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Introduction

Catalysts consisting of gold nanoparticles supported on ceria
and ceria-containing mixed oxides are known to be highly
active materials for a number of reactions involving CO,
such as CO oxidation[1–10] and low-temperature water gas-
shift reactions.[11–21] Despite their high activity, under reac-
tion conditions, these materials may often undergo signifi-
cant deactivation problems[5,8,9, 12,15,17–19,21] . This is a major,
very challenging, issue, which is actually limiting their prac-
tical applications.[13,15] Though far from being well under-
stood, a number of factors have been suggested to cause
these deactivation effects[5,8,9,12, 13,15,17–19] . Among them, sev-
eral authors have agreed on the relevant role played by the
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support carbonation.[12,17, 21,22] To clarify this point, an in-
depth understanding of the CO adsorption processes occur-
ring on both the gold nanoparticles and the ceria-based sup-
ports, and the eventual relationship existing between them,
should therefore be considered as an important research
target.

Our laboratory[23] has recently developed an approach
that has proved to be very powerful for investigating the
CO adsorption specifically taking place on gold nanoparti-
cles supported on powdered ceria–zirconia mixed oxides. By
combining in an appropriate manner high-resolution trans-
mission electron microscopy (HRTEM), high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM), computer modelling, FTIR spectroscopy
and volumetric CO adsorption studies, we have been able to
show in ref. [23] that the chemical principles governing the
CO–Au interaction, at 308 K, under adsorbate partial pres-
sures ranging from 0 to 300 torr, are similar to those pro-
posed earlier for model gold single-crystal systems on the
basis of experimental studies carried out at far lower tem-
perature and CO partial pressures.[24] In effect, as discussed
in ref. [23] on conventional powdered Au/ceria–zirconia cat-
alysts, under the above-mentioned experimental conditions,
the CO adsorption sites consist of surface Au atoms showing
coordination number �7.

To further investigate the chemistry of the CO–(Au/ceria–
zirconia) systems, in this work, the approach described in
ref. [23] is applied to the investigation of the CO adsorption
specifically occurring on the support. Our experimental
studies have been performed on both the bare support and
two Au ACHTUNGTRENNUNG(2.5 wt %)/Ce0.62Zr0.38O2 catalysts showing significant-
ly different metal-nanoparticle size distributions. As de-
duced from the results presented and discussed below, the
kinetics of the CO adsorption of the ceria–zirconia mixed
oxide is dramatically modified by the presence of highly dis-
persed gold. Consequently to this, on our Au/ceria–zirconia
samples, the amount of CO specifically chemisorbed on the
support strongly increases with reference to that determined
for the pure mixed oxide. Moreover, our results indicate
that this amount is sensitive to the metal dispersion, so that
the higher the gold dispersion the larger the amount of CO
adsorbed on the support.

To interpret all the observations given above, an annular
model for the growth of the adsorbed CO phase on the
ceria–zirconia mixed oxide in our gold catalysts is proposed.
In accordance with this, the CO adsorption would take
place first on the metal nanoparticles, the resulting CO spe-
cies being further transferred to the support through a spill-
over-like process. In our model, the total amount of CO fi-
nally adsorbed on the support would be determined by the
surface diffusion of the spilled-over species. This model is
further confirmed by a FTIR study of deuterium spillover
carried out on catalysts either pretreated or un-pretreated
with CO. As deduced from this study, the CO pre-adsorp-
tion disturbs very significantly the deuterium spilloverACHTUNGTRENNUNGprocess.

Results and Discussion

HAADF-STEM study of the gold dispersion : Two gold cata-
lysts supported on a Ce0.62Zr0.38O2 mixed oxide with 2.5 wt %
metal loading have been studied. To establish the particle
size distribution in these catalysts, high-angle annular dark-
field images recorded in scanning transmission electron mi-
croscopy mode (HAADF-STEM) were obtained (Figure 1).

