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FTIR absorption spectra of CO, of '2CO-'3CO isotopic mixtures and of CO-'80, interaction on gold
catalysts supported on group IV oxides are reported together with CO quantitative chemisorption data.
On Au/TiO, two kinds of metallic gold surface sites, mutually interacting, adsorb CO in spite of the low
CO/Au ratio (0.03). On Au/ZrO,, where a CO/Au ratio of 0.30 has been determined, mutually interacting
corner sites on non-metallic gold nanoclusters are present. Finally, isolated and negatively charged gold
nanoclusters have been evidenced on Au/CeO,. Different absorption coefficients have been found. On
all samples, by contacting CO-'80, at 90 K, only C'%0'80 is produced: gold sites are involved in the
activation of both molecules. The largest amount of C'®0'80 is produced on the CeO, supported sample,

FTIR as a consequence of an easier activation of the oxygen on the anionic gold clusters and on the support.

Quantitative chemisorption

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Gold catalysts are very active in the CO oxidation, in the PROX
and in the WGS reaction. Therefore, they are good candidates for
the catalytic production and purification of hydrogen for fuel cell
applications [1]. Experimental and theoretical works suggest that
for the PROX reaction the active sites for CO and oxygen activa-
tion may be uncoordinated sites of metallic gold nanoparticles [2].
Moreover, a role of cationic [3] and anionic [4] Au has been pro-
posed and widely discussed in the last years. As for the WGS
reaction, a very recent work on model samples [5] shows that wa-
ter dissociates on oxygen vacancies of the oxide nanoparticles, in
close contact with the gold sites. However, up to now key ques-
tions concerning the reaction mechanisms and the nature of the
active sites are still without shared answers, possibly because the
real catalysts have many of potential active centres, as stated very
recently by Hutchings [6].

When studying real catalysts, it is useful to utilise different
combined experimental methods, in order to distinguish and qual-
itatively determine the different gold sites exposed at the surface
and also to find methods for quantitative estimation of these sites.

The analysis of the FTIR spectra after CO and CO isotopic mix-
tures adsorption at different temperatures on samples differently
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pretreated and of the FTIR spectra obtained after the CO interac-
tion with 180, can be very useful to get qualitative information
on the nature and the structure of the gold active species in the
CO oxidation. In addition, the relation between a defined amount
of sites and the catalytic activity can be achieved by the analysis
of CO quantitative adsorption volumetric measurements in specific
experimental conditions, chosen on the basis of the spectroscopic
experiments.

In 1978, Sheppard and Nguyen elegantly demonstrated the cor-
relation that exists between the bonding geometry of adsorbed
carbon monoxide on metals and the wavenumber of the C-O
stretching vibrations [7]. They also drew attention to two other
factors which can influence this wavenumber: the coexistence of
surface atoms having different numbers of nearest neighbours and
the dipolar interaction between adsorbed molecules. These factors
are of particular importance in spectra from supported catalysts
since coordinatively unsaturated edge and defect sites represent
a large proportion of all the available adsorption sites on small
particles. Dipolar interactions lead to coverage-dependent values
of the wavenumber, since the predominant effect is to couple the
vibrations of individual molecules to produce collective oscillations
having infrared active modes at vibrational frequencies higher than
the isolated singleton molecule. In subsequent years, these factors
have been extensively studied on single crystal substrates. In par-
ticular, investigations using stepped surfaces have allowed more
controlled studies on the influence exercised by the coordination
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Table 1
Properties of the examined samples.

Sample Au (wt%) BET surface area (m?/g) Au TEM size
Au/TiOy 1.51 55 3.8+0.8 nm
Au/ZrOy 1.94 92 1.6 £ 0.6 nm
Au/Ce0; 3.0 118 Bimodal >10 nm and <1 nm

