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SUMMARY

Ceria is important for catalysis due to its ability to form and utilize
oxygen vacancies during redox reactions. Understanding the dy-
namic formation of the oxygen vacancies has contributed to the
development of efficient catalytic processes. Here, we demon-
strate the presence of oxygen vacancy clusters in the bulk of ceria
and gold/ceria catalysts upon anaerobic carbon monoxide oxida-
tion and describe their interplay with the orbital hybridization of
Ce3+ 4f and 5d states. Observations are made using in situ X-ray
Raman scattering spectroscopy at O K- and Ce N4,5-edges and in
situ X-ray diffraction. These, combined with multiplet calculations,
allow detection of the formation of Ce3+ in gold/ceria upon low
temperature carbon monoxide oxidation. The modifications
observed at the O K-edge reflect the rearrangement of the bulk
oxygen sublattice. Density-functional theory calculations show va-
cancy ordering in the bulk, and explain modifications at the O
K-edge, involving the hybridization of the Ce 4f and 5d and O 2p
orbitals.
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5AristEng S.à r.l., 77, Rue de Merl, L-2146
Luxembourg City, Luxembourg

6Dipartimento di Fisica e Chimica ‘‘Emilio Segrè’’,
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INTRODUCTION

The CO oxidation reaction in anaerobic conditions on reducible oxides is one of the

most widely studied processes in heterogeneous catalysis. This apparently simple

reaction is paradigmatic and relevant for understanding a number of important pro-

cesses from the water-gas shift used for the production of hydrogen to the oxidation

of hazardous volatile organic compounds.1–9

Among the wide variety of reducible oxides used as a support, ceria (CeO2) re-

mains unique due to its remarkable oxygen storage capacity and redox proper-

ties.1,2 These originate in the easy switching between Ce4+ and Ce3+, creating ox-

ygen vacancies that are easily accommodated in the anion sublattice.1–11 Ceria

therefore enables reduction and oxidation reactions via the uptake and release

of oxygen. The high activity of gold nanoparticles supported on ceria toward the

oxidation of CO to CO2 has been explained by the increasing of the vacancy for-

mation process, which is ultimately linked to an improved oxygen release.12 In this

scheme, the surface oxygen atoms are directly involved in the oxidation and thus

result in the formation and bulk migration of lattice oxygen vacancies.13–15 The

adsorption and reaction are expected to occur especially in the peripheral sites

located at the metal-support boundary.13,16 The formation of a Schottky junction

at the interface with the Au particles might also enhance the formation of oxygen

vacancies.17
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The formation of oxygen vacancies is connected to an electronic change in the ceria

support according to the followingdefect-chemical equation:OX
O=V,,

O+2e�+1/2

O2(g), where OX
O is a lattice oxide ion, and V,,

O is an oxygen vacancy carrying a rela-

tive double-positive charge.17–19When lattice oxygen (formally O2�) is removed dur-

ing the CO oxidation step, the two excess electrons can be accommodated by the

reduction of support cations,13,14,18 and localize on empty f states of the Ce4+ ions

resulting in the change of valence to Ce3+ due to small polaron hopping.19

In this context, the following critical points remain open questions in current catalysis

research on ceria based materials: (1) the oxygen vacancy formation mechanism, (2)

the electronic modifications at the Ce sites, and (3) how the latter two factors evolve

during CO oxidation.19,20 Several fundamental studies have been performed in the

last two decades on how the oxygen vacancies are created and organized in ceria,

especially at the surface and what are the accompanying electronic modifications.

