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Abstract. The changes in the optical properties of Au/TiO2 powder catalyst, prepared by the deposition-
precipitation method, are measured in the visible range by use of a home-made diffuse differential re-
flectance spectrometer, when the ambient atmosphere is switched between Hs and Oz. Two main features
are observed: (i) a short wavelength one, located between 400 and 600 nm, is shown to be related to
the modifications of the plasmon resonance of the 3-dimensional metallic gold particles with mean size
around 4 nm, induced by the exposure to oxygen or by its removal; (ii) a second feature, observed at
long wavelengths between 600 and 1100 nm, is extremely sensitive to the exposure to oxygen. This optical
feature could be due to the presence in the catalyst, either of Au clusters of several tens atoms, which are
expected to display molecular-like transitions in this optical range, or to specific sites of the Au particles
(edge atoms or peripheral atoms at the interface with the TiO2 support), which could be highly reactive

to oxygen.

1 Introduction

After the discovery by Haruta in the 80’s that Au nanopar-
ticles (NPs) smaller than 5 nm and supported on reducible
oxide substrates can be very active catalysts for the oxi-
dation of carbon monoxide, there has been a tremendous
increase of research in this field [1, 2]. In spite of the huge
number of experimental and theoretical works, several is-
sues are still poorly understood or are at least very con-
troversial, such as the interaction of Oy with gold [3-5],
the activation of Oy and the nature and location of the
active sites [6-8], the oxidation state of gold during the
reaction [9-12], the size and shape of the most reactive
Au particles [13, 14]. Numerous studies were performed
on model catalysts, like gold particles deposited on single-
crystal-oxide surfaces and studied under vacuum [15]. On
the other hand, only few techniques allow us to investigate
“real” samples, usually formed by Au particles adsorbed
on a powder of oxide, and exposed to “real” conditions,
that is, under atmospheric pressure. Among them, optical
techniques in the UV-visible range allow such “operando”
experiments.

It is known that plasmon resonances can be excited by
visible light in nanoparticles of metals like Cu, Au or Ag,
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and that their spectral peak location and line-shape are
very much dependent on the size and shape of the parti-
cles, as well as on their interaction with the substrate and
the overall environment [16-21]. The aim of the present
work is consequently to investigate the optical properties
of real gold-based catalysts, and especially on how their
optical properties change when they are exposed to gases.
We present and analyze results of optical spectra obtained
at room temperature when exposing an Au/TiO4 catalyst
sequentially to dihydrogen, which is a reducing gas, then
to dioxygen (and vice-versa) which is an oxidant gas and
for which the question of adsorption on the Au particles
is still controversial. Since the TiO2 powder scatters light
very efficiently, we used a time-resolved diffuse-reflectance
spectrometer that turned out to be very sensitive to the
presence of small amounts of absorbing nanoparticles, and
enabled us to follow, in real time the spectral changes due
to the gas exposure.

2 Experimental methods and transmission
electron micrograph

The catalyst was prepared by the deposition-precipitation
method with urea as described in references [22, 23], us-
ing Degussa P25 TiO4 as the support and HAuCly as the
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Fig. 1. Transmission electron microscopy image of the
Au/TiOz catalyst.

gold precursor, and was calcined in air at 500 °C dur-
ing 2 h. This results in a powder of TiOs crystallites
with three-dimensional (3-D) Au nanoparticles (NPs) (Au
loading 1 wt%) supported on them. Transmission elec-
tron microscopy (TEM) was performed on the sample
using a JEOL 100 CX II microscope. The size limit for
the detection of gold particles on this support was about
1-1.5 nm. In Figure 1 we show a TEM image of the pow-
der catalyst where the large gray particles are the TiO,
crystallites, while the darker small spots correspond to
the Au nanoparticles. Their distribution of sizes ranges
from 1-1.5 nm to 6 nm with an average size of about
4 nm. This is in agreement with previous results where
the same preparation procedure was used [8, 23]. Note
that the presence in the sample of gold particles smaller
than 1-1.5 nm and/or 2-dimensional particles, that are
not actually seen, cannot be excluded. For example, clus-
ters containing about ten gold atoms were recently ob-
served on Au/Fe203 by use of aberration-corrected scan-
ning TEM [13].

