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G
old supported on ceria and closely
related cerium-containing mixed oxide
catalysts are known to constitute an

interesting family of highly active materials
for a variety of reactions.1�11 Despite the
very challenging problems to be overcome
for their chemical and nanostructural char-
acterization, in recent years, significant pro-
gress has been made in understanding the
chemical principles governing the CO ad-
sorption on them.12�15 Thus, the contri-
bution of both the metal phase and the
oxide supports could be quantitatively de-
termined for a series of powder ceria-zirconia-
supported gold (Au/CZ) catalysts.13,15

Likewise, it has recently been shown12,14

that the CO adsorption capacity of a Au/CZ
catalyst may be strongly inhibited by appli-
cation of a rather mild reduction treatment
at 473 K.12,14 This deactivation was found to
be reversible, with the normal behavior of
the unreduced catalysts being fully recov-
ered by further reoxidation of the prere-
duced catalyst at 523 K. As discussed in ref
12, these changes of chemical behavior are
due to parallel modifications in the redox
state of the support, and inherent to them,
in the electronic interactions occurring be-
tween the metal nanoparticles and the sup-
port. In connection with these metal/support
interaction effects, very recent DFT calcula-
tions carried out by Remediakis et al.16 have
suggested that, in the case of Au/TiO2 cata-
lysts, electron transfer from reduced titania to
gold nanoparticles would mainly affect the
metal atoms at the interface, that is, those in
direct contactwith the titania surface. Though

similar calculations are not currently available
for ceria-basedgold catalysts, aparallel behav-
ior could in principle be expected. If so, the
nanostructure of the metaljjoxide interfaces
should be modified by the redox nature
of the treatments applied to the catalysts.
Moreover, the parallel modification of the
chemical properties of gold should be
particularly noticeable on the metal atoms
in contact with the reduced support.
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ABSTRACT

A variety of advanced (scanning) transmission electron microscopy experiments, carried out in

aberration-corrected equipment, provide direct evidence about subtle structural changes

taking place at nanometer-sized Aujjceria oxide interfaces, which agrees with the occurrence
of charge transfer effects between the reduced support and supported gold nanoparticles

suggested by macroscopic techniques. Tighter binding of the gold nanoparticles onto the ceria

oxide support when this is reduced is revealed by the structural analysis. This structural

modification is accompanied by parallel deactivation of the CO chemisorption capacity of the

gold nanoparticles, which is interpreted in exact quantitative terms as due to deactivation of

the gold atoms at the perimeter of the Aujjcerium oxide interface.

KEYWORDS: gold catalysts . STEM . nanointerfaces . ceria . electronic
metal�support interaction effects
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This paper is aimed at exploring the two hypotheses
of a ceria-based gold catalyst advanced above: the
eventual occurrence of nanostructural changes at the
metal/support interface and the concomitant modifi-
cation of the adsorption capability of the gold atoms
located at such an interface. To gain quantitative
information about these two major goals, chemical
data (volumetric adsorption of CO and oxygen storage
capacity), high-resolution nanoanalytical (EELS), nano-
structural, high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), and
high-resolution transmission electron microscopy
(HRTEM) studies carried out on aberration-corrected
(AC) microscopes are combined. By using aberration-
corrected instruments, the spatial resolution required
to unveil the very subtle structural modifications
occurring in so highly localized regions of the catalyst
could be achieved. The investigated catalyst con-
sisted of a 1.5 wt % Au/Ce0.5Tb0.12 Zr0.38O2 (Au/CTZ)
sample. Details of its preparation and characterization
are given in the Experimental Section and references
therein.
Due to their sensitivity to the atomic number,17,18

