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Abstract

CO oxidation at room temperature was performed in aerobic and anaerobic
conditions, and High Energy Resolution Fluorescence Detection X-ray
Absorption Spectroscopy (HERFD-XANES) at Au L3 edge was used to study
gold catalysts supported on ceria in order to unravel the role of gold 5d orbital

modifications occurring during the activation of molecular oxygen. The



variations in the HERFD-XANES resonance peak, directly correlated with d-
band occupancy, were monitored in situ during the redox process. An
interesting oscillating behavior during the oxygen treatments was observed
and it can be related to a corresponding oscillation in the population of gold d-
orbitals during the oxidation of CO. The interpretation of X-ray spectroscopy

data is supported by ab initio simulations performed using the FDMNES code.
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Introduction

CO oxidation on supported gold nanocatalysts has been a paradigmatic and
pivotal problem in catalysis in the last three decades [1-11] and recent
literature confirms that it still remains an intriguing argument [12-16]. The
apparently simple reaction is difficult to understand because many factors,
such as the size of gold particle, the valence state of gold and gold interaction
with the support, would dramatically influence the catalysts activity. Normally
all these factors occur together, and disentangling their effects is difficult [7, 8,
10, 11]. This issue stimulated a long-standing scientific debate on the nature
of the gold active site, resulting in a virtuous synergy between theoretical and
experimental works [13,17,18,19]. However, model catalyst systems with
controlled gold oxidation states are difficult to obtain, and the identification of
the real active site for the CO oxidation is still a compelling subject, perfectly
suited for a direct experimental study of the reaction mechanism under
working conditions.

The details in the occupancy of the d-band of the supported metal catalyst
are pivotal for describing the origin of catalytic activity [19-22]. The CO
oxidation reaction gold catalyzed is usually interpreted explained according to
the so-called d-band model, in which substrate-adsorbate bonds are formed.
The strength of the new bonds depends on the position of the d-band center
such that a d-band closer to the Fermi level will result in stronger interaction.
The d-band center of bulk gold is located far below of the Fermi level [19].
However, as the size of gold clusters decreases below 5 nm, a significant
perturbation of Au electronic structure occurs. Upon nanoscaling, it has been
shown that gold d-band center shifts to energies closer to the Fermi level.
This affects the formed antibonding orbital originated by the interaction of the
molecule with the metal, which will have its energy shifted above the Fermi
energy level. Thus, the d-band center of gold reduces its occupancy resulting
less filled [19, 22]. Additionally to the the d-band shifts, the very high



dispersion of nanosized gold clusters lowers the number of hybridized
valence states: this in turn makes the d-band states distribution sharper and
more defined [13], with less significant splitting from spin-orbit coupling [19,
23].

In any case, the gold cluster size is not the only contributing factor to be
considered. The support oxide also directly influences the electronic structure
of the deposited gold clusters by different mechanisms, e.g. strain-induction
and charge transfer [15]. In this respect, a key structural argument used to
explain the high activity of metal oxide supported gold clusters is based on
the idea of peripheral sites formed at the junction between the gold cluster
and the substrate [11,15]. These peripheral atoms are supposed to show high
activity towards adsorption, due to the higher coordinative unsaturation in
comparison with the bulk ones, and to be the preferred sites where the
reaction takes place. However, the evidences on gold-catalyzed CO oxidation
are still not fully conclusive, and at times even contradictory.

For instance, it was reported that gold octamers (Au8) bound to oxygen-
vacancy F-center defects on Mg(001) are the smallest clusters capable of
catalyzing the low-temperature oxidation of CO to CO2, while clusters
deposited on undefective surfaces remain chemically inert. The charging of
the supported clusters plays a key role in promoting their chemical activity
[18]. Guo et al. showed that the metallic gold component in clusters are much
more important as active sites than Au* species for the CO oxidation [14, 16].
Moreover, against the general speculation that the active sites are immobile,
it has been shown that Au clusters are not rigid in operating conditions. While
large Au nanoparticles effectively remain rigid, very small Au clusters lose
their internal structures and become almost disordered, inducing considerable
sizable rearrangements and resulting in the formation of cyclically
"uncoordinated" atoms on the surface [18]. On the other side, other authors

