –CO species. We
ssign this band to Ce3+–CO carbonyls. Indeed, it has been
eported that gold strongly accelerates the reducibility of ceria
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Fig. 5. FTIR spectra of CO + O2 (1:1) co-adsorbed at 100 K on the Au/Al2O3

sample activated at 673 K. Initial CO equilibrium pressure of 665 Pa and evac-
uation at 100 K (a–f) and at ambient temperature (g).

Fig. 6. FTIR spectra of CO + O2 (1:1) co-adsorbed at 100 K on the
Au/CeO2/Al2O3 sample activated at 673 K. Initial CO equilibrium pressure of
665 Pa and evacuation at 100 K (a–d) and at increasing temperature (e–g).

[9,10]. The band at ca. 2143 cm−1 is the most resistant one
towards evacuation. In a previous paper [16] we assigned a band
in a similar position to Au+–CO species, the gold cations being
not dispersed on the support but located on the surface of the
metal gold particles. In this way we explained the intermediate
position and stability of the band: between the typical ones of
Au+–CO and Au0–CO species. Taking into account the results
with the hydrogen-reduced samples (see below) we support this
earlier assignment. The observations can be rationalized assum-
ing that the evacuation at 673 K has led to auto-reduction of
gold. However, the surface of the metal particles (or at least
the CO adsorption sites) has been reoxidized, the process being
evidently promoted by the presence of ceria.

3.6. CO adsorption on reduced samples

Both gold-containing catalysts were reduced with hydrogen
for 1 h at 473 K and then evacuated for 1 h at the same temper-
ature. The spectra obtained after CO + O2 co-adsorption on the
reduced Au/Al2O3 sample (Fig. 7) were similar to those recorded
with the calcined one. In this case, however, the Au0–CO band
was more intense (indicating a deeper auto-reduction of gold)
and detected at somewhat lower frequencies (2101 cm−1), which
suggested increase of the main particle size.

The spectra of CO adsorbed at low temperature on the reduced
A
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u/CeO2/Al2O3 sample are presented in Fig. 8. In addition to
he bands arising from CO adsorbed on the support, in this case
e detected Au0–CO species by a band at 2108 cm−1. The band
osition suggested a higher dispersion of gold, as compared to

ig. 7. FTIR spectra of CO + O2 (1:1) co-adsorbed at 100 K on H2-reduced

u/Al2O3 sample. Initial CO equilibrium pressure of 665 Pa and evacuation at
00 K (a–g) and at increasing temperature (h).
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Fig. 8. FTIR spectra of CO + O2 (1:1) co-adsorbed at 100 K on H2-reduced
Au/CeO2/Al2O3 sample. Initial CO equilibrium pressure of 665 Pa and evacu-
ation at 100 K (a–d) and at increasing temperatures (e–g).

the Au/Al2O3 sample, which is consistent with the XRD obser-
vations. A careful analysis of the spectra shows also the existence
of a weak band around 2131 cm−1 which characterizes relatively
stable species. Bands in similar positions have already been
assigned to CO adsorbed on Au+ cations situated on metallic
gold particles. Thus, it appears that even after reduction with
hydrogen, some cationic gold sites are present on the catalyst
surfaces under the experimental condition used. Evidently, this
stabilisation of cationic gold is due to the presence of ceria.
Indeed, a broad band around 2120 cm−1 is well seen after sam-
ple evacuation (Fig. 8, spectrum g) and is probably present in
the preceding spectra. This band is likely due to an electronic
transition, typical of reduced ceria [56–58]. The appearance of
this band suggests that ceria oxidizes gold sites.

4. Discussion

In order to draw conclusions on the state of gold on the dif-
ferent catalysts after various pretreatments, it is necessary to

assign unambiguously the IR carbonyl bands. For convenience,
the assignments are summarised in Table 2.

Let us first consider the possibility of detection of Au3+–CO
bands. Since gold was initially deposited on both catalysts as
Au3+ species, some of them may be present on the samples acti-
vated at 473 K. It is known that interaction of CO with highly
charged cations is essentially electrostatic and the stretching fre-
quency of adsorbed CO depends on the electrostatic field of
the cation [50,51]. Ca2+ cations (radius of 0.99 Å) in CaNaY
form Ca2+–CO species absorbing at 2200 cm−1 [59]. Taking
into account the higher charge of Au3+ and the lower ionic radius
(0.85 Å [60]), the frequency at which the Au3+–CO carbonyls
in zeolites are expected is higher than 2200 cm−1. Indeed, some
of us [30] have detected Au3+–CO species at 2207 cm−1 in a
Au/NaY sample prepared using a Au3+(CH3)2(C5H7O2) pre-
cursor. In this case contact of the sample with air was prevented
in all experiments, starting from the preparation and passing
through the pellet preparation and transfer into the IR cell. Evac-
uation led to removal of the organic ligands and some Au3+ ions
migrated to cationic positions. However, this frequency could
be lower when Au3+ ions are not in cationic position or sup-
ported on oxides. For comparison: Cu+–CO species formed with
Cu+ cations exchanged in ZSM-5 zeolite absorb at 2158 cm−1