The optical studies were performed by using two dif-
ferent equipments. The absolute diffuse reflectance of the
powder catalyst, either in Hy or in Os, was measured
with a commercial spectrophotometer with an integrat-
ing sphere (Cary5). From the measured reflectance, fol-
lowing the Kubelka-Munk model [24], the ratio K/S was

2
calculated by using the relation IS( = (1511;500) , where K

represents the total absorption of the powder, S the to-
tal scattering intensity and R, the diffuse reflection of
the sample at total hiding. In our measurements on the
powder catalyst, the reflectance was normalized by the
diffuse reflectance of pure TiO9, which is close to 1 in
the visible range. The absorption coefficient K is mainly
due to the absorption of the Au NPs, while the scattering
coefficient S is dominated by the scattering of the TiO9
crystallites [21]. Consequently, K/S is proportional to the
absorption K of the Au NPs divided by the scattering co-
efficient S of the TiOs crystallites; S has been considered

proportional to 1/A* assuming independent Rayleigh scat-
tering.

In order to measure slight changes in the reflectance
when switching from one gas to another, and in order
to follow the kinetics of the reaction related to these
changes, we used a second equipment, based on a home-
made cell with a time-resolved spectrometer, which en-
abled us to record full spectra every two seconds. The
measured quantity is the relative change of diffuse re-
flectance when switching from gas A to gas B, defined
by: DDRA_p = RBP;ARA and called diffuse differential
reflectance. This technique is very sensitive and allows
one to observe very small changes in the optical response
of the catalyst. More details of the experimental set-up
can be found in [21]. All the measurements were per-
formed at room temperature and at atmospheric pressure,
with ultrapure Hy and Oy gases (99.999%) in carrying
He (99.999%) gas, with flow rates equal to 5 mL/min of
Hy and 20 mL/min of He, and 2.5 mL/min of Oy and
22.5 mL/min of He, respectively. Before optical measure-
ments, the Au/TiOs sample was activated in situ in the
cell under Hy/He at 150 °C for 30 min.

3 Optical results and discussion

Figure 2 shows the K/S spectra of the catalyst under Hy
atmosphere (black dashed line) and under Oz one (red
continuous line). The K/S spectra, directly related to the
absorption of the Au NPs, are dominated by a sharp reso-
nance lying between 450 and 650 nm, centered at 541 nm
under Hs, and slightly shifted to 547 nm under Os. As
shown previously [21], this absorption is due to the plas-
mon resonance of the 3-D metallic gold NPs, and the po-
sition of the resonance corresponds to slightly flattened
particles supported on the TiOs substrate, with an as-
pect ratio close to 0.5. Such flat shape is in agreement
with truncated octahedral particles observed by High-
Resolution TEM [23]. An absorption tail is present above
700 nm (Fig. 2). The difference between the two spectra is
very small. Moreover, since several minutes were needed
to record each spectrum, it did not allow us to follow pos-
sible fast changes in the spectrum. Thus, in order to better
show the differences between the spectra when switching
from one gas to the other, and to monitor the changes as
a function of time, we used the home-made differential-
diffuse-reflectance spectrometer described above. Figure 3
shows the evolution of the DDRy,_.0, spectra obtained
after switching from Hs to Oz (a), and DDRo, 1, spec-
tra during the reverse process (b). In order to ensure that
the observed effects are due to the interaction of the sup-
ported Au NPs with O or Hs, the same kind of DDR
measurements have been performed with a sample of pure
TiOs, without Au NPs. The corresponding spectrum is
drawn for comparison in Figure 3a, and does not display
any optical response upon exposure to Os. Consequently,
the features of the DDR spectra measured on the Au/TiOq
sample can be unambiguously assigned to the presence of
Au NPs. The kinetics can also be followed by monitor-
ing the signal at different wavelengths as a function of
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Fig. 2. (Color online) Optical absorption (K/S) of the powder
catalyst in Hy (black dashed line) and in Oz (red continuous
line). The diffuse reflectance spectra were normalized to the
pure TiO2 one.