claimed that the single gold atoms dispersed in a reducible defective support



are the real active species [24, 25]. Irrespective of all the possible structural
scenarios, which are not able to fully explain the electronic modification
occurring in the metal particles, it is commonly accepted that the charge
transfer, originating by metal-support interaction, induces a local perturbation
in the electronic structure of the gold clusters. Such a perturbation is mostly
located around the cluster itself, or at detached atom sites, and depends
strongly on catalyst pre-treatments that may influence the electronic state of
gold species (Au®*, Au®, Au®) [26]. The changing of the metal electronic state
allows the 1™ antibonding orbital of oxygen to interact with the metal d-band.
As the antibonding orbital occupancy rises, the O=0 bond is weakened and
stretched, and it's therefore activated to react with CO [11, 20, 22, 27].
Interestingly, the mechanism by which molecular oxygen is activated
indicates the (transient) formation of gold-oxygen complexes, which activate
O2 on the gold particles [16, 20, 28]. Notably, the activation is detected as an
increase of the Au Lz XANES resonance peak, which indicates the
corresponding gold d-band occupancy. However, important questions
concerning the reversibility of the gold-oxygen complex formation, its
evolutions, and the possible restoration of metal-support interaction during
the oxidation process are still unsolved.

In recent literature, conventional X-ray absorption spectroscopies, which are
able to solve the gold local environment in different chemical conditions, are
still the main characterization techniques [16, 20-22, 26-29]. The XAFS
signal, as it happens for bulk analytical techniques, arises from the
combination of all gold atoms. Unfortunately, due to the low resolution
achievable in a conventional XAFS experiment, the variations in the d-band
occupancy (i.e. the XANES region) are hard to be highlighted and interpreted.
The high-energy-resolution fluorescence detection (HERFD) technique can
then be used to overcome limitations of conventional XAFS techniques,

acquiring the intensity of a single fluorescence line corresponding to a



specific excited state decay, using a narrow energy resolution. In situ
application of HERFD XAFS to several catalytic systems has recently given
fundamental insights in structure-properties relationships [30, 31].

In this work, we prepared gold catalysts supported on ceria through the
deposition/precipitation method, and performed in situ HERFD-XANES during
the CO oxidation reaction performed both in anaerobic and aerobic
conditions. Ex-situ XRD and XPS characterization provided information on
the geometrical structure and surface chemical composition of the catalysts.
The variations in the HERFD-XANES showed an clear oscillating behavior
during the oxygen treatments which have been related to a corresponding
oscillation in the population of gold d-orbitals during the oxidation reaction.
Moreover, in aerobic condition, the d-band reaches an intermediate state
which corroborates the dynamic role of the gold clusters during the catalysis.
Modeling of the Au L3 edge features were performed by ab initio simulations
using the Finite Difference Method Near Edge Structure (FDMNES) code
[32].

Experimental Section

Catalyst Preparation

Au/CeO: powders, with an Au loading of 1.0 and 3.0 % w/w (determined by
ICP-AES), were prepared by homogeneous deposition/precipitation method,
using urea as precipitating agent [33, 34]. Hereafter, the resulting catalyst is
labelled as “fresh sample”. A reference gold catalyst supported on carbon
substrate (Au/C sample) was purchased from Premier Chemicals Limited, UK
(NanAucat™ Gold Oxidation Catalyst).

X-ray diffraction (XRD)

XRD measurements were carried out with a Bruker D5000 equipped with a



Cu anode (Ka radiation A=1.5418 A) and a graphite monochromator. A
proportional counter and a 0.05° step size in 20 were used. The assignment
of the crystalline phases was based on the JPDS database. As evident in the
XRD patterns of the Au ceria supported catalysts, showed in fgure S1, any
metal particles were detected. In agreement with previous work, this
suggested an average custers size below the 4 nm.[29, 33, 34] For the Au/C
sample the average particle size of gold clusters was calculated using the

Scherrer equation, indicating 2.8-3.5 nm cluster size.