[61,62], while the same species formed with Cu+ ions on oxides
or in zeolites, but not in cationic positions, are observed at ca.
2130 cm−1 [62,63]. Hence, one can expect that Au3+–CO car-
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Table 2
Assignment of the gold–carbonyl bands

Species Bands (cm

Au+–CO formed on isolated Au+ ions 2168

Au+–CO formed on Au+ ions from the surface of metal particles 2143

A –210
2130

u0–CO formed on particular Au0 atoms only 2115
onyls should be detected at frequencies down to ca. 2180 cm−1.
ote that these species should be unstable because of the nature
f the Au3+–CO bond, namely due to electrostatic interaction.

Analysis of the spectra presented in Figs. 3 and 4 does not pro-
ide evidence of Au3+–CO species. Most probably, if Au3+ ions
xist, they should be coordinatively saturated and not detectable
y CO even at low temperature. However, the existence of some
mount of Au3+–CO species cannot be totally ruled out, the
espective bands having been masked by the strong carbonyl
ands of the support observed in the region. The weak band at
184 cm−1 (Fig. 4, spectrum d) could characterize carbonyls of
u3+ ions.
As already said in Section 1, the most stable gold carbonyls

re those of the Au+ cations. This is due to the bonding of CO
o Au+ sites by �- and �-back bonds and the strong synergism
etween them. Increase of the effective charge of the Au+ sites
eflects in a strengthening of the �-bond between Au+ and CO
nd increase of the CO stretching frequency. As a result of the
ynergistic effect, the �-bond will also be strengthened. This,
n its part, should lead to some decrease of the CO stretching
requency and increase of the overall Au+–CO bond strength.

−1) Comment

Registered with Au/Al2O3 sample evacuated at 473 K

Registered with Au/CeO2/Al2O3 sample evacuated at 673 K
Registered with the reduced Au/CeO2/Al2O3 sample

1 Registered with the reduced samples and the Au/Al2O3 sample
evacuated at 673 K
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However, the increase of the effective charge of the cation alone
should reflect in the decrease of the �-bond order. A detailed
analysis of these effects has been provided for the Cu+–CO [62]
and Ag+–CO systems [64]. It has been concluded that the �-
bond for the Cu+–CO system is only slightly enhanced with the
increase of the effective charge of the cation [62]. With Au+,
where the �-back donation is less important than for the Cu+

cations, the change of the �-bond order should be even weaker.
Hence, the stability and the frequency of the Au+–CO species
can well be interpreted using the conception of the �-bond
alone.

With the Au/Al2O3 sample calcined at 473 K we detected a
stable towards evacuation band at 2168 cm−1 (Fig. 3) which
is therefore unambiguously assigned to Au+–CO species.
Under these conditions no metallic gold was produced, so
we can conclude that the band characterizes isolated gold
sites. Similar bands have been described by many researches
[11–19,21–23,39] and with minor exceptions assigned to
Au+–CO species. Pestryakov et al. [11] detected a band at
2175 cm−1 with a Au/Al2O3 sample. The somewhat higher
position of the band, as compared to the observation reported
here, is most probably due to the presence of a large
amount of chlorine ions (enhancing the Au+ electrophilic-
ity) in their sample. Comparison with the literature data
[17–23,39] shows that Au+–CO species in zeolites are observed
at somewhat higher frequencies, which is consistent with the
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fore, we can stress that with this sample, calcination has led to
reduction of the gold to metal and subsequent reoxidation of the
Au0

act sites to Au+ cations. Evidently, ceria promotes this oxida-
tion, since no such band was detected with the Au/Al2O3 sample
subjected to an analogous treatment. This model also explains
the relatively low intensity of the 2143 cm−1 band.

A weak carbonyl band at 2131 cm−1 was detected on the
reduced Au/CeO2/Al2O3 sample. We assign this band again to
Au+–CO species formed with Au+ cations on the surface of
the metal gold particles. The lower frequency of this band (as
compared to the band observed with the 473 K calcined sample)
is most probably due to the increase of the metal gold parti-
cle size, allowing a more effective charge transfer from Au+ to
the gold bulk. As a result, the electrophilicity of the Au+ sites
decreases and the frequency of adsorbed CO is red shifted. The
results evidence that ceria promotes the oxidation of the Au0

act
sites. As already discussed, this interpretation is supported by the
appearance of a band around 2120 cm−1 typical of reduced ceria.
We can speculate that after reduction of the sample, a strong
metal–support interaction (SMSI) effect takes place. SMSI is
characterized by partial covering the metal particle with subox-
ide phase from the support [66]. Thus, ceria can affect more gold
sites.