AC-HAADF images are particularly well-suited to reveal
the position of the heaviest elements at both sides of
the metal/support interface: Au atoms on the nano-
particle side, and Ce, Tb, and Zr cations at the support
side. Likewise, under appropriate and optimized re-
cording conditions, AC microscopes may avoid the
contrast delocalization effects19 which verymuch com-
plicate the structural analysis of interfaces in conven-
tional, noncorrected, instruments. In this way, AC-
HRTEM imagesmay also be used to locate the positions
of the interface atoms with high accuracy.
The onset of themetal�support interaction effect in

the investigated Au/CTZ catalyst has been followed by
monitoring the changes occurring in volumetric mea-
surements of CO adsorption. The reduced state of the
support has been investigated by means of oxygen
storage capacity (OSC) measurements and electron
energy loss spectroscopy. Finally, structure modeling
has been used to interpret the CO chemisorption data,
as proposed in ref 15.
The whole set of results not only illustrates the high

potential of AC-(S)TEM to explore very fine nanostruc-
tural details of the Au/oxide interface, of extraordinary
relevance in heterogeneous catalysis, but also, to the
best of our knowledge, provides the first experimental
evidence of the very subtle modifications in the metal/
CTZ distance induced by the reduction of the support
and inherent onset of electron transfer phenomena
between the reduced support and the Au nanoparti-
cles. Finally, an atomistic model has been used to
interpret, in quantitative terms, the loss of CO chemi-
sorption capacity of the metal in the prereduced Au/
CTZ catalyst. The interpretation thus proposed fully
confirms the predictions of DFT calculations.16

RESULTS AND DISCUSSION

Figure 1 shows the evolution of the CO/Au ratio
values measured on the Au/CTZ catalyst after different
pretreatments. To estimate these values, we have
followed the approach described in ref 15 (details
can be also found in Figure SI.1 and SI.2 of Supporting
Information). These ratios express the fraction of the
whole ensemble of gold atoms present in the catalyst
which are capable of adsorbing CO. In the particular
case of Au nanoparticles, it has been recently proven15

that these atoms are not exactly all those exposed at
the surface, as it indeed occurs for the interaction of CO
with other noble metals such as Pt, but only those
whose coordination numbers are not higher than 7 (i.e.,
only a fraction of the total surface atoms). Thus, in the
preoxidized catalyst, the CO/Au ratio is 0.12. This value
corresponds very closely to the total number of gold
atoms on the surface of the nanoparticles with a co-
ordination number e7 (0.14, Table SI.1 Supporting
Information). When the preoxidized catalyst is further
reduced at 473 K, the CO/Au ratio decreases to 0.06,
that is, to 50% of the original value. Reoxidation of the
reduced catalyst at room temperature (308 K) partially
recovers the adsorption capacity of the metal, to 83% of
the original value,with theCO/Au ratio increasingback to
0.10. An additional reduction treatment at 473 K repro-
duces the effect of the previous reduction, leading again
to a CO/Au ratio equal to 0.06. In good agreement with
the results reported in ref 12 to fully recover the catalyst
from thedeactivated state resulting from the reductionat
473 K, it must be reoxidized at 523 K; after which, the
highest CO/Au ratio, 0.12, was measured again.
This behavior is exactly parallel to that recently reported

for a Au/ceria-zirconia catalyst.14,15 As revealed by volu-
metric studies of oxygen adsorption at 523K (Figure SI.3 in
Supporting Information), the OSC determined for the Au/
CTZ catalyst prereduced at 473 K is equivalent to 37%
reoxidation of the CTZ support. When the oxygen

Figure 1. Values of the CO/Au ratios after the following
consecutive pretreatments: (1) oxidation at 523 K; (2) pre-
treatment 1 followed by reduction at 473 K; (3) pretreat-
ment 2 followed by reoxidation at 308 K; (4) pretreatment 3
followed by reduction at 473 K; (5) pretreatment 4 followed
by oxidation at 523 K.
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adsorption is measured at room temperature, 308 K, the
corresponding OSC value for the catalyst reduced at
473 K was found to be 23%, thus indicating that, at
308 K, 14%of the reduced CTZ support is not reoxidized.
These results demonstrate that the CO adsorption

capacity of the metal nanoparticles in the Au/CTZ
catalyst is largely influenced by the redox state of the
underlying support.
Figure 2 shows representative AC-HAADF and AC-