X-ray photoelectron spectroscopy (XPS)

XPS analysis were performed by a VG Microtech ESCA 3000 Multilab
spectrometer with Al Ka source (hv= 1486.6 e€V). The binding energy scale
(BE) was charge compensated by using C 1s peak (BE = 285.1 V) from
adventitious carbon. Curve fitting was performed with Voigt peak shape after
Shirley background subtraction according to Sherwood [35]. Relative
concentrations of chemical elements were calculated by a standard
quantification routine, including Wagner’'s energy dependence of attenuation
length [36] and a standard set of VG Escalab sensitivity factors. The
uncertainty on the atomic quantitative analysis is about + 10%. Assignment of
photoelectron signals and peak components was determined according to
literature reference database [37]. The results of the analysis are reported in
figure S3 iin the ESI file.

In situ HERFD-XAFS

X-ray absorption spectroscopy measurements were carried out at the high-
brilliance XAFS-XES beamline ID26 and at the Inelastic Scattering beamline
ID20 of the European Synchrotron Radiation Facility (ESRF) in Grenoble,
France [38, 39]. In situ and ex situ HERFD-XAFS measurements were
performed at room temperature using the “microtomo reactor” available at
ESRF.



The gas atmosphere in the reactor was controlled by three mass-flow
controllers (Bronkhorst). The catalyst was exposed to different atmospheres
as follows: pure He, 1% CO in He, and 20% O:2 in He (Air Liquide). The
reactor exhaust was connected to a mass spectrometer (Pfeiffer QMS200),
which mainly was used for monitoring the CO2 formation during the HERFD-
XANES evolution (see figure S3 in ESI file).

All X-ray spectroscopic measurements were performed in situ under constant
flux (20 mL min™") of gas through the reactor.

Each treatment cycle consisted of an exposure to CO and O:in succession,
for 50 min and 30 min, respectively. Before each gas switch, the reactor was
purged for 5 min with helium.

In order to avoid radiation damage, HERFD-XANES spectra were acquired
every 10 s between 11900 and 12080 eV, with a continuous energy scan and
in 200-380 different spots of the pelletized powder sample. For each
measurement, different points of the pellet were scanned and then all the
scans were summed up. For the in situ measurements, the spectra were
recorded with the same energy steps and energy interval every 15s. In this
case, 180 different spots were scanned on the sample in order to follow the
structural kinetic for one hour. Full HERFD-EXAFS spectra, collected as the
static XANES but over a 600 eV range, were also measured under steady-
state conditions and used to normalize the intensity of the HERFD-XANES

data.

HERFD-EXAFS data analysis

HERFD-EXAFS spectra (two scans per sample) were energy-calibrated,
averaged and further analyzed using GNXAS [40]. In this approach, the local
atomic arrangement around the absorbing atom is decomposed into model
atomic configurations containing 2, ..., n atoms. The theoretical EXAFS signal

c(k) is given by the sum of the n-body contributions v?, v3, ..., y" that take into



account all the possible single and multiple scattering (MS) paths between
the n atoms. The modeling of y(k) to the experimental EXAFS signal allows to
refine the relevant structural parameters of the different coordination shells
(see figure S4 and S5 in the ESI file). The quality of the model is also
checked by comparison of the experimental EXAFS signal Fourier transform
(FT) with the FT of the calculated (k) function. The coordination numbers
and the global fit parameters that were allowed to vary during the fitting
procedure were the following: the distance R(A), Debye-Waller factor (c?) and

the angles of the y"” contributions. The edge energy Eo was fixed at 11919 eV.

HERFD-XANES data analysis

HERFD-XANES spectra at the Au L3 edge were modeled using the Finite
Difference Method Near Edge Structure (FDMNES) software [41, 42]. The
simulations were performed by using the multiple scattering theory based on
the muffin-tin (MT) approximation for the potential shape of the Green
scheme. The MT radii were tuned to have a good overlap between the
different spherical potentials. A relativistic spin-orbit calculation was
performed and the Hedin-Lundqvist exchange potential was applied. The
approximation of excited absorbing atoms was used, which, in this case,
better reproduced the experimental data [41]. In order to model the variations
in the average electronic occupancy on the metal particles during the
reaction, the semi-empirical parameter screening was used. [42] In this
respect, a set of Au L3 edge spectra, corresponding to different values of
screening were calculated. Then, the calculated spectrum was matched to
the experimental data set for best agreement. This scheme of calculation was
repeated for different clusters radii from 6 to 10 A (see Figure XANES in ESI).