Esch et al. described how oxygen vacancies, immobile at room temperature, cluster

together at higher temperatures to form linear aggregates, which are the dominant

defects on reduced ceria (111) surfaces.19 These clusters expose only Ce3+ ions to

the reaction gas, while the sites adjacent to these aggregated defects are

Ce4+.21–23 Remarkably, the subsurface vacancies facilitate catalysis, since they

enable a further release of surface oxygen, and stabilize the formation of linear ox-

ygen vacancy clusters. Torbrügge et al., analyzing a highly defective system in cryo-

genic conditions, studied the interaction of surface and subsurface oxygen va-

cancies, which results in open linear defect clusters.24 To complete this scenario

with electronic considerations, Jerratsch et al. evidenced the splitting of the filled

Ce3+ f levels due to the variation in their chemical environment occurring with the

vacancy formation.25 Several other theoretical studies were concerned in particular

with the mutual position of Ce3+ and oxygen vacancies in the lattice.20,26–31

So far, the investigations of oxygen vacancy organization in clusters have been

focused on the existence of superficial or sub-superficial oxygen defects. The elec-

tronic modifications occurring in the bulk of the ceria support have remained much

less investigated and reported mostly in theoretical works.26–33

Recently, the possibility to locate the vacancies formed in the bulk of ceria has

received renewed attention. Mehmood et al., using photoelectron techniques,

strived to provide a quantitative determination of the different oxygen vacancy con-

centrations, decoupling them into surface-filled, subsurface-unfilled, and bulk con-

tributions.32 Recent neutron studies have also revealed a partially reduced ceria

phase with long-range ordering of oxygen vacancies.33,34

The evolution of oxygen vacancies in the bulk of ceria also upon thermal and chem-

ical treatments is still rarely investigated, and there remain fundamental and unad-

dressed questions. Clarifying the possible formation of oxygen vacancy clusters in

the bulk represents a big leap in the understanding of the working conditions of

oxidation reactions on ceria catalysts.

Since the oxygen vacancies and the formation of Ce3+ occur concurrently, some au-

thors exploited the Ce L3-edge as a probe for oxygen defectivity. In this respect,

both static and in situ X-ray absorption near-edge spectroscopies (XANES), possibly

within high-energy-resolution fluorescence detection (HERFD) mode, have been

used. Especially for the low-resolution experiments, the mixing of the f and d orbitals

of Ce3+ makes the spectral variation, which is mainly characterized by the Ce4+ fea-

tures, hard to recognize, and the detection of Ce3+ remains challenging and far from
2 Cell Reports Physical Science 4, 101699, December 20, 2023



Figure 1. In situ XRD results

Upper panel: Thermal evolution of cubic lattice parameter of CeO2 up to 800�C CeO2 in air (red)

and in CO (blue), and 1%Au/CeO2 in CO (green): the effect of thermal expansion is shown as a black

line. Lower panel: fraction of Ce3+ in CeO2 in air (red) and in CO (blue), and in 1%Au/CeO2 in CO

(green). The error bars are obtained according to Rietveld analysis.
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unambiguous. Ultimately, only an indirect information on the state of oxygen spe-

cies can be obtained.35–39

In this study, we show that the electronic modifications of the anion sublattice

induced by the oxygen vacancy formation in the bulk, can be unveiled by measuring

the O K-edge via X-ray Raman scattering (XRS) spectroscopy on both ceria and Au/

ceria during a CO oxidation reaction. XRS exploits hard X-rays to measure the K ab-

sorption edge of oxygen and the N4,5-edges of cerium, avoiding the need for high

vacuum and therefore circumventing the constraints of soft X-rays. Therefore, XRS

offers the unique advantage to provide direct information on the bulk, usually inac-

cessible to valence-level spectroscopies.40–42 Remarkably, we show here that the in

situmeasurements at the Ce N4,5-edges provide a powerful tool to monitor the Ce3+

formation during the chemical treatment.

The in situ XRS measurements are modeled by combining ab initio density-func-

tional theory (DFT) calculations and multiplet analysis. Exploiting the parallel infor-

mation from in situ XRD to evaluate the total Ce3+ fraction,43,44 a correlation of

the modifications occurring in the oxygen sites of ceria bulk and the formation of va-

cancy clusters is established.