HRTEM images of the Au/CTZ sample after the initial
oxidation treatment (right column) and after further
reduction at 473 K and reoxidation at room tempera-
ture (left column). In the case of AC-HAADF images, the
column ratio mapping processing technique20 was
applied to improve the accuracy of the quantitative
analysis. Note that the gold nanoparticles are easily
observed on the surface of the CTZ support. In both types
of images, the white contrasts locate the position of the
heavy elements, the gold atoms on the nanoparticle side
of the interface, and the metal cations on the support
side. In the case of AC-HAADF, the intensity in the images
is related to roughly the value of Z2. The AC-HRTEM
images were acquired to image atomic columns as white
contrasts, with a defocus value close to zero.21

A first analysis of the structural parameters of the
AujjCTZ interfaces was performed by taking intensity
line profiles along paths normal to the interface, start-
ing at the metal particle, crossing the interface region,
and ending in the bulk of the support crystallites, as
marked with dashed white lines on the experimental
images. The resulting profiles are shown in Figure 3.
Each peak in these profiles corresponds to one lattice
plane, so the distance between maxima provides a
measurement of distances between adjacent planes.

Akita et al.22,23 have used this approach with conven-
tional, noncorrected, HAADF and HRTEM images to
compare the interfaces of Au/TiO2 and Au/CeO2 cata-
lysts. However, in these papers, the influence of the
oxidation state of the supports, which is the central
point of our contribution, is not considered.
Taking into account the magnification at which the

images were recorded and the 2k� 2k size of the digital
images, the pixel size of these measurements was 6 pm
for AC-HAADF images and 10 pm for AC-HRTEM images.
For subpixel resolution, improving the quality of distance
measurements beyond the values reported above, all
intensity profileswere fitted to sets of Gaussian functions.
Distance measurements were then obtained from differ-
ences between the corresponding optimized maxima
values resulting from fitting.
The profiles corresponding to the oxidized catalyst (red

traces),whichwill be referred tohereafter asAuCTZ-Ox, are
superimposed to that of the reduced and room tempera-
ture reoxidized ones (blue traces) (AuCTZ-Red) in the two
plots of Figure3. The tracesof the twopretreatments have
beenaligned toeachother using themaximaof theceria-
terbia-zirconia support, at the right side of the plots, so as
to allow an easier comparison between them. The differ-
ences in the {111} interplanar distances of the support
attributable to differences in their reduction state (Ln3þ

content) lie in the range of 2�3 pm, which is below our
pixel resolution. Therefore, the alignment of the two
profiles in the support region is reasonable.
There is a first qualitative aspect of these profiles

worth highlighting, the shift of the Au{111} peaks

Figure 2. Experimental images of the Au (1.5 wt %)/
Ce0.5Tb0.12 Zr0.38O2 catalyst, after reduction at 473 K and
further reoxidation at 308 K ((a) AC-HAADF image, (b) AC-
HRTEM image); after oxidation at 523 K ((c) AC-HAADF
image, (d) AC-HRTEM image). Figure 3. (Top) Superposition of the intensity profiles re-

corded from the AC-HAADF images of the oxidized catalyst
(red trace) and the reduced and reoxidized catalyst (blue
trace); (bottom) same but starting from the AC-HRTEM
images. In both plots, the maxima corresponding to the
oxide support have been aligned.
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between the oxidized and the reduced catalysts. Note
particularly that this shift, which is visible in the com-
parison of both the AC-HAADF and AC-HRTEM profiles,
starts just at themetal�support interface; that is, it is first
established between the last {111} peak of the support
and the first {111} of the Au nanoparticle. Thus, if we
focus on the profiles obtained from the AC-HAADF
images, a first estimate of the Au-to-support interface
distance reveals values of 284 and 309 pm for the AuCTZ-
Ox and AuCTZ-Red catalysts, respectively. Therefore, ac-
cording to the profiles obtained from AC-HAADF, the
difference between these distances is about 25 pm.
Similarly, different interface distance values can be esti-
mated from theprofiles of theAC-HRTEM images: 269 and
302pm for theoxidized and reduced catalyst, respectively.
The difference in this case amounts to 28 pm.
The agreement found in the trends of the measure-