changing of the surface atom to which a CO molecule is bonded. It
has been found that molecules at step sites do indeed exhibit dif-
ferent wave numbers from those on terrace sites, but the direction
of the shift depends on the nature of the substrate. For example,
on copper surfaces, step sites give rise to bands ~15 cm™! higher
than terrace sites do [8], while on platinum the step site bands are
shifted by a similar amount, but in the opposite side [9]. This dif-
ference has been rationalised in terms of the relative balance of
o and 7 bonding of the two surfaces: on both metals, bonding
at step sites is stronger than at terrace ones, but on platinum the
increased bonding interaction is associated with increased back-
donation of metal electrons into the molecule’s 2zr* orbital, and
hence with a fall in wavenumber, whereas on copper and gold
it is believed that the predominant change is a reduction in the
occupancy of the o orbital, with a concomitant shift to higher
wavenumber [10]. It has also been found that the observation of
bands due to molecules on the two types of site is complicated by
the dipolar coupling interactions which tend to transfer intensity
from low wavenumber bands to their higher wavenumber coun-
terparts. As a consequence, the FTIR intensities of CO absorption
bands are useful for a qualitative determination of the nature of
the adsorbing active sites. In a number of cases, isotopic mixtures
can be used to modify these interactions in order to clarify the vi-
brational spectra. Up to now such kind of data have been discussed
for small gold particles [11], but were not yet available for small
supported clusters nor for cationic and anionic species. Here we
will present these data. Moreover, independent volumetric quanti-
tative data of the gold adsorbing sites on some different catalysts
will be presented, in order to compare more deeply different cata-
lysts.

The absorption changes, both in position and shape, observed
with the temperature and with the isotopic mixtures composi-
tion will be examined and interpreted. The assignments to the
adsorption on corner, edge, borderline or cluster sites in gold nano-
structured catalysts will be discussed, looking at the related quan-
titative chemisorption data.

2. Experimental
2.1. Materials

The examined catalysts, reported in Table 1, were all prepared
by the deposition-precipitation method (dp). The Au/TiO, sample
is an Au/TiO; reference catalysts provided by the World Gold Coun-
cil [12]. As for the Au/ZrO, sample, the support was prepared by
precipitation from ZrOCl,8H,0 (Fluka) at constant pH (pH = 8.6),
aged under reflux conditions for 20 h, washed free from chlo-
ride (AgNOs test) and dried at 383 K overnight. Then, the support
was heated up to 923 K in flowing air for 6 h, followed by cool-
ing to room temperature (hereafter denoted as r.t.) [13]. Gold was
deposited on the calcined support maintaining constant pH = 8.6
throughout the preparation using a NaOH aqueous solution (0.5 M)
(Riedel-de Haen). After filtration, the catalysts were finally dried
at 310 K for 15 h. The Au/CeO, sample was prepared, as reported
in [14], by deposition-precipitation of gold hydroxide on ceria sus-
pended in water by the ultrasound technique.

2.2. Methods

FTIR spectra were taken on a Perkin-Elmer 1760 spectrome-
ter (equipped with a MCT detector) with the samples in self-
supporting pellets introduced in a cell allowing thermal treatments
in controlled atmospheres and spectrum scanning at controlled
temperatures (from 120 K to r.t.). From each spectrum, the back-
ground before the inlet of CO was subtracted. Band integration was
carried out by “Curvefit,” in Spectra Calc (Galactic Industries Co.).
The obtained integrated areas were normalised to the Au content
of each sample.

CO pulse chemisorption measurements were performed at
157 K. An inexpensive home made equipment was used for pulse
chemisorption [15,16]. In principle the system was made of a
U-shaped Pyrex reactor equipped with an oven controlled by a
PID temperature programmer, mass flowmeters, sampling valve,
a Gow-Mac TCD detector and a quadrupole mass detector. Be-
fore chemisorption the following standard pretreatment proce-
dure was applied: the sample (200 mg) was reduced in H, flow
(40 mImin~—') at 423 K for 30 min, cooled in H to r.t., purged in
He flow and finally hydrated at r.t. The hydration treatment was
performed by contacting the sample with a He flow (10 mImin~1)
saturated with water (2.7 mmol(H,0)m™2). The sample was then
cooled in He flow to the temperature chosen for CO chemisorption.
The temperature of 157 K was attained by an ethanol-liquid nitro-
gen cryogenic mixture temperature in a Dewar flask, therefore no
cryostatic equipment was required. The gas uptake was measured
from a sequence of small pulses until saturation was obtained. The
following operating conditions were used: pulse size (0.4 ml), CO
content in pulses (5 vol%), helium flow rate (30 mlmin~!), time
interval between pulses (4 min).