Results and discussion

1. Au XANES features



The XANES region of the X-ray absorption spectrum provides information
about the density of states above the Fermi level. In Figure 1 the static
HERFD-XANES spectra of 3% Au catalysts, together with those of different
gold references, are comparatively shown. In Panel | three main features: a,
b and c of the experimental spectrum are highlighted. In particular, peak a is
commonly known as the “white line”, and it is due to 2ps2 — 5dsp2,32
transitions [20, 22, 23, 28, 29, 43, 44]. For metals with vacant d-orbitals this
resonance is a sharp peak, and its intensity reflects the density of the
unoccupied d states. This explains the very sharp white line in the gold(lll)
reference spectrum compared to the other spectra (see inset Figure 1), due
to empty 5d states,. The white line is in contrast quite suppressed both in the
gold foil and in Au/C, as evidenced in Figure 1. On the other hand, a small
peak is clearly visible in Au/CeO:..

In the case of Au metal clusters, the 5d band is nominally full and, therefore,
no resonance peak is expected. However, hybridization of the 5d orbitals with
the overlapping 6s and 6p orbitals determines an overall charge redistribution
resulting in a small amount of 5d holes above the Fermi level [45, 46].
Moreover, the charge distribution and the relative occupancy, which is
affected by the cluster size, can be affected by ligand binding and by
interactions with the support [43-45]. Then, even in the absence of ionic gold,
the presence of a resonance peak is an evidence for such an electronic
perturbation, which increases the 5d-hole populations [45, 46]. It is important
to notice the resonance peak cannot be modeled as the sum of ionic (either
Au** or Au*) and Au® components. In fact, fitting of the spectra using
component analysis finds Au cations at about 8-10% or 30-40%, depending
on the cationic reference spectrum (Au** or Au*) used in the analysis. This is
in spark contrast with the reported XPS results (see below), where the ionic

contribution cannot exceed 3% overall. In addition, such a component



analysis can only be applied to a very limited energy range of the spectrum,
in which the peak is present, lacking robustness.

The Au 4f XPS analysis shows a single Au 4f7» peak assigned to Au®in 3%
Au/Ce02[35, 37, 45], with no evidence of oxidized gold species. For the 1%
Au/CeO2 a secondary small component is attributed to Au® [35, 37, 47],
corresponding to about 25% of total peak area.

It can be inferred that the increased resonance peak mainly brings a

contribution accountable to the metal support interaction [29, 44-46].

1 — 3% Au/C I
l l — 3% Au/CeO,
I — 1% Au/CeO,
1=
@ Au foil a
% — 3% Au/C %
x — 3% Au/CeO, x \
3 — AuL 3 1
5 — AW 5
=05+ utls 3
E | E05- [ o5k
S 1 S '
I AT T S S S S N N S RN
0~ o oA 1 I 11910 11920 11930 11940 11950
11920 11940 11960
energy (eV) energy (eV)
P T S| Loy vy | IR R Ly vy Y./ NN I I A I I A I S I A A A I |
07920 11940 11960 11980 12000 11900 11925 11950 11975 12000 12025 12050 12075 12100
energy (eV) energy (eV)

Figure 1. Panel I: XANES spectra of 3% Au/C (black), 3% Au/CeO2 (red), Au
foil (orange), gold(l) (dark green) [(C:Hs)sPAuCl] and AuCls (blue). The main
peaks are labeled as a, b and c. In the inset, the whole intensity of the Au®*
white line is compared to others. Panel |I: Comparison of 3% Au/CeO: (red)
with 1% Au/CeO2 (blue) and Au/C sample (black). The arrows highlight the
strong similarities between 1% and 3% Au/CeOa..

The two peaks labeled b and ¢ in Figure 1 give information about the gold
atomic arrangement. Remarkably, these peaks are diagnostic for the fcc
atomic arrangement with more than two coordination shells and they are
connected to the lattice parameter and the size of the metal gold clusters
[43,44]. As the cluster size decreases, a shift towards higher energies and a
broadening of the peaks occurs. Since peaks b and ¢ are very similar in all

the supported samples, it can be argued that, irrespective to the different



support used, the gold catalysts have comparable metal clusters dimension
(see Figure 1, Panel II).