ments observed by these two so different techniques
provides initial support for the validity of the estima-
tions performed. Nevertheless, to get an assessment of
the accuracy of these interface distance measure-
ments, which are influenced by experimental image
recording parameters such as drift or scan noise
among others, an error estimation was performed by
analyzing in detail a number of intensity profiles re-
corded on both the reduced and the oxidized catalysts.
Using the collection of Gaussian-fitted profiles, the
distance between adjacent {111} support and {111}
Aupeakswasmeasuredwith subpixel resolution. In the
case of the interfaces, several profiles were obtained at
different positions to improve statistics. Figure 4 plots
the results of this analysis carried out separately on
both types of images, AC-HAADF and AC-HRTEM. Aver-
age valueswith their corresponding error bars are shown
for distances between the support planes, between the
metal planes, and between Au and support.
Note how, independently of the imaging technique

used, the Au{111} distances measured on the oxidized
and the reduced catalysts are indistinguishable, with
the ranges observed in the experimental measure-
ments overlapping to a large extent in both cases.
The same observation is also valid for the CTZ�support
{111} distances. In other words, average values of
Au{111} and CTZ�support {111} are very close in
both catalysts and in any case within the range of
experimental errors. In contrast, the average values
measured for the Au-to-support distances at the inter-
face on the oxidized and reduced catalysts are neatly
separated, with overlapping of the corresponding error
bar ranges not being observed.
Thus, whereas the difference between Au{111} aver-

agevaluesof theoxidizedand reducedcatalysts amounts
to only 5 pm (ex HAADF) or 2 pm (ex HRTEM) and the
difference between CTZ�support {111} amounts to just
2 pm (ex HAADF) or 3 pm (ex HRTEM), these differences
increase up to 25 pm (ex HAADF) or 31 pm (ex HRTEM) in
the case of the Au/CTZ�support interface distance.

To estimate how close the distances measured on
the experimental images corresponded to the actual
distance between the planes at the interface, image
simulation studies were performed which have al-
lowed us to evaluate the influence of another imaging
parameter, defocus. Figure 5 shows the results corre-
sponding to the simulation of AC-HRTEM images. In
this case, a model comprising a gold nanoparticle on a
Ce0.5Tb0.12Zr0.38O2 support was built (Figure 5a). The
model was considered to specifically gave a Au-to-
support distance of 298pm,which is in fact the average
interface distance for the AuCTZ-Ox catalyst (see further).
In the corresponding simulated image (Figure 5b), both
thegold atomsand the cation columns in the support are

Figure 4. Average values of Au{111}, CTZ�support {111},
and Au�support distances determined from the complete
analysis of a few intensity profiles. Left side plots the results
obtained from the analysis of AC-HAADF images, and right
side those of profiles recorded from AC-HRTEM ones. Error
bars are marked for each measurement. Dots: AuCTZ-Ox
catalysts. Diamonds: AuCTZ-Red catalyst.

Figure 5. (a) Structuralmodelof aAu/Ce0.5Tb0.12Zr0.38 catalyst
to interpret the AC-HRTEM image of Figure 2d and which
considers a Au-to-support distance of 298 pm. (b) Simulated
AC-HRTEM for Δf = �10 nm. (c) Intensity profile along the
normal to the interface. Relevant distances are marked.
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imaged, as previously mentioned, in the form of white
contrasts. The distances which can be measured on the
intensity profile obtained from this simulation (Figure 5c)
correspondvery closely to those in themodel: 312pm for
the {111} planes of the CTZ�support, 235 pm for the
{111} planes of Au, and 298pm for the interface distance
between themetal particle and support. A similar analysis
on images simulated for other defocus values in the
range of the experimental one (Figure SI.4 of Supporting
Information) reveals differences in the order of just 4 pm
with respect to the nominal value. This clearly proves that
the distances measured on the profiles of experimental
AC-HRTEM images can be interpreted as those present
in the material as well as a reasonable stability of the
interface distance measurements with respect to the
experimental recording parameter of defocus.
Once the measurements were proven to be reason-