3. Results and discussion

3.1. Spectroscopic data and quantitative chemisorptions of CO adsorbed
on gold supported on titania, zirconia and ceria

In Fig. 1 the spectra of CO adsorbed on gold supported on the
titania, zirconia and ceria, after reduction at 423 K, hydration at
r.t. and successive cooling down to 120 K are shown (fine curves)
together with the CO spectra recorded after heating up to 157 K. To
our experience [15], this pretreatment is the most suitable one for
a comparison of different gold catalysts on different supports, since
the mild reduction eliminates the oxygen bonded to the surface of
very small gold particles [17], while the hydration saturates the
support cation sites at 157 K, preventing CO chemisorption at this
temperature (see bold curves).

Big differences in shape, maximum position and intensity of
the bands are evident in the 2100-2060 cm~! frequency range.
As for Au/TiO; (Fig. 1a), in addition to the quite strong and narrow
band at 2098 cm~!, a shoulder at lower frequency is observed.
Both absorptions are due to CO adsorbed on gold sites [18]. More-
over, two additional components, at 2175 and 2150 cm™!, are also
present (fine curve). The former band is ascribed to the interac-
tion of CO with Ti** cationic sites and the latter one is assigned to
the interaction with the surface OH groups. Both these bands are
completely depleted by increasing the temperature up to 157 K,
while the 2098 cm~! one and the low frequency shoulder slightly
decrease in intensity (bold curve).

Similar experiments at 120 K performed on Au/ZrO; and illus-
trated in Fig. 1b, show a very intense band centred at 2094 cm™!
and a weak component at 2150 cm~!, the last one being depleted
by heating up to 157 K. The position of the band at 2094 cm~! is
close to that observed on Au/TiO,, however in this case the band
is broader and more symmetric in shape [13].
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Fig. 1. FTIR spectra of CO adsorbed at 120 K (fine curves) and 157 K (bold curves)
on gold supported on TiO, (a), ZrO, (b) and CeO, (c). The samples were reduced
at 423 K, hydrated at r.t. and cooled down to 120 K before the CO inlet. All spectra
have been normalised to the gold content of each pellet.

Table 2
Quantitative CO chemisorptions and FTIR integrated intensities at 157 K.

Sample Au molco/moly, Integrated area Absorption coefficient

(wt%) (cm~!/molay (x10%))  (cm~'mol~! (x10%))
Au/TiOy 1.51 0.033 1.05 3.2
Au/ZrO;, 1.94 0.301 5.41 1.8
Au/CeO; 3.0 0.081 1.07 1.3

Fig. 1c shows the same experiment made on Au/CeO,: a broad
band, downshifted to 2065 cm~! is evident, with two additional
components at 2157 and 2140 cm~!. The former is due to the in-
teraction of CO with Ce** sites and the latter is ascribed to CO
on Ce3t sites and/or surface OH groups. Moreover, these bands
are almost completely depleted by heating up to 157 K. The band
at 2065 cm~! is assigned to CO adsorbed on negatively charged
gold nanoclusters, as already discussed in previous papers [19,20].
Therefore, on the basis of these preliminary spectroscopic exper-
iments, quantitative volumetric measurements (Table 2) made at
157 K can be taken quite confidently as related exclusively to the
amount of CO adsorbed on gold sites [15].

In Table 2 the integrated intensities of the absorption bands
related to gold, ie. the bands in the 2100-2060 cm~! range, in
the spectra taken at 157 K are summarised. All bands have been
normalised to the gold content and compared with the volumetric
chemisorption data for CO on gold supported on the three sup-
ports, titania, zirconia and ceria.

The volumetric experiments show that the molar ratio between
adsorbed CO and gold on Au/TiO, is quite low (3.3%), almost 10
times larger than on Au/ZrO;. These data are in agreement with
the HRTEM results, summarised in Table 1, that indicate very dif-
ferent mean particle size of the two samples. An intermediate
value of the ratio (0.081) is obtained for gold supported on ceria
(Table 2), that exhibits a bimodal gold size distribution, as reported
in Table 1. It can be inferred that on this sample the adsorption oc-
curs with an high CO/Au ratio only on the nanoclusters observed
by HRTEM, since the big particles with size larger than 10 nm do
not adsorb CO and lower the CO/Au ratio.