time. This is reported in Figure 4, where the DDR signals
measured at 600 nm and 1000 nm are plotted as a func-
tion of time during which Hy and O are switched several
times. Let us first discuss the spectra of Figure 3a. The
blue spectrum (1), recorded just after Oy has been intro-
duced in the cell (about 1 s), is dominated by a signal
at long wavelengths, starting above 600 nm. Two seconds
later, this signal has increased, and a small feature ap-
pears at short wavelengths, between 400 nm and 700 nm
(red spectrum 2). The spectrum continues developing with
time and progressively stabilizes to reach the black spec-
trum (curve 3). This spectrum that gives the difference be-
tween the catalyst in steady states under Os and under Ho,
clearly displays two features: the increase at long wave-
length that does not change significantly after 3 s, and
the short wavelength one, which appears as a derivative-
like curve with a maximum at 500 nm and a minimum at
600 nm. The changes at short wavelengths can be high-
lighted by taking the difference between the black spec-
trum 3 (O2/60 s) and the red spectrum 2 (O2/3 s), which
is drawn in Figure 3¢ (curve 1). The short wavelength fea-
ture is clearly related to the main plasmon resonance of the
metallic gold NPs centered at 550 nm (Fig. 2), and can be
understood as the shift of this resonance due to the expo-
sure to Os. Previously, we showed with similarly-prepared
catalysts that the modification of the plasmon resonance
due to exposure to Oy could be attributed to a slight
charge transfer from gold to oxygen species (0.05 electron
per gold surface atom), together with a slight flattening of
the 3-D gold NPs [21]. In other words, exposure to oxygen
leads to a loss of electrons by gold, that is, to some kind of
“oxidation” of gold atoms, probably due to adsorption of
oxygen species on the Au NPs. It cannot be deduced from
our results whether these oxygen species are adsorbed un-
der molecular or atomic form or where they adsorb: on
sites located on the Au particles or at the perimeter of
the contact area between the Au particles and the oxide
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Fig. 3. (Color online) DDR spectra when switching from Hs
to Oz (a) and from Oz to Hz (b); 1 s after switching to Oz (Hz)
(blue curve (1)); 3 s after switching to Oz (Hz) (red curve (2));
60 (100) s after switching to Oz (Hz) (black curve (3)); (c)
thick green curve (1): difference between curves 3 and 2 of (a);
red curve (2): same as curve (2) in (b). Curve (4) in (a) is the
DDR spectrum obtained on pure TiO2, without Au NPs.

substrate, as it has been also proposed [6-8]. The second
effect, that is a modification of the shape of the Au NPs,
is consistent with recent Environmental TEM experiments
performed by Giorgio et al., who showed that gold NPs
on TiO, displayed facets under 2 mbar of Hs, and were
reversibly rounded under 2 mbar of Oy [4].
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Fig. 4. (Color online) (a) Evolution of the intensity of the DDR signals at 600 nm (dashed black line) and at 1000 nm (continuous
red line) as a function of time during several Ha — Oz switches (b) enlargement at the first introduction of Oa.

The kinetics of spectrum changes at 600 and 1000 nm
upon exposure to Oy or to Hy is presented in Figure 4.
An enlargement corresponding to the first introduction
of Oy (Fig. 4b) shows clearly that the two features, at
long and short wavelengths, display different kinetics, the
one at 1000 nm develops within a very short time, of the
order of one second, while the second one at 600 nm ap-
pears with a delay of one or two seconds and stabilizes
after about 15 s. This indicates that these two resonances
may have a different physical origin as it will be discussed
below.

Similar effects are obtained when Os is replaced back
by Hs, and the corresponding DDRo,—, 1, spectra are
drawn in Figure 3b. The spectra after one and three
seconds under Hy (blue (1) and red (2) curves, respec-
tively) are dominated by the short wavelength feature be-
tween 400 and 700 nm. Curve 2 redrawn in Figure 3c has
the same shape with opposite sign, as the difference spec-
trum (1) obtained from Figure 3a. This shows that the
introduction of Hy first cancels the shift of the plasmon
resonance in the 3-D NPs induced by the previous expo-
sure to Oz. On the contrary, black curve 3 in Figure 3b
shows that it takes longer time before the long wavelength
feature starts to develop, and stabilization is obtained af-
ter about 80 s. The final spectrum is exactly the opposite
in sign of the steady-state spectrum shown in Figure 3a
(curve 3), which demonstrates the reversibility of the phe-
nomena.