ably reliable, that is, that they reproduced the actual
distances existing in the specimen within the required
accuracy, to obtain statistically meaningful values for
the parameter which has been determined, the dis-
tance between metal and support planes at the inter-
face, a large number of AC images, both HAADF and
HRTEM, were analyzed. This last analysis would bring
into consideration the influence of other possible
imaging and sample parameters like mistilt of the
imaged interfacewith respect to the incoming electron
beam or metal particle size, among others. The whole
ensemble of measurements can then be statistically
analyzed, as shown in Figure 6, which plots the dis-
tribution of this parameter for the two catalysts. In both
cases, measurements lie within a certain range, but
note how in the AuCTZ-Ox catalyst there is a clearly
higher contribution of measurements corresponding
to larger distances. In fact, the average values obtained
for these two distributions are 298 pm for AuCTZ-Ox
and 285 pm for AuCTZ-Red. As also shown in Figure 6,
85% of the measurements made on AuCTZ-Ox are
larger than the average value of the AuCTZ-Red cata-
lyst. Likewise, 77% of the measurements made on the
latter are smaller than the average value of AuCTZ-Ox.
All of these figures clearly indicate that there is a statis-

tically significant difference between the two catalysts
concerning the distance between the planes of the metal
and the support in contact at the interface. This distance is
about 13 pm shorter in the catalyst that has been reduced
at 473 K and reoxidized at room temperature.
The small difference in the pretreatments between

the two catalysts, thermal treatments at very low
temperatures (not higher than 473 K), allows initially
disregarding possible changes in the cationic composi-
tion of the oxide surface as responsible for the changes
detected at the interface. Thus, according to a number of
previous studies,24�27 the mobilization of the cationic
sublattice in ceria-zirconia mixed oxides takes place
under reducing conditions at temperatures around
1173 K and at temperatures above 1073 K under

oxidizing environments. These temperature thresholds
are far greater than those used to go from the AuCTZ-Ox
to the AuCTZ-Red catalysts studied here. Therefore, the
interface differences must stem from other alternative
structural effects. Differences in the reduction state of the
support seems to be the appropriate candidate.
Thus, we have to recall (Figure SI.3 in Supporting

Information) that the AuCTZ-Red catalyst contained at
least 14% of lanthanide species in reduced state (i.e., as
Ln3þ). If we take into account that changing from the
þ4 oxidation state to theþ3 involves an increase of the
cationic radius,28 about þ10 pm in the case of chang-
ing from Ce4þ to Ce3þ, and þ16 pm in the case of
moving from Tb4þ to Tb3þ, the expected result for a
nanoparticle that it is not affected by the reduction
effects in the support would be increasing the distance
to gold by about þ11 pm (average value weighted by
Ce/Tb composition).We observe just the opposite, hence
our data show that the nanoparticle is getting closer to
the surface of the reduced ceria-terbia-zirconia support.
From our estimates of the changes in the average inter-
facedistance, thenanoparticlesget about 24pmcloser to
the surface. This can be interpreted as due to a tighter
binding of the gold nanoparticles by the reduced sup-
port, aswouldbeexpected after an electron transfer from
the reduced support to the gold nanoparticle.
OSC measurements reported previously clearly in-

dicated that the AuCTZ-Red catalyst is not fully oxi-
dized. One aspect we tried to clarify was the spatial
distribution of the reduced lanthanide species. We
have used electron energy loss spectroscopy (EELS)
in scanning transmission electron microscopy mode
(STEM) to study this aspect. In particular, a series of EEL
spectra were recorded over time using a tiny electron
probeon selectedpositions of thedifferent catalysts. Two
types of sites were monitored: (1) sites of the support
containing a metal nanoparticle; (2) sites of the support
far frommetal particles. The chrono-spectroscopy mode,