The ratio between the data reported in column 4 and those in
column 3 (Table 2) gives the values of column 5, that are the ab-
sorption coefficients of CO adsorbed on the different gold sites of
the three samples. We found some differences among the three
catalysts. In particular, the absorption coefficient of CO adsorbed
on the gold particles supported on titania is higher than the ab-
sorption coefficients of CO adsorbed on gold sites on zirconia and
ceria. This feature may be correlated to a changing of the nature
of the adsorbing sites, i.e. to the transition from the metallic na-
ture of gold on titania to the non-metallic one of gold nanoclusters
supported on zirconia and ceria.

The absorption coefficients of CO adsorbed on these clusters are
quite similar, but that of CO on gold supported on ceria is lower.
In order to get a deeper understanding on these differences, iso-
topic mixture experiments at different equilibrium pressures and
temperatures will be illustrated in the next section.

3.2. 120 and 2C0-'3CO spectroscopic data on Au/TiO,, Au/ZrO, and
Au/Ce0,

The IR absorption spectra on Au/TiO; produced by adsorption
of 15 mbar of CO at r.t. and their evolution by decreasing the CO
pressure are shown in Fig. 2a. The sample has been calcined pre-
viously at 673 K and reduced at 423 K.

The maximum of the band (2110 cm™!) is blue-shifted in re-
spect to that reported in Fig. 1a (bold curve), as a consequence of
the higher temperature and, therefore, of the lower coverage. The
maximum of the absorption gradually blue shifts from 2110 cm™!
up to 2117 cm~! by reducing the equilibrium pressure and its in-
tegrated intensity smoothly decreases. However, the shape and the
asymmetry from the low frequency side remain still present in all
spectra.

The shift is the result of lateral interactions that can be due
to two different phenomena, a static or chemical effect and a dy-
namic or vibrational effect. The former can produce shifts in both
directions, while the latter produces always a shift towards high
wavenumbers. Experiments with isotopic mixtures allow the sep-
aration of these two components. Fig. 2b shows the spectra pro-
duced by interaction of a 2CO-'3CO (1:1) mixture at different
equilibrium pressures with the Au/TiO, sample.

In the spectrum obtained by contacting the sample with
15 mbar of this mixture, bands at 2096 cm~! and 2049 cm~!
are observed. The '2CO component is red-shifted by —14 cm™.
Moreover, the two bands, assigned to 2CO and *CO molecules
adsorbed on gold metallic sites, are significantly broader (FWHM
22 cm~!) than the band at 2110 cm~!, detected after interac-
tion with pure 2CO (FWHM 10 cm~!) and reported in Fig. 2a.
These features have been analysed by a curvefitting procedure. The
curvefits of the spectra taken in 8 mbar of '2CO and in 8 mbar of
12c0-13C0 (1:1), made by the addition of two and four Lorentzian
bands, respectively, are shown in the insets of Figs. 2a and 2b.
Particularly, the high frequency component is much stronger than
the low frequency one in the inset of Fig. 2a, while, in the inset
of Fig. 2b, the two components of each band have a quite similar
intensity.
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Fig. 2. IR absorption spectra produced by adsorption at r.t. of 15 mbar of '2CO (a)
and of 2C0-'3C0 (1:1) (b) and by decreasing pressure on Au/TiO, reduced at 423 K
and hydrated at r.t. Insets: Curvefit of spectra taken in 8 mbar of '2CO (a, bold line)
and 8 mbar of 2C0-"3CO (1:1) (b, bold line) on Au/TiO,.

The large difference in the intensity of the two components
in pure 2CO could be due either to an intrinsic very different
amount of two kinds of non-interacting surface sites or to two
strongly interacting sites. The broadening of the two bands in the
isotopic mixture rules out the first hypothesis and indicates rather
clearly that the two kinds of sites are mutually interacting. In fact,
as shown in the inset of Fig. 2b, the two absorption bands, at
2096 cm~! and at 2049 cm~!, are made by the superposition of
two components, of quite similar intensity. By reducing the equi-
librium pressure the absorptions gradually reduce their intensities
and shift towards high frequency up to 2112 and 2064 cm™".