The combined information from experiments andmodeling clarifies the oxygen clus-

ter formation and the electronic modifications in the bulk. The impact of gold atoms

deposited on ceria and their effect on the vacancy clusters are also discussed.
RESULTS AND DISCUSSION

XRD results

Lattice parameters of CeO2 and 1%Au/CeO2 (Figure 1, upper panel) clearly show lat-

tice expansion as a consequence of oxygen evolution from the bulk, as expected in

reducing conditions, and confirm the significant presence of Ce3+. The effect of
Cell Reports Physical Science 4, 101699, December 20, 2023 3



Figure 2. Evolution of XRS spectra at different temperatures

Evolution of the Ce N4,5-edges in the low-q and high-q ranges upon CO treatment at different

temperatures for CeO2 (left) and 1%Au/CeO2 (right). The arrows show the evolution of the spectra

upon CO oxidation with increasing temperature from 25�C to 600�C. The spectrum of fresh CeO2

coincides with that one collected at 25�C after CO treatment. No differences were recorded.

ll
OPEN ACCESS

Please cite this article in press as: Longo et al., Oxygen vacancy clusters in bulk cerium oxide and the impact of gold atoms, Cell Reports Physical
Science (2023), https://doi.org/10.1016/j.xcrp.2023.101699

Article
thermal expansion alone (a = 1.271*10�6�C�145) is shown for comparison. Based on

the error bar values for pure ceria, it can be concluded that the formation of Ce3+ is

negligible in the examined temperature range and during the air treatment (red

squares in Figure 1, upper panel). Upon CO oxidation, the cubic cell size of both

CeO2 and 1%Au/CeO2 increase. More specifically, a stronger expansion is observed

for 1%Au/CeO2, compared with CeO2, reaching 5.56 Å vs. 5.51 Å at 800�C.

The amount of Ce3+ was determined (see Figure 1, lower panel) as described in Mar-

rocchelli et al.46 Up to 200�C, the concentration of Ce3+ is negligible in all samples,

increasing to nearly 25% in CeO2 under CO flow at 800�C. The presence of gold

nanoparticles enhances the formation of Ce3+, reaching almost 50% for 1%Au/

CeO2 at 800�C. All XRD patterns are shown in the SI.
XRS Ce N4,5-edges

The evolution of XRS spectra at the Ce N4,5-edges in the low-q and high-q ranges

upon CO treatment at different temperatures for pure CeO2 and 1%Au/CeO2 cata-

lyst is shown in Figure 2. The spectra show that the non-dipole multiplet structure is

highly sensitive to the redox treatment, having a clear impact on the 4f occupation.

At low q values (3.5 Å�1), the signals are dominated by the giant dipole resonance

decreasing with q (i.e., beyond dipole approximation). At high q values (9.5 Å�1),

the contribution of the dipole resonance to the spectrum is greatly reduced, and

the XRS spectra near the 4d binding energy are dominated by the pre-threshold

peaks of the Ce 4f multiplet.47,48

As shown in Figure 2, variations in terms of peak intensity and position are observed

upon CO exposure for both the low-q and high-q values for all samples, due to the

formation of Ce3+ (electronic configuration 4f1).47,48 The formation of an oxygen
4 Cell Reports Physical Science 4, 101699, December 20, 2023
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vacancy is accompanied by two polarons due to the transfer of two electrons from

the O 2p states to Ce 4f states of two different cations. Therefore, the component

of Ce3+(4f1) increases during a reducing treatment with CO (see supplemental infor-

mation file).1,2,19,24,29,49–53

Ligand-field atomic-multiplet calculations allow the description of atomic transitions

in localized electronic systems and solids.47 It is therefore possible to calculate the

multiplet structure of core-to-4f excitations in rare earths elements to good agree-

ment with experimental data.47,48 The multiplet structure is very sensitive to the

atomic environment, and strongly depends on the electronic structure of the atom

undergoing the transition, which in this case is from 4d to 4f.

Following the approach of previous theoretical studies, simulated Ce N4,5-edge

spectra at different q are reported in Figure 3.48 The calculated spectrum of CeO2

exhibit only one peak at 130 eV, while the presence of Ce3+ is demonstrated by

two peaks at 122 and 125 energy loss eV, respectively (see also supplemental infor-

mation). However, irrespective of the momentum transfer, more than one peak is al-

ways visible in the experimental spectra of both the fresh CeO2 and 1%Au/CeO2

samples at 122 and 133 eV (Figure 3B). The main peak at 133 eV is due to Ce4+,

as further confirmed by simulations (see Figure 3A and the supplemental informa-

tion). Since the Ce4+ contributions alone cannot reproduce all the spectral features

at lower energies, a significant presence of Ce3+ must be taken into account for the

samples after CO oxidation in accordance with the results from XRD presented

above.1,2,19,24,29,48–53 Thus, to calculate the XRS spectrum, both Ce3+ and Ce4+ sig-

nals are used and accordingly weighted up to get the best match to the experimental

spectrum. As expected, upon CO treatment, the amount of Ce3+ increases by

increasing the temperature.