Figure 6. Distributions of the Au-to-support distances at the
interface for the two catalysts: (top) oxidized at 523 K; (bottom)
reduced at 473 K and reoxidized at 308 K. The black dot plots
correspond to the cumulative number of measurements.
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acquiring spectra every 100ms, allowed us to monitor in
time the evolution of the oxidation state of the sample at
the locations under analysis, this providing us with a tool
to estimate thebeam influenceonour studies (Figure SI.5
in Supporting Information). Within the available range of
experimental parameters, recording conditions were al-
ways selected that minimized the rate of oxidation state
modification. Moreover, fresh areas of the catalysts, not
submitted to previous irradiation, were selected for the
analysis of the different locations. The spectra we report
here correspond to recording times smaller than those
we could establish as giving rise to the first noticeable
oxidation state change effects. Total electron dose of the
reported spectra was always on the order of 107 e�/nm2.
Concerning the possible influence of other beam

damage mechanisms, like knock-on, oxygen seems to
be the most sensitive candidate. According to the
information in ref 29, the values of maximum transfer-
able energy at accelerating voltages of either 80 or 200
kV are much lower than the 65 eV value reported in ref
30 for the threshold displacement energy (Et) of O in
ceramic oxides very close in composition and structure
to the oxides we have studied here. Even assuming
that the Et value for positions at the interface would be
lower than the bulk one, it seems reasonable to expect
that the influence of knock-on is only very moderate.
Figure 7 depicts the results of the EELS study, in the

energy range corresponding to Ce-M4,5. For this ele-
ment, it is well-known31 that changes in the fine struc-
ture of the white lines can be correlated with the
oxidation state of cerium. The exact position in energy
of the M4 andM5 white lines, the relative intensity ratio
of these lines, and the appearance of shoulders at the
right side of the peaks in the case of Ce4þ can be used
as the fingerprint of each oxidation state.31 In the case
of the AuCTZ-Ox catalyst, at sites lying at the gold
nanoparticlejjsupport interface, the features of the EEL
spectra indicate that cerium is present mostly as Ce4þ.
The same result is observed when the analysis comes
from sites far away from the metal nanoparticles.
In contrast, when the analysis is performed on the

AuCTZ-Red catalyst, the following is observed: (1) at sites
where metal nanoparticles are located (Figure 7b), both

Ce3þ andCe4þ arepresent in significantquantitiesbut the
Ce3þ signal is dominant; (2) at surface sites off the metal
nanoparticles (Figure 7c), amixtureof Ce3þ andCe4þwith
a larger content of the oxidized specie is present.
These qualitative conclusions have been further

confirmed by the quantitative analysis of these EEL
spectra performedbymeans of nonnegative least square
(NNLS) fitting.32,33 The percentage of Ce3þ species
present in each catalyst and site type are gathered in
Table 1. In the AuCTZ-Ox catalyst, although EELS data
indicate that there is still the presence of a small
fraction of Ce3þ species,most likely due to unavoidable
reduction effects even at initial stages of exposure to
the electron beam, the two types of sites showed
similar contents of reduced species (Ce3þ). On the con-
trary, in the AuCTZ-Red catalyst, cerium is largely in the
form of reduced Ce3þ species in the regions underlying
the metal nanoparticles. Moreover, the amount of Ce3þ

species at these sites is much larger than just outside the
interface. That is, the remaining reduction after reoxida-
tion at room temperature concentrates to some extent
under the metal nanoparticles.
Summarizing the whole set of chemical and atomic

scale characterization results presented up to now
shows that after reduction at 473 K the Au/CTZ catalyst
loses its CO chemisorption capacity. This is associated
with a redox state of the support characterized by an
OSC value of 37%. It becomes much lower, 14%, upon
reoxidation at room temperature. In parallel with this
change in the redox state of the support, the CO
adsorption capacity of the gold nanoparticles is partly
recovered, from a CO/Au value of 0.06 for the catalyst
reduced at 473 K to CO/Au = 0.10 for the sample further
reoxidized at 308 K, and to a still larger CO/Au value of
0.12 upon reoxidation at 523 K. From the structural
point of view, it is clear that in the catalyst with 14%
reduction of the support the gold nanoparticles are
more tightly bonded to the support, as is reflected
by the 24 pm (closer) approach between the atomic
planes of gold and support at the interface evidenced
by the analysis of the AC images. This interaction could
be linked to an electron transfer between the reduced
support lying just below the metaljjsupport interface,
as indicated in the analysis of cerium oxidation states
performed by EELS and the metal nanoparticles. We
should recall at this point that the occurrence of this
electron transfer effect is supported by previous XPS
and FTIR results of adsorbed CO described in detail
in ref 12.