2. In situ HERFD-XANES

In situ measurements were performed to follow the Au electronic state
variations occurring during a redox cycle at 298 K, monitoring the resonance
peak relative to 2p — 5d transition (peak a).

Results of the in situ measurements collected during the reducing treatment
in CO are reported in Figure 2. After switching from inert gas to CO, an
induction time (about 10 min) is observed before reduction. Upon reduction,
an abrupt decrease of the resonance peak occurs, about 10% of the
normalized peak intensity.
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Figure 2. Panel A: Evolution of HERFD-XANES spectra of 3% Au/CeO:
catalyst during the CO treatment. Panel B: 2D projected intensity map



(time/energy) relative to panel A. Panel C: Superimposed XANES spectra, of
Au/Ce0O2 and Au/C during the CO reduction. For sake of clarity the kinetic
has been divided before and after the time trq (indicated by the red line in the
panel) indicatind the beginning of the reduction. Panel D: Relative intensity of
the peak maximum minus the averaged reduced spectrum.

The reduction of the peak intensity is expected. CO reduces the ceria support
inducing a strong modification of the oxide surface on which gold resides [48].
Ultimately, the metal-support interaction, arising from metal clusters with the
surface oxygen bound with the support, is completely inhibited. The 5d band
of gold is filled and then a decrease of the resonance peak is observed. No
variation of the resonance peak was detected when the same reaction

performed on the Au catalyst deposited on carbon, as shown in Figure 3.
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Figure 3. Panel A: Evolution of HERFD-XANES spectra of 3% Au/C catalyst
during the CO treatment. Panel B: 2D projected intensity map (time/energy)
relative to panel A. Panel C:. XANES spectra. Panel D: Relative intensity of
the peak maximum minus the averaged reduced spectrum.



Figure 4 shows a full redox cycle carried out immediately after the exposure
of the CO. After 5 min of oxygen treatment, an increase of the XANES
resonance peak is detected. Then, an oscillating behavior begins, resulting in
an increase and decrease of the peak intensity during the whole oxidation
process, as evidenced in Panels B and C of Figure 4. After switching to CO, a

sharp lowering of the resonance peak was again observed.

He+O,

A l B 11935 e 12
He+CO ) H
12 .
N 12 l _11930 |
;ZEOI i > 08
8
g) ’;&1925 He+0 He+CO 3
v 0.6 2 l 4 06
N o
=04 Ny 5 l
g ‘ 11920 F 41 04
£ 02 o TAVAWAY
g . -~ >4 02
Yots 705 0 11915 | max Intensity behaviour 1
11920 5015t o L R I U
Energy [eV] 11930~ v._,.---ggaozs Time [min] 0 S5 10 15 2025 30 35 40 45
1193574540 Time [min]
_ max intensity behaviour
C [%f 4 A0,=>CORT, B8 D
1 \ - I\

8 Zoas; 7 /

z & 016 | .
ol '

§ Z o2} \ .

2 x o?:é} .}

'_iO 5 - 8 " ﬂ gfc;i‘ -

g 0 min o = 1" reduced Z o0z} .

s t during O, t during CO = % > e -

S — fresh — fresh ey

0 P— et 1 PR BT S
11915 11920 11925 1915 11920 11925
energy (eV) energy (eV)

Figure 4. Panel A: Evolution of HERFD-XANES spectra of 3% Au/CeO:
during the O2/CO redox cycle. Panel B: 2D projected intensity map
(time/energy) relative to panel A. Panel C: XANES spectra. For sake of clarity
the kinetic has been divided before and after the time treq (indicated by the
red line in the panel) in which the reduction starts.Panel D: Relative intensity
of the peak maximum minus the averaged reduced spectrum.