A further remark is that the two bands display a significant
intensity difference at the maximum coverage while they have al-
most the same intensity at low coverages: the relative intensity
change with the coverage is another clear indication that the ad-
sorption sites are mutually interacting and vibrationally coupled.
The readmission of pure 12CO after outgassing of the mixture pro-
duces an absorption spectrum with the same line-width, shape
and intensity of those shown in Fig. 2a. Therefore, the higher line-
width observed when contacting the mixture instead of the pure
12C0O can be explained only by a lower degree of coupling between
the oscillators. These data are a clear evidence that two kinds of
adsorbing site, mutually interacting, are present on gold particles
supported on titania. An intensity transfer from the low frequency
band to the high frequency one occurs at high coverages and in
pure '2C0O, while the coupling is reduced at lower coverages or in
the isotopic mixtures. Moreover, these spectroscopic features quite
clearly indicate a high homogeneity of exposed and uncoordinated
gold sites. The behaviour is definitely different from the hetero-
geneous broadening usually observed on many dispersed metals,

2100
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Fig. 3. IR absorption spectra produced by adsorption of 4 mbar of '2CO (a) and of
12c0-13¢0o (1:1) (b) at increasing temperatures from 120 K up to r.t. on Au/ZrO;
reduced at 423 K and hydrated at r.t.

characterised by structural and chemical heterogeneity in the ad-
sorption sites, not coupled vibrationally. In that case, no shifts are
observed by decreasing the coverage.

Figs. 3a and 3b show the spectra run at increasing tempera-
tures, starting from 120 K, in the presence of a constant amount of
gas, after adsorption on Au/ZrO; of '2CO and '2C0O-'3CO (1:1), re-
spectively. The sample has been previously reduced at 423 K. The
increase of the temperature produces an effect similar to the re-
duction of the equilibrium pressure, i.e. a decrease of the surface
coverage. In Fig. 3a, a band centred at 2100 cm~! is shown, its
position being similar to that observed on the Au/TiO; sample at
the maximum coverage. However, in this case the maximum shows
only minor shifts by decreasing the coverage, i.e. by increasing the
temperature. Moreover, the interaction with the '2C0:3CO (1:1)
mixture produces two bands at 2093 cm~! and 2046 cm~!, that
are broader than the one in pure '2CO (Fig. 3a) and that smoothly
shift up by increasing the temperature. There are at least three in-
dications that the adsorbed CO molecules are mutually interacting
also on this sample:

(i) the shift of the '2CO mode from 2100 cm~! in pure '2CO to
2093 cm~! in the mixture (even if smaller, —7 cm™!, than
that observed on Au/TiO;, because of the small size of the
gold nanoclusters on zirconia, as shown in Table 1);

(i) the intensity of the 12CO band is anyway higher than that of
the 13CO one (2046 cm™') at the lowest temperatures; and

(iii) the intensity of the two modes becomes quite similar at the
higher temperatures.
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Fig. 4. IR absorption spectra produced by adsorption of 4 mbar of 2CO (a) and of
12€0-3C0 (b) at increasing temperatures from 120 K up to r.t. on Au/CeO; reduced
at 423 K and hydrated at r.t.

Fig. 4 shows the behaviour of the absorption bands on Au/CeO»
reduced at 423 K, in contact with 10 mbar of '2CO (Fig. 4a) and
with 10 mbar of 2CO-'3CO (1:1) (Fig. 4b) at r.t. The shape, the po-
sition and the evolution of the bands by decreasing the gas phase
pressure are remarkably different from those reported in the previ-
ously illustrated data, as for the Au/TiO; and the Au/ZrO, samples.
At the maximum coverage, one band, significantly broader and
red-shifted compared to that observed on the other two samples,
is produced on Au/CeO;. The red-shift at 2065 cm™! can be taken
as an indication that an electron transfer occurred from the re-
duced ceria to the gold nanoclusters, as previously discussed [19].
Two broad absorptions, at 2065 and 2033 cm~! are produced by
interaction with the isotopic mixture at the maximum coverage. By
decreasing the pressure, the intensity of the bands decreases with-
out significant changes in the position and in the relative intensity
of the two components.

Looking at the different shape of the absorption, at the be-
haviour observed by decreasing the coverage and at the quantita-
tive chemisorption data reported in Table 2, we get the indication
that on Au/CeO, the adsorbing sites are isolated and not interact-
ing differently from Au/TiO, and Au/ZrO,.