In this imaging mode, which has been fruitfully applied to
investigate in detail the structure of a variety of gold cata-
lysts,[23, 25–27] an annular detector is used to collect those elec-
trons that have been scattered at high angles at each point
of the scanned area of the sample. The quite interesting fea-
ture of this process is that the number of electrons scattered
at high angle shows a direct correlation with the squared
value of the average atomic number (Z) of the region
crossed by the electron beam.[28] Therefore, regions of the
material in which the average atomic number of the ele-
ments is high will appear in the image as very bright points,
whereas those in which the average Z is small are imaged as
lower intensity areas. Thus, contrasts in STEM-HAADF
images provide information about the spatial distribution of
elements in the imaged areas.

By considering the atomic number of the elements in-
volved in the catalysts we have investigated (ZAu =79, ZCe =

58, ZZr =40 and ZO =8) it becomes clear that the brighter
areas in the images presented in Figure 1 are those corre-
sponding to Au. Note how gold is present in the form of
nanoparticles, some marked with arrows, the diameters of
which can be directly estimated from the contrasts in these
images.

By measuring a sufficiently high number of particles
(above 250) on different STEM-HAADF images, reliable
particle size distributions could be obtained for the two cat-
alysts (Figure 2). These distributions can be processed to es-
timate the total dispersion of gold, D (D=100 	(AuS/AuT),
in which AuT = total number of gold atoms and AuS = total
number of gold atoms at the surface of the nanoparticles) in
both catalysts. Table 1 (column 2) includes these estimations
assuming a truncated-cuboctahedral shape for the metal
nanoparticles, which is the morphology better fitting the ex-

Figure 1. HAADF-STEM images of A) Au/CZ-MD and B) Au/CZ-HD
catalysts.
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perimental high-resolution electron microscopy (HREM)
images recorded for them.[23]

Note that the two catalysts display significant differences
in their Au nanoparticle size distributions. One of them is
characterised by an average gold particle diameter of
(1.79�0.06) nm and a total dispersion value of D= 49 %,
whereas the second, with a narrower distribution, presents a
smaller average particle diameter, (1.30�0.03) nm, and a
much higher total dispersion, D= 68 %. In the following we
will refer to these samples as Au/CZ-MD (medium-disper-
sion catalyst) and Au/CZ-HD (high-dispersion catalyst), re-
spectively.

Volumetric study of CO adsorption on Au/CZ and CZ sam-
ples : Volumetric CO chemisorption on the two Au/CZ cata-
lysts and the ceria–zirconia mixed oxide sample used as sup-
port were performed at 308 K. The experimental routine
was the same as that already applied in refs. [23] and [29].
Two consecutive isotherms separated by 30 min evacuation
(residual pressure better than 1 	10�6 torr) at 308 K were re-
corded for the three investigated samples. As shown in
ref. [29] on the basis of FTIR studies, the first isotherm ac-
counts for the total amount of CO adsorbed on both the
gold nanoparticles and the support. Adsorption on the sup-
port takes place in the form of weakly bonded species on
top of the metal cations and also through the formation of
strongly bonded species.[29] The 30 min evacuation treatment
at 308 K removes CO adsorbed on gold and also the weakly
bonded CO on the support; the only species remaining
chemisorbed after this evacuation treatment are those
strongly bonded to the ceria–zirconia support. As shown in
ref. [29] these latter forms mainly consist of carbonateACHTUNGTRENNUNGspecies.

Thus, the amount of CO adsorbed in a second isotherm
onto the metal/support system would account specifically
for CO adsorbed on the metal nanoparticles and the weakly
bonded CO on support cations.

The latter contribution of weak adsorption can be esti-
mated from isotherms of the bare support. As it is the case
in the metal/support system, a first isotherm also contributes
to both weakly and strongly CO adsorbed species. Since the
first adsorption type is evacuated at 308 K, a second iso-
therm after this treatment provides the amount of CO ad-
sorbed onto the bare support cations.

Therefore, from appropriate differences between these
isotherms, the total amount of adsorbed CO can be split
into the specific contribution of CO adsorbed onto the
metal nanoparticles and onto the support.

Figure 3, which shows plots of the results of a volumetric
CO chemisorption study on the Au/CZ-MD system, illus-
trates the procedure mentioned above. The lines of solid cir-

cles and solid triangles in Figure 3A correspond to the first
and second isotherms recorded on the Au/CZ-MD catalyst.
The line at the bottom (solid squares) corresponds to the
second isotherm on the CZ support, as mentioned before,

Figure 2. Particle size distributions of Au/CZ-MD (left) and Au/CZ-HD
(right) catalysts.