All results of this study show that addition of ceria stabilises
a more oxidized state and a higher dispersion of gold. With
the Au/Al O sample we observed that calcination at 473 K
l
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e
t
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lready discussed higher electrophilicity of cations exchanged in
eolites.

The next species to be considered are the Au0–CO carbonyls.
any observations point out that only a fraction of the metallic

old sites are able to adsorb CO even at low temperature. Note
hat metal silver is also inert to CO and only particular sites can
orm carbonyls [65]. According to Boccuzzi et al. [7,8], CO is
dsorbed on step sites on the metal particles. So, we can divide
he metallic gold surface sites into two general groups: (i) inert
ites (Au0

in) and active sites (Au0
act). The results of this study

onfirm that the higher the dispersion of the supported metal
old, the higher the CO stretching frequency of the Au0

act–CO
pecies.

Many authors assign bands in the 2155–2130 cm−1 region to
arbonyls formed with the participation of positively charged
old species [7,10,11,15,16,20,27,29,31] or gold atoms with
dsorbed oxygen [12,13,24]. In a previous study of the
u/Al2O3 sample [16], we observed a band at 2140 cm−1

ppearing after CO adsorption on a sample treated under oxy-
en at 673 K and then evacuated at 473 K. Since XRD showed
etallic particles on the calcined samples, we assigned this

and to Au+–CO species, the Au+ cations being situated on
he metal particles. In this way these cations are able to trans-

it positive charge to the gold bulk, which explains the lower
requency and lower stability of the respective carbonyls as
ompared to the carbonyls of isolated Au+ sites. Since no
u0–CO species were simultaneously detected, we can con-

lude that the (Au0
act) sites on Au/Al2O3 are easily oxidized at

73 K.
A similar band (at 2143 cm−1) was observed in this study with

he Au/CeO2/Al2O3 sample calcined at 673 K (Fig. 6). There-
2 3
ed to formation of Au+ species. However, no gold carbonyls
ere evidenced with the Au/CeO2/Al2O3 sample evacuated at
73 K. This observation can be rationalized assuming that gold
n this sample is encountered as Au3+ species which are coor-
inatively saturated. Evacuation of a Au/Al2O3 pellet at 673 K
ed to full auto-reduction of gold (see Fig. 4), while only Au+

ations situated on the metal particles were detected with the
u/CeO2/Al2O3 sample calcined at the same temperature (see
ig. 5). Even on the reduced Au/CeO2/Al2O3 sample some frac-

ion of Au+ sites existed. This means that addition of ceria
nhibits the reduction of cationic gold and/or promotes the oxi-
ation of the Au0

act sites.
These observations coupled with the high catalytic activity

f the sample in CO oxidation strongly support the idea about
he decisive role of the Au+ cations in the reaction. Comparison
etween the kinetic curves of the calcined samples suggests that
xidized Au0

act sites (or the respective redox couples) play a role
n the reaction mechanism. However, the higher activity of the
resh sample indicates that isolated cationic gold species are
ven more active that the Au+ species from the surface of the
old particles, as already suggested [28].

. Conclusions

Addition of ceria to an alumina support strongly enhances
he catalytic activity of supported gold in the CO oxidation reac-
ion. This effect is due to: (i) the higher dispersion of gold on
eO2/Al2O3 as compared to Al2O3 and (ii) a strong promoting
ffect of ceria in the oxidation of the Au0 sites for CO adsorp-
ion. Evidence was also found that isolated Au+ sites are more
ctive in CO oxidation than metallic gold particles.
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jiivanov, J. Phys. Chem. B, in press.
47] I.N. Remediakis, N. Lopez, J.K. Nørskov, Appl. Catal. A 291 (2005)
13.

48] T.V. Choudhary, D.W. Goodman, Appl. Catal. A 291 (2005) 32.
49] P.X. Huang, F. Wu, B.L. Zhu, X.P. Gao, H.Y. Zhu, T.Y. Yan, W.P. Huang,

S.H. Wu, D.Y. Song, J. Phys. Chem. B 109 (2005) 19169.
50] K. Hadjiivanov, G. Vayssilov, Adv. Catal. 47 (2002) 347.
51] H. Knözinger, in: G. Ertl, H. Knözinger, J. Weitkamp (Eds.), Handbook

of Heterogeneous Catalysis, vol. 2, Wiley/VCH, Weinheim, 1997.
52] A. Davydov, Molecular Spectroscopy of Oxide Catalyst Surfaces, Wiley,

Chichester, 2003.
53] F. Aubke, C. Wang, Coord. Chem. Rev. 137 (1994) 483.
54] Q. Xu, Coord. Chem. Rev. 231 (2001) 83.
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