The spectral modifications shown in Figure 2 and analyzed in Figure 3 can be sum-

marized as follows: (1) at low q, a red shift in energy is evident, and the intensity of the

main peak at 133 eV decreases; and (2) at high q, a small red shift in energy and

changes to the peak ratio are visible (at 110 eV).

The multiplet simulations were then used to quantify the Ce3+ component, i.e., indi-

rectly quantify the oxygen vacancies. The simulations from the XRS data are reported

in Figure 3, and demonstrate that CeO2 contains around 20% of Ce3+ after CO

oxidation at 600�C (Figure 3D). The latter value is close to the one calculated from

XRD at 600�C: Ce3+ was calculated around 15% (see Figure 1). Most importantly,

the 1%Au/CeO2 sample already contains around 10% of Ce3+ at room temperature

(Panel Figure 2C). The amount of Ce3+ increases upon the reducing treatment reach-

ing around 30%–35% at 600�C (Panel D).

These results highlight that (1) Ce3+ forms in ceria at 600�C upon CO oxidation, and

(2) Ce3+ forms in Au/CeO2 upon CO oxidation already at low temperature (below

150�C). Neither of these effects has been previously proposed based on earlier

diffraction analysis (either X-ray or neutron). To understand this result, one must

keep in mind that XRS probes every Ce3+ atom, while diffraction techniques are sen-

sitive to average lattice variations only, so the surface Ce3+ formed by the direct

interaction with the reducing gas does not impact the diffraction pattern. For sake

of completeness, we investigated also the surface chemical composition of the sam-

ples by X-ray photoemission spectroscopy. The identification of Ce3+ species

confirmed the presence of oxygen vacancies also in the surface layer (see the supple-

mental information).
Cell Reports Physical Science 4, 101699, December 20, 2023 5
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Figure 3. Simulated Ce N4,5-edge spectra at different q

(A) The calculated spectra are compared: Multiplet simulations of the Ce N4,5-edges XRS spectra at increasing q (1.5–9.5 Å�1 bottom to top) for CeO2

(left) and Ce2O3 (right).

(B) The experimental spectra at fresh state are compared: comparison of the Ce N4,5 edges XRS spectra of CeO2 (light blue), 1%Au/CeO2 (light green)

and 3%Au/CeO2 (yellow) at low q (left) and high q (right) at 25�C. The vertical lines are a guide to the eye.

(C) The experimental Ce N4,5 edge XRS spectra of 1%Au/CeO2 and calculated spectra (red) at low q (left) and high q (right) at 25�C are compared.

(D) Experimental Ce N4,5 edges XRS spectra of 1%Au/CeO2 and calculated spectra (red) at low q (left) and high q (right) at 600�C are compared. In

(C) and (D), the reference XRS spectrum of CeO2 is also shown at low q (dashed line), together with the single contributions from Ce3+ (magenta) and

Ce4+ (yellow).
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The agreement obtained in the finer features of the high-q spectra depends essen-

tially on the relative concentrations of Ce3+ and Ce4+, and not on the details of the

multiplet. Moreover, it is worth noting that the high-q multipole peaks are not

affected by the interaction of the photoelectron with the continuum, which broadens

the giant dipole resonances.