3.3. Nature of the gold adsorbing sites on Au/TiO,, Au/ZrO, and Au/CeO,

We have shown by volumetric experiments that the molar ratio
between adsorbed CO and gold sites on Au/TiO; is quite low, 3.3%.
However, the FTIR experiments carried out at decreasing CO pres-
sures and in the presence of the isotopic mixture evidenced that

(0] (@]
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Scheme 1. Representation of gold species on the different supports.

two kinds of adsorbing sites, mutually interacting, are present on
this catalyst. A representation of a gold particle with size (3.8 nm)
and shape similar to those detected by TEM on titania is shown in
Scheme 1.

It is widely accepted that CO adsorbs most strongly on surface
uncoordinated defect sites, i.e. corners and edges, 6-fold and 7-fold
coordinated, respectively. As this kind of particle contains a total
estimated number of 410 gold atoms and 42 of them are located at
corner and edge sites, a CO chemisorption ratio of 3.3% means 0.3
CO molecules per corner-edge Au, as we already proposed [15] on
the basis of an even simpler assumption on a flat model-particle.

A possible arrangement of the adsorbed CO following the ra-
tio calculated for the uncoordinated sites is proposed in Scheme 1,
where all the corner 6-fold coordinated atoms and 1/3 of the lat-
eral edge sites are covered by CO.

As for the adsorption sites of gold on zirconia, it has been
shown that the spectroscopic features are quite similar. However,
only one kind of adsorbing sites mutually interacting has been ev-
idenced. We know from Table 2 that on Au/ZrO, the molar ratio
CO/Au is about 10 times, while the integrated intensity is 5 times
larger than that obtained for Au/TiO;. The big ratio between CO
and Au can be taken as an indication that a large fraction of the
gold is uncoordinated and exposed at the surface, i.e. almost all
Au atoms are in corner or interface positions (see Scheme 1). The
interface atoms are more coordinated and therefore less able to co-
ordinate CO, while all the corner sites can adsorb CO. We already
pointed out that the variation of the absorption coefficient of CO
adsorbed on Au sites observed when passing from zirconia to tita-
nia (Table 2) may be mainly correlated either to a changing of the
nature of the adsorbing sites, i.e. to the transition from a metallic
behaviour to a non-metallic one or to changes in the overcrowding
and depolarisation effects. It is well known that on metallic sur-
faces the only modes which have significant infrared activity are
those which own a variation of the dipole moment perpendicular
to the metal surface. Physically, this is because the image dipole
within the metal contributes to increase the intensity of the band.
The image dipole contribution cannot be considered any more for
the small gold nanoclusters of Au/ZrO,, because the metallic char-
acter is lost. In the case of Au/CeO,, as widely reported in Refs.
[19,20], we cannot refer to the mean particle size to discuss the
chemisorption stoichiometry, taking into account that this sample
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Fig. 5. Evolution of FTIR spectra at 120 K after the inlet of 30, on preadsorbed CO
on Au/TiO, (a), Au/ZrO; (b) and AuCeO; (c) reduced at 423 K (bold curve); after 2
and 10 min (fine and dashed curves).

exhibits both nanoclusters and quite large particles. The large CO
chemisorbed volume must be mainly related to the presence of the
Au nanoclusters where almost all of the atoms are exposed at the
surface (see Scheme 1), whereas the large particles give no contri-
bution to the chemisorption. In the previous section, we pointed
out that the red-shift of the absorption maximum and the results
of the isotopic mixture experiments suggest that the adsorbing
sites are almost isolated, not interacting each other and negatively
charged by an electron transfer from the reduced support. Also for
this sample the absorption coefficient was found smaller than the
one related to Au/TiO,, in agreement with the non-metallic na-
ture of the adsorbing sites (nanoclusters, as previously discussed
for Au/ZrOy).