Table 1. Dispersion and quantitative CO chemisorption data.

Sample D [%] CO-CZ [mmol g�1] q111 [%] rl [nm]

CZ – 6 1.4 –
Au/CZ-MD 49 100 23.0 1.9
Au/CZ-HD 68 220 50.7 1.7

Figure 3. A) Volumetric CO adsorption isotherms: (*) first isotherm on
the Au/CZ-MD catalyst ; (!) second isotherm on Au/CZ-MD; (&) second
isotherm on the bare CZ support. B) Specific CO adsorption on the
metal (!) and on the support (*) obtained by using differences between
isotherms plotted in Figure 3A.
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which is that depicting specifically the evolution with CO
pressure of species weakly bonded to the support. From
these three isotherms two differences can be calculated (Fig-
ure 3B): 1) by taking the difference between the first and
second isotherm on Au/CZ-MD, we get the isolated contri-
bution of strongly adsorbed CO species onto the support
(plotted in the form of solid dots); 2) the component corre-
sponding to CO specifically attached to the gold particles
(solid triangles), by the difference between the second iso-
therms of Au/CZ-MD and CZ.

Note how the isotherm corresponding to adsorption on
gold becomes flat at CO pressures around 100 torr, condi-
tions at which saturation of the metal-particle adsorbing
sites seems to have occurred. From these saturation values,
CO/Au ratios can be estimated. For the Au/CZ-MD catalyst
the CO/Au ratio at saturation is 0.19, whereas it increases
up to 0.47 for the Au/CZ-HD one. Changes in the particle
size distributions between these two catalysts, commented
on above, can precisely account for this difference. More-
over, the application of the methodology developed in
ref. [23] has allowed us to confirm that the CO/Au values re-
ported for the HD and MD catalysts are fairly consistent
with the proposal that CO adsorption on the metal takes
place on gold surface atoms showing a coordination number
�7.

This is very relevant information that can be extracted
from the analysis of these isotherms, but a more thorough
consideration can also provide quite interesting features re-
lated to the CO adsorption onto the support. As clearly de-
duced from the inspection of Figure 3B, the largest contribu-
tion to the total amount of CO adsorbed on the Au/CZ-MD
catalyst is that associated with the forms strongly chemi-ACHTUNGTRENNUNGsorbed on the support. Its evaluation is therefore critically
important to fully understand the CO–catalyst interaction.

Figure 4 shows the evolution with pressure of the CO ad-
sorbed onto the support for the two gold catalysts and on
the bare ceria–zirconia support used to prepare these cata-
lysts. A number of aspects are worth being commented on.
Note first that in the catalyst samples, a steady amount of
adsorbed CO is reached at very low pressures, below

50 torr. In the case of the bare support only a very slight in-
crease in the amount of adsorbed CO is observed with in-
creasing pressure, but in any case the difference between
the values recorded at the lowest and highest pressures does
not exceed 4 mmol.

More important, note how the amount of CO adsorbed
per gram of oxide observed on the two catalysts is much
higher than that corresponding to the bare support, even at
the highest CO pressures. This result indicates that the pres-
ence of the metal nanoparticles very much enhances the CO
adsorption on the support . To our knowledge, no quantita-
tive data are presently available on this remarkable effect.

Finally, it is worth highlighting that the amount, per gram
of support, of spilt-over CO is very different in the two cata-
lysts, about 100 mmol in AuCZ-MD and 220 mmol in AuCZ-
HD (Table 1, third column). These data prove, therefore, a
direct relationship between the metal-particle size distribu-
tion and the total amount of CO adsorbed on the support.

Nanostructural model for CO adsorption onto the support :
We have investigated in more detail the correlation between
these two parameters: the amount of CO strongly chemi-ACHTUNGTRENNUNGsorbed on the support and metal-particle size distribution.
In particular, our goal has been to devise a structural model
that would allow us to explain in quantitative terms, as al-
ready done with the adsorption on the metal particles, the
CO chemisorption on the ceria–zirconia support.