A phenomenological conclusion can be drawn from
these results. The Au/TiO4 catalyst displays two changes
in its optical diffuse reflectance, a band shift at short wave-
length related to the plasmon of 3-D metallic gold NPs,
which occurs in the presence of Oy and disappears with
Hs in a time scale of about 10-20 s under our experi-
mental conditions. It was checked that the kinetics de-
pends on the Oy and Hy flow rates, and that these changes
are slower or faster with lower or higher flow rates. The
second resonance-like feature at long wavelength, above
600-700 nm, is extremely sensitive to Oy and is modified
almost immediately after the introduction of Oy into the
cell. However, when switching back to Hs, the initial state
takes longer time to be restored, which could be related
to the very reactive character of the sites and/or particles
towards Os, giving rise to the long wavelength resonance.

The origin of this long wavelength resonance-like fea-
ture, which is shown to be the most reactive towards Oo,
is an important issue, as the origin of the high catalytic
activity of Au/TiOs catalyst in the CO oxidation reac-
tion is still under debate. A first explanation which comes
to mind is the possible coupling of Au NPs. It is known
that pairs of Au particles display long wavelength plasmon
resonance because of their electromagnetic coupling. How-
ever, the TEM measurements performed on our samples
did not show any coupled or agglomerated particles. More-
over, the intensity of the long wavelength resonance is the
same for a 1% Au-loaded sample and for a 4% one, while it
would be expected to be larger in the 4% sample if it were
due to the coupling of the particles. Consequently, this
explanation can be ruled out. In our previous paper [21],
we modeled this feature as due to the change of the plas-
mon resonance of very flat metallic Au particles interact-
ing with Os; the plasmon resonance of very flat metallic
Au particles is indeed known to be red-shifted compared
to that of 3-D Au NPs. However, such very flat particles
(with an aspect ratio below 0.12 in order to have a reso-
nance around 1000 nm) with a lateral size of 2 to 4 nm,
would have a thickness of 1 or 2 monolayers, and might
not be expected to display any plasmon resonance [25].
Consequently, we explore in the following other possible
explanations for the long wavelength resonance.

The nature of the most active gold particles and the
location of the active sites in gold/oxide catalyst is a
hot topics and very controversial. Most authors agree
that the gold NPs should have sizes below 2 or 3 nm to
display high activity. Moreover, it has been claimed by
Herzing et al. [13], by use of aberration-corrected scan-
ning TEM performed on Au/Fe;O3 catalysts prepared
by co-precipitation, that the “high catalytic activity for
carbon monoxide oxidation is correlated with the pres-
ence of bilayer clusters that are ~0.5 nanometer in di-
ameter and contain only ~10 gold atoms”. This result is
in agreement with previous prediction that Au clusters
with a few atoms supported on MgO would be very active
towards the oxidation of CO [26, 27]. However, very re-
cently, using the same technique for Au/FesO3 prepared
via a colloidal path, Liu et al. [14] reached the opposite
conclusion: “for the current catalyst, gold nanoclusters
have diameters larger than 1 nm and bilayer structures
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and/or diameters of about 0.5 nm are not mandatory to
achieve the high activity”. From grazing-incidence small
angle X-ray scattering experiments, Saint-Lager et al.
also proposed that the active particles are actually 3-
dimensional [28, 29]. Bond proposed recently that the
transition between catalytic and non-catalytic particles
is related to their size, and that the transition occurring
around 2 nm corresponds to the transition between the
metallic and non-metallic characters of the particles, the
smallest ones being the catalytic ones [30]. As stressed
by him, the discrepancy between the results reported by
the different authors could be due to differences in the
distribution of sizes and shapes, and only the lower tail
of the size distribution (the smallest particles) could be
the primary source of activity. A 2 nm gold hemisphere
contains around 120 atoms. Small clusters with a number
of atoms of the order of one hundred are not expected
to have a well-defined metallic character and can rather
be considered as giant Au molecules with discrete atomic
levels [31, 32]. Whetten and coll. proposed that for Au
clusters, there is a “critical size around 2 nm for which
the electronic structure changes dramatically” [32, 33].
Such very small clusters display optical absorptions due to
molecular-like transitions between filled and empty elec-
tronic states. For instance, it has been shown experimen-
tally and theoretically that thiol-protected Augs clusters
display a transition around 680 nm with a shoulder around
800 nm [34-36]. HOMO-LUMO gaps equal to 0.85 eV
(1460 nm) has been calculated for protected Ausg clus-
ters [37], while optical experiments for Ausg showed a gap
of 0.9 eV, with a maximum of absorption at 1030 nm [38].
It has been shown also that bare Au hollow clusters with
3-D shape ranging between 23 and 42 atoms, which are
stable on MgO, display small gaps [39]. In the case of the
most stable 32-atom cages with icosahedral or truncated-
octahedral shape on MgO, the HOMO-LUMO gaps have
been found equal to 1.19 eV (1040 nm) and 1.23 eV
(1008 nm) [39], respectively. The case of intermediate
size (around 100 to 200 atoms) is not as clear [32]. Con-
sequently, an explanation for the optical absorption ob-
served in our experiments between 700 and 1100 nm, could
be the presence in our Au/TiOs sample of such type of
small Au clusters with molecular-like transitions.