3.4. FTIR spectra of CO-'80, interactions at 90 K on Au/TiO,, Au/Zr0;
and Au/CeO;

Fig. 5 shows the effect of 80, contact at 90 K on the pread-
sorbed CO during the first 2-10 min on the three catalysts. Looking
at the spectra reported in Fig. 5a, it appears evident that: (i) the
low frequency component of the CO absorption band, due to CO
on edge sites, is eroded as a consequence of reaction with coad-
sorbed 80,; (ii) the CO on the corner sites remain unperturbed;
(i) only one CO, species is produced, C'60'80. Quite similar fea-
tures are also observed as for the interaction CO-180, at 90 K on
Au/ZrO, (Fig. 5b). As for the Au/CeO, (Fig. 5c), some bigger differ-

ences are evident: the broad and weak band at 2020-2090 cm™!,

850

T
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T T T
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Wavenumbers [cm'1]

Fig. 6. FTIR spectra after the inlet of 160, (fine curve) and 80, (bold curve) at 120 K
on CO preadsorbed on AuCeO, reduced at 423 K in the 1200-750 cm~! range.

related to CO adsorbed on almost isolated and negatively charged
gold sites is converted in a narrow and sharp one at 2102 cm™!,
i.e. is converted in the typical band of CO adsorbed on neutral gold
corner sites. Moreover, the band at 2140 cm™~!, related to CO ad-
sorbed on Ce3* sites, is converted into CO on Ce**; anyway, also
in this case only the C160'80 is produced (band at 2324 cm™1),
in a larger amount than on the other two samples, (looking at the
intensity of the C'0'80 absorption band).

Additional differences between Au/CeO; and the other two
samples, Au/TiO; and Au/ZrO;, are evident looking at the carbon-
ate region and at the region where activated oxygen molecules
can be detected. On Au/CeO,, quite strong bands at 1640 and
1287 cm™!, due to carbonate-like species on the support, grow up
after interaction with 80, or 180, (not shown for sake of brevity).
On the contrary, only very weak bands are present on Au/TiO, and
Au/ZrO; in the carbonate like region. These bands, slightly shifted
in respect to those observed by interaction with 160, indicate that
only on Au/CeO, the oxygen molecules activated on reduced sup-
port are able to produce carbonate species, already at 90 K. The
presence of activated oxygen molecules adsorbed on reduced ce-
ria sites is clearly testified by well defined bands, at 1072 and at
798 cm~!, that grow up during the '80, interaction (Fig. 6, bold
curve). These bands are shifted in respect to those produced by
160, at 1131 and at 850 cm~! (fine curve). The bands at 1072 cm™!
and 798 cm~! can be ascribed respectively to superoxo and per-
0X0 species 1802’ and 1802: adsorbed on reduced ceria in close
contact with the gold clusters, while the bands at 1131 and at
850 cm~! are assigned to superoxo and peroxo species 1602_ and
1603 The residual bands at ~850 cm~! in the 0, experiment
and the not labelled bands in the 1050-900 cm~! are related to
the previously not shown carbonate species. Very similar frequen-
cies of the stretching mode of these species has been observed
by Raman [21] in the spectra of reduced ceria with hydrogen at
673 K after adsorption of 80, and 160, at 93 K. The reduction
temperature in our experiments is significantly lower (423 K) and
it can be postulated that the created oxygen vacancies are located
close to the gold clusters (see Scheme 2). Nolan et al. [22] showed,
by DFT calculations, that the gold can substitutes Ce atoms in the
surface layer, leading to strong structural distortions. It has been
shown that the formation of one oxygen vacancy near a gold dop-
ing atom is energetically “downhill,” i.e. favoured. Moreover, the
Au dopant weakens the bond of the surrounding oxygen atoms, fa-
cilitating CO oxidation. They have also shown that the doping with
gold of the (110) ceria surface produces, by interaction with CO, a
carbonate-like structure in which two oxygen atoms are abstracted,
the doping with gold of the (100) ceria surface produces, after con-
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Scheme 2. Representation of the structure change of gold on reduced ceria after
interaction with oxygen at 120 K.

tact with CO, molecular CO;. Additionally, there is no absorption
at 1131 cm~!, where the superoxo species produced in the pres-
ence of 10, absorb. This feature is a clear indication that, in the
adopted experimental conditions, no exchange occurs between the
oxygen atoms of the support and of the gas phase.

3.5. Nature of the active sites for CO and oxygen activation at low
temperature

The so far illustrated results clearly show that there is no par-
ticipation of oxygen atoms from the support to the reaction in
the very mild conditions of our experiments. In all the cases here
examined, only C'%0'80 is produced by interaction with 805, in
spite of the structural and electronic differences between the sur-
face gold species present on titania, zirconia and ceria, small metal
particles, neutral small clusters and negatively charged clusters, re-
spectively.