The results at high-q values are very stringent and robust: the formation of Ce3+ in

Au/ceria occurs during CO oxidation even at low temperature (below 150�C).
XRS O K-edge

XRS measurements at the O K-edge are shown in Figure 4A. Three sharp peaks are

evident at around 530.7 eV, 533.5 eV, and 537.9 eV and are assigned as 4f, 5d-eg
and 5d-t2g, respectively: these are associated with unoccupied states originating

from the O 2p hybridization with the Ce 4f and Ce 5d orbitals, split by the cubic
6 Cell Reports Physical Science 4, 101699, December 20, 2023
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Figure 4. Experimental XRS spectra at the O K-edge before and after CO treatment

(A) All fresh (left) and CO-treated (right) samples with or without Au.

(B) CeO2.

(C) 1%Au/CeO2.

(D) 3%Au/CeO2. In (B)–(D), noise is plotted as the difference between raw and smoothed data. Difference between the CO-treated and the fresh sample

is also reported in the aside inset of (B)–(D) (labeled CO treated – fresh). The arrows highlight the evolution of spectral features after CO treatment. The

vertical lines are a guide to the eye.
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crystal field.39,48,50–53 As reported earlier, the splitting of the Ce 4f states is not de-

tected due to the small overlap between the f orbitals and p orbitals of the

oxygen.39,52

As evident in Figure 4A (left), no significant differences are detected in the O K-edge

between the fresh samples with or without Au. However, clear changes are evident in

all the XRS signals upon CO oxidation (Figures 4A, right, and 4D). The observed var-

iations in the 5d-eg and 5d-t2g peak ratios and positions are found to be slightly

dependent on the Au loading. The XRS spectra of the CO-treated samples show

that both 5d-eg (533 eV) and 5d-t2g (538 eV) peaks are shifting to higher energy

loss values (Figures 4B–D). The former peak intensity lowers, and the latter raises

and broadens upon CO oxidation. The first peak at 530.7 eV, corresponding to

the hybridization of Ce 4f orbitals with O 2p, also shifts slightly to higher energy.

The reported variation at the O K-edge is clearly small. This is not surprising, since

the number of vacancies formation affect partially the ceria oxygen lattice modifying
Cell Reports Physical Science 4, 101699, December 20, 2023 7



Figure 5. Experimental XRS spectra at the O K-edge of CeO2

Spectra are fresh (blue), CO treated (turquoise), and O2 treated (light green). The differences

between O2 and fresh samples are drawn in black (named O2 cycled-fresh). The noise (gray) is the

difference between raw data and smoothed signals. Right inset: enlargement of the peaks with

assignments and differences between the O2-treated and the fresh sample (black). The vertical

lines are a guide to the eye.
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only oxygen atoms closer to the defect. Moreover, only the average of the all oxygen

atoms is measured. To prove the consistency of the differences and their revers-

ibility, the CO-treated samples were re-exposed to oxygen at 650�C in order to

oxidize Ce3+ to Ce4+. After this reoxidation, as shown in Figure 5, all previous

changes induced by the CO treatment are reversed. The modifications observed

in the spectra indicate that the oxygen sublattice of ceria and its electronic structure

undergo modifications as a result of the CO treatment. Therefore, the observed ef-

fects upon CO treatment cannot be explained solely by the variations occurring at

the surface or subsurface of the oxide, and must involve the bulk. In fact, the atten-

uation length of 9.7 keV X-rays in CeO2 is 1.3 mm at 10� incidence, and 8 mm at

normal incidence, while the surface is several orders of magnitude thinner (only a

few atomic layers).

Moreover, the results obtained from the analysis of the Ce N4,5-edges also support

this conclusion, as they suggest that ceria treated at 650�C exhibits a high density of

lattice oxygen vacancies (see Figure 3). These observations provide a strong

compelling motivation to simulate the effects of vacancy formation in the bulk.
Oxygen vacancies clusters

To elucidate the modifications of the hybridization of the 4f and 5d states shown in

Figure 4, ab initio DFT calculations of pristine and defective ceria lattices were per-

formed to assess their structure and energy. The oxygen-defective ceria lattices

were built with a different number of isolated and clustered vacancies according

to the scheme reported below. The idea that oxygen vacancies can cluster in the

bulk stems from the earlier results that focused on the surface oxygen vacancies in