A structural parameter that follows a direct correlation
with dispersion is the value of the total perimeter of the
metal-nanoparticle–support interface. Starting from this
idea, we could guess that CO spills over to the support,
through the metal atoms at the nanoparticle perimeter, and
then diffuses away on the surface until it reaches a certain
maximum distance. A process like this would finally give
rise to a situation in which each metal nanoparticle would
be surrounded by an annulus of adsorbed CO species, as
sketched in Figure 5.

If the diffusion ability of the CO molecules on the surface
of the support is assumed to be constant, independent of the
diameter of the gold metal particle from which they spilt

Figure 4. CO adsorption on the support observed for Au/CZ-MD (&),
Au/CZ-HD (!) and the bare CZ support (*).

Figure 5. Nanostructural model proposed for the CO spillover onto the
CZ support. The blue spheres depict the location of the surface oxygen
atoms involved in the formation of carbonates.
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over, that is, we can assume a constant diffusion limit radius
(rl), the support surface area within the annular region of
one particle would depend on its two characteristic diame-
ters: the inner diameter, which would be just that of the
metal particle (di) and its outer diameter, which would be
given by Equation (1):

dl ¼ di þ 2rl ð1Þ

The area covered by spilt-over CO around each particle
(Ai) would then be given by Equation (2):

Ai ¼
p

4
ðd2

l � d2
i Þ ð2Þ

The total area of the support covered by CO around all
the particles included in one particle size distribution (AD)
could be then obtained by adding the contribution of each
particle diameter, as follows [Eq. (3)]:

AD ¼
X

i

Pi �Ai ð3Þ

in which Pi stands for the percentage of particles in class i of
the particle size distribution.

Finally, to obtain the total area covered in the catalyst by
CO, per gram of support, A, we would have to estimate the
number of times, F, we need to reproduce the particle size
distribution to account for the total metal loading. This can
be done by calculating the total number of atoms included
in the particle size distribution. This last number can be cal-
culated from the metal particle model and the diameters of
each particle included in the particle size distribution. Once
F has been estimated, we could then write [Eq. (4)]:

A ¼ AD � F ð4Þ

Note that the result of all these calculations will finally
depend on the exact value at which we set rl. Therefore, to
determine experimentally the value of this parameter for a
particular catalyst we only have to choose the value that fits
with the observed total CO coverage data. To do so, we
have to calculate first the amount of support surface area
covered by CO in that catalyst, ACO.

Given that FTIR data of adsorbed CO indicates that the
irreversible forms of adsorbed CO correspond to carbonate-
like species, the adsorption on the support of one CO mole-
cule must involve the interaction with two surface oxygen
atoms. Therefore, the total support area involved in the in-
teraction with CO will depend on the number of oxygen
atoms per unit surface area. This value can be estimated
from the crystallographic parameters of the support oxide
and by assuming a particular crystallography for the exposed
support surfaces.

Given that the {111} facets are, thermodynamically, the
most stable in these oxides,[30] we will assume, for the sake
of simplicity, that this represents the only contribution in
our case. For a ceria–zirconia oxide like the one used in our

experiments, the number of oxygen atoms per square nano-
meter in {111} facets is given by s111 = 8.3.

Although changing the surface composition to a more
complex mixture of {hkl} facets will slightly affect the result
of our calculations, the most general conclusions to be
shown later will not be affected at all, because we are com-
paring the results obtained on two different catalysts pre-
pared on the same oxide support. Moreover, quite recent
STEM-HAADF electron tomography experiments[27] have
proved that a significant number of metal nanoparticles in
gold catalysts prepared by the same procedure used here,
precipitation–deposition, locate preferentially on sites that
allow a large contact with {111} facets, these being therefore
preferred anchoring sites for the metal particles.

Using the oxygen surface-density value for {111} facets
mentioned above (s111), we can translate the total amount of
CO adsorbed onto the support (mCO), in micromoles, into a
total covered surface, ACO, as follows [Eq. (5)]:

ACO ¼
2NA � 10�6mCO

s111

ð5Þ

To fix the limit of the diffusion distance, we only have to
increase in small steps the value of rl and calculate the cor-
responding value of A, until this parameter becomes equal
to ACO. By using this approach, the values of rl estimated for
Au/CZ-MD and Au/CZ-HD catalysts studied here were 1.9
and 1.7 nm, respectively (Table 1, last column).