Different theoretical works ([23] and references therein) have
shown that both involved molecules, CO and O, may be activated
on two uncoordinated vicinal gold sites. On the small particles
exposed on Au/TiO; the two vicinal sites may be two gold sites lo-
cated on the edge of the particles, in fact the CO absorption band
assigned to CO on edge sites is depleted by contact with oxygen.
Similarly, the active sites of Au/ZrO, may be highly uncoordinated
and mutually interacting gold sites, previously discussed, where
both reactants molecules may be activated. An Au-only CO oxida-
tion pathway has been suggested by Chen and Goodman [24] for
ultrathin Au films on highly reduced titania. The authors evidenced
an exceptionally high catalytic activity for carbon monoxide oxida-
tion on these structures even if the support is not accessible to the
reactants. Therefore, independently from the size of the metal particles
and/or nanoclusters on titania and zirconia, the reaction occurs by acti-
vation of the two reactant molecules on two vicinal uncoordinated gold
sites.

As for Au/CeO,, the 12CO-13CO experiment previously illus-
trated showed that CO is adsorbed on isolated sites exposed on an-
ionic and flat clusters, in close contact with oxygen vacancies and
Ce3*. After 180, contact at 90 K the flat and negatively charged
clusters are converted in more rounded clusters, exposing corner
sites, as shown by the absorption band at 2103 cm~!, and illus-
trated in Scheme 2. However, the oxygen atoms from the support
do not take part in the CO oxidation reaction also in this case. The
largest amount of C'®0'80 produced on the ceria supported sam-
ple, may be a consequence of the participation to the reaction of
180, activated on the oxygen vacancies close to the gold nanoclus-
ters, without any exchange with the support oxygen atoms. It has
been found by Nolan et al. [22] that the presence of a Au dopant
lowers dramatically the energy for oxygen vacancy formation on
all surfaces. The doping enhances the oxidative power of ceria: as,
at catalytic temperatures, an oxygen vacancy near to the dopant
is available, therefore the oxidation reactions will be facilitated by
forming a second oxygen vacancy. An associative mechanism

1803 4+ C0* & ClGo]So + 180* 4o

may be the dominant one in the low temperature conditions of
our experiments. As discussed by Liu et al. [25] in a theoretical
work on the catalytic role of gold in Au-based catalysts, CO oxi-
dation can occur on Au step sites, where a metastable four centre
0-0-CO intermediate state has been found. After formation of CO,
the adsorbed oxygen may be easily removed by another CO. On the
small particles exposed on Au/TiO, and on the Au/ZrO,, these re-
actions can occur on two vicinal gold sites located on the edge and
on the corner of the small metallic particles or on the clusters.

Similar findings in the oxygen molecule activation were re-
ported for size-selected gold clusters, Au, (where n < 20) sup-
ported on defect-rich MgO (100) films [26]. The high activity of
this catalyst in the low temperature production of C160'80 could
be also due to an enhanced stabilisation of the oxygen molecule
on the anionic gold nanoclusters [27], however there are no exper-
imental evidences concerning this last hypothesis.

4. Conclusions

The combined analysis of 2CO and 2CO-13CO FTIR absorption
spectra and of quantitative chemisorption data allowed a deeper
understanding of the relationship between the nanostructure and
the physical and chemical properties of gold catalysts supported
on the group IV oxides. The main points are:

(i) two kinds of mutually interacting sites (corners and edges) are
the CO adsorbing sites on the gold metallic particles (mean
size 3.8 nm) supported on titania. In spite of the low CO/Au
ratio (0.03) the absorption coefficient is high;

(ii) corner sites, mutually interacting, exposed at the surface of
non-metallic nanoclusters are the adsorbing Au sites on the
zirconia supported sample, where a CO/Au ratio of 0.30 has
been determined. The absorption coefficient is low, as a con-
sequence of the non-metallic nature of the absorption sites
and of the consequent lack of the image dipole contribution;

(iii) almost isolated and negatively charged are the gold adsorbing
sites exposed on the ceria supported sample;

(iv) the CO-180; interaction at 90 K produces only C'60'80 on all
samples, indicating that both molecules are activated on the
gold sites; the largest amount of C'®0'80 is produced on the
ceria supported sample, as a consequence of the oxygen acti-
vation on the oxygen vacancies close to the gold nanoclusters.
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