The difference obtained in the two subsequent experiments is conclusive to
distinguish a different d-band occupancy in reduced and oxidized state.
A similar trend was observed also for 1% Au/CeQO2, as summarized in Figure

5. In these plots, average d-band occupancy is probed through peak intensity,



and three different values can be singled out and correlated to different redox
condition: fresh, reduced and oxidized. The comparison evidences that the
peak intensity decrease is delayed by 20 min and the oscillating behavior is

less evident in 1% Au/CeOs.. All considered, the average d-band occupancy is

similar to that obtained for 3% Au/CeOQ>, as shown in Figure 5.

'3%Au - AUCCO  [3%Au -~ AuCCO ‘1%Ay  — AUCCO [ 1%Au  — Au/CCO
112 — Au/CeriaHe [ — Au/Ceria He 1120 Au/Ceria He - Au/Ceria He
TE ~— Au/Ceria CO + — Au0, "—-Au/Ceria CO r - Au/Ceria O,

|

\ i Al
» ’ l ww _ | ’H } lHII “'
5,10 nl\ 51.04 | | ]“
0] () | N
< < et
¥ 1 s COswitch) &  1f AR AL J,
o f TR o L 1
Q L L . \ Q ‘ ‘ "

0.965 | : i TN 1 0.96 ab i [ i

it s N A A b ,

W i R WU Al Rk I W MH

VAR IO T Tty ST S, ' | 1 A
0.92?‘ h."’{;ﬂ;i,‘;‘.;" At ?:Eﬁ‘i 1 ‘ 092 ! . || kh

ot 's'g ANl b 'r'g | - LR Il

Loty L T IS I . 0885, 1t et Bt e
08851530 30 40 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

time (min) time (min) time (min) time (min)

Figure 5. Time-resolved peak intensity for 3% Au/CeO2 (left panel) and 1%
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for comparison.

A further fresh 3% Au/CeO2 sample was exposed to a CO/O2 mixture (Figure
6), and a continuous decrease of the resonance peak was observed.
Interestingly, after 25 min, the resonance peak reached a constant trend,
whose average value matches the one obtained in the re-oxidation reaction of
the reduced sample. This value lies between those obtained for the fresh and
the fully reduced catalyst. This result, compared with those achieved in the

other cycles, is summarized in Figure 7.
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oxidation. The results measured in O2 were time-shifted for better
comparison. Results of Au/C reduction in CO are reported as a reference.

3. XANES modeling and discussion

As expected, the CO oxidation reaction mechanism is different in the aerobic
and anaerobic condition. In anaerobic conditions, and abrupt change of d-
band occupancies correlated with the sudden change of the resonance peak
is observed after an induction period. CO conversion starts as soon as the
CO/He mixture reaches the catalyst, as withessed by the mass quadrupole
signal out of the reactor. The CO oxidation involves the consumption of
oxygen atoms, either adsorbed or in the lattice. The latter process leads to
the reduction of surface or subsurface Ce(lV) species, and it does not result
in any modification of the metal gold clusters [48, 16, 22]. After the oxygen
depletion of the support surface layer, bulk reduction takes place, and the
metal clusters are fully reduced losing their interaction with the support as
well [47]. So during the CO oxidation reaction in anaerobic condition, most
oxygen atoms are provided by the ceria support, which, will be strongly
defective at the end. When the re-oxidation of the sample starts, molecular
oxygen is first bound on the metal cluster surface. Therefore, the 5d band
occupancy decreases, and a corresponding increase of the resonance peak
is detected. In this step, molecular oxygen is activated and it can be
conveyed to the ceria lattice in order to refill the O% vacancies in the support
[49]. The transfer of activated oxygen to the oxide, breaking the Au-O bond,
corresponds to an increase of the gold 5d band occupancy, with the
consequent lowering of the resonance peak (see Figure 4). It can be argued
that, during the oxygen migration in the ceria lattice, an induction is needed
before the metal can adsorb O2 again. During this time, the gold cluster keeps

the 5d band full, so no relevant change of the resonance peak is observed.



The acquisition time used for the in situ measurements (10 s) is definitely
slower than the turnover of oxygen reduction. Therefore, the time averaging
of the sample in different d-band occupancies could explain the irregular
oscillating behavior.