Figure 7. Representative EEL spectra recorded on (a)
AuCTZ-Ox catalyst at sites at the metal�support interface,
(b) AuCTZ-Red catalyst at sites at the metal�support inter-
face, (c) AuCTZ-Red catalyst at sites at the surface of the
support in the neighborhood of the metal particles.

TABLE 1. Estimation of Ce3þ Contents at Specific Sites of

the Two Au/CTZ Catalysts As Determined from Quantita-

tive NNLS Analysis of EELS Spectra

catalyst % Ce3þ at Sites 1 % Ce3þ at Sites 2

AuCTZ-Ox 12 9
AuCTZ-Red 62 26
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A final relevant question we have addressed is relat-
ing the quantitative values of the CO chemisorption
inhibition detected in the two reduced catalysts,Δ(CO/
Au), and the structure of their nanoparticle systems. As
described previously, after reduction at 473 K, the CO/
Au ratio decreases byΔ(CO/Au)1 = 0.06. The analysis of
the distribution of coordination numbers of the gold
atoms on the surface of the nanoparticles of the catalyst
reduced at 473 K can be done from the particle size
distribution and using the methodology reported in ref
15. Table SI.1 in Supporting Information indicates that the
fraction of gold atoms at the perimeter of the contact
planes between themetal nanoparticles and the support
(Dp) is 0.06. This is the value reported for the decrease in
the CO/Au ratio, Δ(CO/Au)1, indicating that the CO
inhibition could be exactly assigned to the deactivation
of the gold atoms at the perimeter of the interface plane.
This is in very goodagreementwith thepredictionsmade
by Remediakis et al.16 on the basis of DFT calculations.
Figure 8 plots the evolution with particle size of the

cumulative fraction of gold atoms at the perimeter of
the interface plane between the metal nanoparticles
and the support (square symbols) in the Au/CTZ catalyst
reduced at 473 K. The evolution of the total number of
particles (triangle symbols) is also included. Note that to
reach the value of 0.06, that is, the extent of the CO/Au
ratio decrease after reduction, Δ(CO/Au)1, 100% of the
particles should be considered. Given that reoxidation at
room temperature does not change the particle size
distribution at all, the same curves can be used for the
Au/CTZ catalysts reduced at 473 K and further reoxidized
at room temperature (i.e., AuCTZ-Red). This being so,
to account for the 0.02 decrease in the CO/Au ratio

determined for this catalyst, Δ(CO/Au)2, the atoms at
the perimeter of nanoparticles smaller or equal to 2 nm
should be considered. These represent about 80% of the
whole set of nanoparticles present in this catalyst. This
wouldbeapossibleway to interpret thisΔ(CO/Au)2figure.

CONCLUSION

In summary, our results support, in exact quantitative
terms, the fact that thedeactivationof the COchemisorp-
tion capacity might be due to the perturbation of the
chemical properties of just the gold atoms at the me-
taljjreduced�support interface as suggested by DFT
calculations. The only atoms of these interfaces capable
of chemisorbing CO are those at the perimeter of the
interface, and there is an exact correlation between Dp