Note that these values are very close to each other, as ex-
pected for measurements performed on catalysts based on
the same support and at the same adsorption temperature.
The good agreement between these two values provides in
fact an indication of the adequacy of the structural model
we are proposing. A significant deviation would have meant
that the ability of CO to migrate onto the surface of both
catalysts should have been different, which in this case does
not seem reasonable.

Once these rl values are determined we can also estimate
the fraction of the total surface area of the support that be-
comes covered with the spilt-over CO, q111. As shown in
Table 1, for AuCZ-MD and AuCZ-HD this parameter takes
the following values, respectively: 23.0 and 50.7 %. As we
noted previously, the total amount of CO adsorbed onto the
support in the catalyst with a high metal dispersion was
roughly 2.2 times higher than that observed in the catalyst
with the lower dispersion, and this is correspondingly re-
flected in the support coverage values. Note, however, that
in both catalysts most of the surface is not affected by cover-
age with carbonates. This behaviour of CO adsorption con-
trasts clearly with that observed for hydrogen adsorption.[29]

In the latter, quantitative estimations of the extension of
spillover indicate that a full coverage of the ceria–zirconia
surface is reached when hydrogen is adsorbed onto these
catalysts at the same temperature and within the same total
pressure range. This is quite an interesting difference to
note, as it can be used, as we will show later, to further
prove the validity of the CO adsorption model proposed here.
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Figure 6 shows plots of the evolution of total coverage of
the CZ support by spillover CO as a function of particle size
(bottom axis). Note that although there is a large difference

between the total CO adsorbed by the two catalysts, the
total coverage in both cases is, as mentioned before, far
below 100 %. Moreover, note how the smaller particles,
mostly below 3 nm, represent the major sources of spillover
CO. In the high-dispersion catalysts, Au/CZ-HD, such parti-
cles correspond to the total
amount of gold in the catalyst
(upward lines, top axis) but
they are only less than 75 % of
the total gold atoms in the cata-
lyst with medium dispersion,
Au/CZ-MD (downward lines,
top axis). Therefore, though
larger particles may comprise a
significant fraction of the total
number of metal atoms, they do
not largely contribute to the
total CO adsorbed onto the
support.

FTIR study of deuterium spill-
over : To give some further sup-
port to the annular model de-
veloped herein for the strong
CO adsorption on the ceria–zir-
conia mixed oxide in the pres-
ence of the supported gold
phase, we have run an addition-
al experiment aimed at investi-
gating the influence of CO pre-

adsorption on the Au/CZ-MD catalysts on the kinetics of
the deuterium spillover.

As shown in ref. [29], hydrogen spillover on Au/CZ, even
at 298 K, is rather fast. The question is whether the CO pre-
adsorption, with inherent formation of a carbonated ring
surrounding the gold nanoparticles, could affect the kinetics
of this process. To evaluate this effect, two D2 chemisorption
experiments were performed on the Au/CZ-MD catalyst. In
the first experiment, this catalyst was submitted to the stan-
dard oxidising pretreatment at 523 K that we have routinely
applied as a cleaning procedure throughout all of this work.
The second one was run after treating the pre-cleaned cata-
lyst with CO (40 torr), at 298 K for 1 h, and further evacua-
tion for 30 min at 298 K. The latter step was aimed at ensur-
ing that gold nanoparticles were free from chemisorbed CO
which, as deduced from the CO and H2 co-adsorption ex-
periments reported in ref. [29], could disturb the activation
of the H2 (D2) molecule by the metal, which is the first step
of the spillover process. After completing the above-men-
tioned pretreatments, the samples were contacted in both
cases with D2 (40 torr), at 298 K, and a time-resolved series
of FTIR spectra were recorded for them.