A different scenario occurs when CO oxidation takes place in the presence of
oxygen (aerobic conditions). In this case, molecular oxygen adsorbed on the
metal surface, or in contact with the Au cluster, is activated and reacts directly
with CO [49]. Due to the simultaneous process of emptying and filling the Au
5d band, an average occupancy value is reached, which results in a smooth
variation of the resonance peak. The gradual decrease of the white line lasts
around 15 min before reaching the eventual average value (see Figure 7):
therefore, an initial structural rearrangement of the metal clusters and the
formation of active gold-oxides species must be taken into account [13,15-16,
22, 28, 49-51].

In order to validate the hypothesis that the variation of resonance peak upon
the different chemical treatments can be ascribed mainly by the variation of
the d-band occupancy, the XANES spectra were simulated from first

principles with the FDMNES package (Figure 8).
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Figure 8. HERFD-XANES spectra and simulations of 3% Au/CeQO>. Panel A:

Normalized HR-XANES
Normalized HR-XANES




Observed spectrum reduced in CO (black), and model (red). Panel B:
Observed spectrum re-oxidized in O2 (black), and model (red)

The key parameter to reproduce the variable 5d band occupancy is the semi-
empirical correction term screening. By changing the screening parameter,
the electronic charge in the non-full valence orbital of the absorber is modified
by placing an additional electron in the first non-occupied state, while the
absorbing atom remains (almost) neutral [52, 53].

Within the energy range of interest, all main features of the electronic band
structure around the Au L3 edge are reasonably well reproduced by applying
screening values of 0.9 for reduced catalyst. For the fresh and re-oxidized
screening was kept at the default value of one, representing the fully removed
core electron. The fact that the positive core-hole charge is not fully screened
(only 0.1 charge missing in the unoccupied level) suggests to a correlation
effect caused by the presence of the excited 5d electron hindering the
screening process [52] which corroborates the possible interaction of the
metal cluster either with the ceria support or the adsorbed oxygen molecules.
The fact that screening value is not needed for the reduced sample, reflects a
more filled 5d orbital, which is connected in turn to a Fermi energy that shifts
upward, with respect to the fresh or oxidized samples. Notably, the metal
cluster radius considered in the model is 9 A, which is the best size to
reproduce the peaks centered around 28 and 49 eV after the main edge. The
cluster size is in good agreement with the average coordination numbers
obtained in the EXAFS analysis reported in ESI. In addition, no cationic
species were considered in the calculation showed in Figure 8.

The increase of the resonance peak in gold ceria catalyst after exposure to
oxygen is not fully surprising and it has been already reported in the literature
[16, 22, 26]. However, it is worth noticing that calculations here reported
suggests that the increasing of the resonance is not related to the oxidation

of the gold clusters but rather it corroborates a depleting of the metallic band



which, eventually indicates a partial positive charging of the clusters.

In comprehensive studies, it has already been reported that ionic gold is not
participating in the oxidation of CO [16, 26]. In addition, it was also suggested
that the small gold clusters are the only active species, so the catalytic activity
is related to bridged surface groups adsorbed on interfacial Au atoms of these
small particles which, for instance, in the case of water shift gas reaction are
the OH groups [16]. In constrast with the reported results, [14,16,26] which
were obtained with low resolution XAS, our findings prove the existence of
partially charged metal clusters originated by the temporary empyting of the
gold d band during the oxidation reaction.

Moreover, the results support the possible mechanism of CO oxidation over
Au/CeO:2 catalyst in which molecular oxygen adsorbs onto defect sites at the
gold—ceria interface and are consumed by reaction with adsorbed CO. In this,
lattice oxygen from the support is consumed by reaction with CO and

replenished by molecular oxygen [49].

Conclusions

Nanosized gold catalysts supported on ceria are investigated by in situ
HERFD-XAFS at the Au L3-edge during treatments with O2 and CO, and
time-resolved measurements revealed the active role of 5d orbitals from Au
metal during the CO oxidation. Experimental data evidenced that the
occupancy of the 5d band is reversible when reductive or oxidizing conditions
are switched. An oscillating behavior of the XANES resonance peak is
evident during the O2 treatment oxygen, which can be related to the
oscillating variation of the population of 5d band during the oxidation process.
XANES spectra were also modeled ab initio, confirming that the variations in
the 5d band occupancy result in variations of the core-hole screening.
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