and Δ(CO/Au). The perturbation of the chemical proper-
ties detected after reduction at 473 K is paralleled by a
structural modification at the level of the interface re-
flected as an approach of the nanoparticles to the surface
of the support in the reduced catalyst. This reflects a
tighter binding of the gold nanoparticles on the reduced
support. This structural modification, which also agrees
well with previous XPS and FTIR data supporting the
occurrence of changes in the electronic state of gold,
should influence the catalytic performance of the system.
Recently, Yates et al.34 have evidenced the key role of
Ti�Au dual sites at the perimeter of nanometer-sized
nanoparticles in the CO oxidation reaction. Our OSC data
show that full reoxidation of the support is only attained
above room temperature. Thus, even under the oxidizing
conditions typical of the CO/O2 mixtures used to run CO
oxidation assays, the catalyst could be working in the
electronically perturbed state. Likewise, in other reactions
working under net reducing environments, as is the case
ofwater gas shift (WGS),3,4,6,10 selective oxidationof CO in
the presence of a large excess of H2 (PROX),2,5,8,11 or
selective hydrogenation reactions,7 the modifications at
the perimeter sites induced by the redox state of the
support couldprevail over awider rangeof temperatures.
Finally, we should highlight the high potential of

aberration-corrected microscopy to investigate in de-
tail the structural properties of interfaces whose di-
mensions do not exceed just a few nanometers, a very
relevant feature for the very wide family of supported
catalysts. As demonstrated in this contribution, these
techniques are unique and provide information, out of
reach for other characterization techniques, key to
understanding in quantitative terms the behavior of
these systems.

EXPERIMENTAL SECTION
The Au(1.5 wt %)/Ce0.5Tb0.12 Zr0.38O2 (Au/CTZ) catalyst, with a

BET surface area of 16 m2g�1, was prepared by deposition�
precipitation methods starting from a commercial CTZ mixed
oxide support kindly donated by Grace Davison. The gold
precursor was 99.99% H[AuCl4], from Alfa Aesar. An aqueous

solution of urea was used as precipitating agent. Further details
about the preparation procedure are reported in ref 35. The
metal loading was confirmed by ICP analysis.
Ultra-high-resolution high-angle annular dark-field scanning

transmission electron microscopy images were recorded on
the FEI Titan 80-300 microscope equipped with a probe Cs

Figure 8. Cumulative plots with particle size: (square
symbols) fraction of Au atoms at the perimeter of the
interface plane between the metal nanoparticles and the
support; (triangle) number of particles. AuCTZ-Red catalyst.

A
RTIC

LE



LÓPEZ-HARO ET AL. VOL. 6 ’ NO. 8 ’ 6812–6820 ’ 2012

www.acsnano.org

6819

corrector, operating at 300 kV at CEA Grenoble. A condenser
aperture of 50 μm and a 128 mm camera length allowed us to
obtain an electron probe with a convergence angle of 20 mrad.
The aberrations of the condenser lenses were corrected up to
third-order using the Zemlin tableau to obtain a sub-angstrom
electron probe.
High-resolution transmission electron microscopy images

were recorded in the JEOL2200FS double aberration-corrected
transmission electron microscope, operating at 200 kV installed
at the University of York-JEOL Nanocenter.36Only the objective
lens corrector was used, and in the Zemlin tableau, the defocus
and the third aberration coefficients of the objective lens were
measured and adequately compensated for.
EELS spectra were recorded in the VG-HB501 dedicated STEM

at Orsay, working at 80 kV and using a 15 mrad convergence
semiangle and 24 mrad collection angle. The analysis was
always performed on thin areas to avoid any contribution of
plural scattering. The chrono-spectrum mode was used: this
approach consists of acquiring a series of EELS spectra recorded
over time using a 1 nm electron probe with 0.2 eV energy
dispersion. The above-mentioned instrument allows the record-
ing of electron energy loss spectra, with high signal-to-noise
ratios, using acquisition times as small as 100ms on theM4,5 Ce
edge. This small total acquisition time avoids sample drift, which
could eventually limit the spatial resolution of the measure-
ments. At the same time, sample irradiation problems are also
minimized under these conditions, thereby increasing the
reliability of the analytical data.
The Au/ceria-zirconia-terbia catalyst models used in our

HRTEM image simulation studies were built with RHODIUS, a
computer program developed at our laboratory.37 TEMSIM
software was used for AC-HRTEM image simulations.38
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