Figure 7 shows a summary of the spectra recorded in the
two regions that are relevant in this study, those correspond-
ing respectively to the stretching modes of O�D (2800–
2200 cm�1) and to the carbonate–carboxylate range (1750–
1100 cm�1). The upper part of Figure 7 accounts for the
spectra recorded on the sample just submitted to the clean-
ing pretreatment, whereas the bottom part deals with the
study carried out on the sample further treated with CO. In
both cases, spectra at t=0 min correspond to the samples
before any contact with D2.

Figure 6. Cumulative CO coverage, as a function of gold particle size, for
AuCZ-MD (solid line) and AuCZ-HD (dashed line) catalysts. The lines
on the top axis show the evolution of the weight fraction of gold atoms
in the two catalysts as a function of particle size.

Figure 7. FTIR study of the D2 interaction with the pre-cleaned Au/CZ-MD sample (top) and after exposure
to a CO atmosphere (bottom). The spectra of a) the initial sample and samples after b) 5, c) 15, d) 30 and
e) 60 min under D2 are included.
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Regarding the n(OD) region, the spectra recorded for
both samples mainly consist of two well-resolved bands oc-
curring on the high-frequency side, which may be assigned
to free O�D groups in different surface environments, and a
very broad feature centred at approximately 2600 cm�1 typi-
cally interpreted to be due to bridged O�D forms. There
are, however, some significant differences between the spec-
tra shown in the upper and bottom parts of Figure 7, respec-
tively. In the case of the pre-cleaned catalyst (upper part),
the intensity of the bands grows up very rapidly, an apparent
saturation of the spectrum being reached after 30 min of ex-
posure to D2. By contrast, on the sample additionally treat-
ed with CO (bottom part), the evolution with time of the
spectra is much slower, and the intensity of the spectrum re-
corded after 30 min of contact with deuterium is much
lower. This idea is quantitatively assessed in Figure 8, in

which the evolution with time of the integrated absorption
data for the n(OD) bands reported in Figure 7 is plotted.
Though the deuterium spillover is not completely inhibited
on the catalyst pretreated with CO, Figure 8clearly shows
that its rate is much lower than that observed on the clean
sample, un-pretreated with CO.

Regarding the observation commented on above, it is
worth recalling that, in accordance with the volumetric data,
the support fraction free from carbonate species in the Au/
CZ-MD sample represents as much as 78 % of its overall
surface area. Therefore, the different intensity of the n(OD)
spectra recorded for catalysts pretreated and un-pretreated
with CO cannot be interpreted in terms of unavailability of
the support surface, but it rather suggests a very significant
perturbation of the kinetics of the spillover process. This
perturbation seems to be due to an efficient barrier effect
played by the carbonate species localised within the annulus
surrounding the metal nanoparticles.

The growth with time of the bands at 1589 and 1290 cm�1

in Figure 7 (bottom), which can be attributed to the forma-
tion of formate species,[31] suggests the interaction of the

spilt-over deuterium with the carbonates around the metal
particles, during its necessary transfer through the carbonate
annulus, before reaching the free areas of the support. Such
a modification of the mechanism could explain the observed
perturbation of the kinetics of the deuterium spillover pro-
cess, thus giving further support to the annular model pro-
posed in this work.

Conclusion

With the appropriate combination of electron microscopy,
computer modelling and chemical techniques, we have de-
veloped a methodology that has proved to be a very power-
ful tool for gaining a rather detailed picture of the complex
interactions occurring between CO and both the dispersed
gold phase and the ceria–zirconia mixed oxide support,
under temperature and CO partial pressure conditions close
to those at which the catalytic processes are run.

Our approach has allowed us to determine, on a quantita-
tive basis, the specific contributions of both the metal and
support to the overall CO adsorption process. Moreover, the
results reported here, like those already shown in ref. [23]
suggest that the chemical properties of the supported gold
nanoparticles may be interpreted in similar terms to those
earlier proposed for model single-crystal systems.[24] Regard-
ing the CO adsorption on the ceria–zirconia support, the re-
sults discussed in this work clearly show that the supported
gold phase plays a key role in the process, the amount of ad-
sorbed CO being much larger in the presence of the metal.
Likewise, it has been unequivocally shown that, on Au/CZ
catalysts, this amount is strongly dependent on the metal
dispersion, thus indicating that, in the presence of a support-
ed gold phase, the very first step of the process consists of
the adsorption of the CO molecules on the metal that are
further transferred to the support. This leads to an annular
model for the adsorption. From our study, an average width
of about 2.0 nm could be estimated for the ring of carbonate
species formed around the metal nanoparticles. The pro-
posed model is also consistent with results of a FTIR study
on the deuterium spillover process on surfaces of Au/CZ
samples that are either clean or carbonated by CO pre-ad-
sorption.