Another alternative explanation for the long-
wavelength resonance can be proposed. It is known that
3-D Au NPs, with a size around 2 nm or above, have a
pyramidal shape, like for instance truncated octahedral
shape observed by TEM [23]. When such kinds of particles
with well-defined facets and edges have a metallic charac-
ter, both experiments and calculations have shown that
they can sustain several multipolar plasmon resonances
at different wavelengths, and that slight changes of the
edges (as the removal of some edge atoms) can strongly
modify the optical response of the NPs [18]. In our case,
it is possible that the long wavelength resonance could
be related to multipolar resonances in the supported Au
NPs with specific pyramidal shape. As the shape of the
Au NPs, especially their edges, appears to be modified
by exposure to oxygen as shown by environmental

TEM [4], such multipolar resonance could be modified
upon oxygen adsorption. From calculations, it has been
proposed that the reactive sites towards Os in the CO
oxidation reaction could be the Au peripheral atoms
located at the interface edges of the Au NPs, i.e. the
edges of the NPs lying at the interface between the Au
NPs and the TiOq substrate [6, 8, 40-42]. Therefore, the
adsorption of oxygen on these atoms could modify the
local electronic structure of the interface edges of the Au
NP, and therefore the corresponding resonances.

Whatever the origin of the long wavelength resonance
is, molecular-like clusters or specific edge sites of metallic
NPs, the concerned species are very reactive towards Oq,
as shown by the rapid change of the long wavelength reso-
nance when the sample is exposed to Os. This effect can be
understood as an “oxidation” of these clusters or sites, in
agreement to a recent theoretical prediction of a reversible
formation of Au-O “oxide” phase at boundaries of MgO-
supported Au clusters [43]. In spite of our observation, a
direct correlation between the species responsible for the
long wavelength resonance and the high catalytic activity
of the samples cannot be drawn so far from our results.
It is worthwhile mentioning that it has been proposed,
either by model calculations or experimentally, that un-
supported small Au clusters with 10 to 38 atoms [5, 44],
TiOg-supported Aujg clusters [45], ligand-protected Au
clusters [37], or Auss clusters supported on inert sub-
strates [46], could dissociate efficiently Oy and therefore
could play a main role in the oxidation of CO. On the
other hand, considering the large number of articles re-
vealing the influence of the nature of the oxide support on
the activity in CO oxidation for gold supported catalysts,
the assumption based on the existence of specific gold sites
at the gold nanoparticles-TiOy support interface has also
to be considered.

In conclusion, using real-time measurements of the dif-
fuse optical reflectance of a Au/TiO2 catalyst, we have
shown that two different kinds of optical resonances are
present. A short wavelength one corresponds to the usual
plasmon resonance of slightly flattened 3-D Au particles
and is modified by the adsorption of oxygen. A long wave-
length resonance which could be due, (i) either to small
Au clusters which display molecular-like transitions; or
(ii) to resonances related to specific sites located at the
edges of the facetted Au nanoparticles, possibly periph-
eral sites at the Au/TiO. interface edges. These specific
sites (small clusters, or edge atoms of NPs) are shown to
be very swiftly modified by the exposure to Os. Calcula-
tions of the equilibrium shapes, optical properties and Oq
ability to adsorb/dissociate on Au clusters or on edges of
small NPs supported on TiO9 surfaces would therefore be
a relevant issue to determine a possible relation between
the observed long-wavelength resonance, the presence of
small clusters or specific sites on edges of the NPs, and
their possible high activity. Aberration-corrected STEM
studies are in progress in order to determine the possible
presence of small clusters and the shape of larger NPs for
the Au/TiO, catalyst.
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