Let us finally recall that the use of STEM-HAADF
images have been crucial to establish reliable metal-particle
size distributions, which provide the basic support to the CO
adsorption models proposed for both the gold nanoparticles
and the ceria–zirconia mixed oxide. As shown here, this
electron microscopy technique becomes of major impor-
tance in the nanostructural characterisation of metal cata-
lysts, like those studied here, dispersed over the surface of
supports involving elements with high atomic number, as it
is the case of ceria–zirconia oxides.

Figure 8. Evolution with time of the O�D integrated absorbance data
(2800–2200 cm�1) observed during the exposure to D2 (40 torr): (*) on
the pre-cleaned AuCZ-MD catalyst and (!) on the same catalysts pre-
treated with CO before exposure to deuterium.
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Experimental Section

A Ce0.62Zr0.38O2 mixed oxide, kindly donated by Grace Davison, with a
BET surface area of 63 m2 g�1 was used as the support in the present
study. No big changes were observed in the textural properties after gold
deposition. A high-dispersion gold catalyst (Au-CZ-HD) was obtained by
using a deposition–precipitation method using sodium carbonate as the
precipitating agent and the preparation procedure described in ref. [29].
A medium gold dispersion was obtained by using urea as the precipitat-
ing agent and the synthesis method reported in ref. [32]. In both cases,
the gold precursor was 99.99 % H ACHTUNGTRENNUNG[AuCl4], from Alfa Aesar, and they
were calcined at 250 8C in a 5% O2/He flow. The final metal loading, con-
firmed by ICP analysis, was 2.5% for both catalysts.

HAADF-STEM images were recorded on a JEOL2010F instrument by
using an electron probe (0.5 nm diameter) at a diffraction camera length
of 10 cm. HREM images were recorded on the same microscope with
0.19 nm spatial resolution.

Volumetric adsorption experiments, N2 physisorption at 77 K, and CO
chemisorption at 308 K, were performed on a Micromeritics ASAP-2020
instrument. The typical amount of sample was 200 mg. The CO adsorp-
tion studies consisted of two consecutive isotherms, P(CO) range: 0–
300 torr, with 30 min evacuation, at 308 K, in between. Prior to the ex-
periment, the samples (Au/CZ-MD, Au/CZ-HD, CZ) were heated in a
flow of 5% O2/He, at 523 K (1 h), followed by 1 h evacuation at 523 K.

The deuterium spillover studies were carried out by using FTIR spectros-
copy. Spectra were recorded in the transmission mode on a Bruker,
Vertex 70, instrument equipped with a deuterated triglycine sulphate
(DTGS) detector. Typically, 100 scans at a resolution of 4 cm�1 were aver-
aged. In our study, a single self-supported wafer of 13 mm diameter was
used. It was prepared by pressing 40 mg of the fresh catalyst powder at
5 ton cm�2 . The disk was placed in a transmission infrared quartz cell,
with CaF2 windows, which could be attached to a metallic high-vacuum
manifold equipped with a turbo molecular pump (residual pressure <10–
6 torr). The sample disk was first submitted to our standard cleaning rou-
tine consisting of 1 h heating at 523 K, under flowing 5% O2/He, fol-
lowed by 1 h evacuation at 523 K; then, it was treated with CO (40 torr)
for 1 h at 298 K; it was further evacuated for 30 min at 298 K, and finally,
it was treated with D2 (40 torr) for 1 h at 298 K. During the last step of
the treatment a series of time-resolved spectra were recorded every
5 min. After completing this experiment, the sample was submitted again
to the standard cleaning routine, and then treated with D2 (40 torr) for
1 h at 298 K. Spectra were recorded under deuterium pressure every
5 min.
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