CeO2. Detailed descriptions of the cluster formation and their possible configura-

tions are discussed in detail in the literature.30–36,50–53

Studies of CeO2 surfaces, both by STM and ab initio calculations, show linear va-

cancy clusters at temperatures higher than 25�C19,21,26,27,53 along the
8 Cell Reports Physical Science 4, 101699, December 20, 2023



Table 1. Lattice parameter and stabilization energy (compared with C0) of the relaxed structures

reported in the text

Pure ceria a (Ǻ) DE (eV)

C0 5.5635

CR 5.5625 –

C-1 5.5641 –

C1 5.5668 +1.66

C3 5.5778 +3.78

C5 5.5830 +2.85

C7 5.5854 +3.60
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crystallographic [110] or [111] directions, with the Ce3+ ions in the vicinity of the va-

cancy, but only as next-nearest neighbors with Ce3+�O�V bridges. Thus, we

modeled ceria structures containing vacancy clusters, starting from an ordered lat-

tice of evenly spaced isolated oxygen vacancies, labeled C0.
26,50–53 After creating

the first vacancy site, further oxygen vacancies are created using a linear combina-

tion of the lattice vectors [220], [202], and [022] with integer coefficients, until a va-

cancy concentration of 12.5% is reached.20–26 The stability of this lattice was then

evaluated with respect to further modifications of the vacancy arrangement: (1) a

disordered random arrangement of 24 oxygen vacancies (CR); and (2) several Cn con-

figurations built from C0 with 24 + n oxygen vacancies, from n = �1 to n = 7 (full de-

tails are reported in the supplemental information). In particular, the configurations

C1, C3, C5, and C7 contain a linear, tetrahedral, octahedral, and cubic cluster of va-

cancies, respectively. In structure C1, one extra vacancy is created between two

others, creating a trimer along the [110] direction, at second-neighbor distance in-

tervals. This layout has been reported as one of the preferred modes of clustering,

together with alignments along the [111] direction at third-neighbor distance inter-

vals.26–28 The structures C3, C5, and C7 are then obtained by creation of three, five,

and seven more vacancies, respectively. In C3, two more vacancies are arranged in a

tetrahedral cluster. The seven extra vacancies in C7 are grouped together to form a

cubic cluster. TheC5 structure is derived from C7 by filling two vacancies of the cube,

obtaining an octahedral vacancy cluster. To test the robustness of our results rela-

tively to other choices of U (5eV54 in our case) we calculated the C7 system also at

U = 4.5eV55 finding a stabilization energy of 3.74 eV representing a 4% increase,

which does not alter our conclusions.

The relaxed lattice parameters and energies of the different vacancy structures are

reported in Table 1 (see the supplemental information for details). The calculations

were also validated by comparison with a different calculation approach using VASP

(see the supplemental information). The values of the lattice parameter agree with

the expansion due to the formation of Ce3+ and are in agreement with the experi-

mental values obtained by XRD for the samples measured upon CO oxidation.

The relaxed structures and the respective O K-edge XRS simulated spectra are

shown separately in Figure 6, and further compared in Figure 7. The same trends

previously observed after the CO treatment (i.e., the intensity lowering and energy

shift of the d-t2g peak, the strengthening of eg), can be appreciated again in the sim-

ulations as the vacancy concentration increases. In particular, the d-t2g peak also in-

creases by moving from a linear ordering of vacancies to cubic clustering. The d-eg
peak slightly decreases with the clustering of vacancies, except for tetrahedral

arrangement. Such effect of increased clustering in the bulk is also coherent with

the analysis of the Ce N4,5-edges discussed above.
Cell Reports Physical Science 4, 101699, December 20, 2023 9



Figure 6. Theoretical O K-edge XRS spectra calculated at low q and their corresponding oxygen

vacancy cluster structures

The oxygen atoms are drawn in red, the cerium atoms in gray, the single vacancies in blue, and the

cluster vacancies are represented in dark blue. The vertical dotted lines highlight the position of the

eg, and t2g states. The dashed lines show the difference between each spectrum and the C0

structure spectrum (bottom). The arrows indicate the modifications of the peaks in vacancies cluster

spectra.
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All these modifications are better appreciated in the difference spectra, obtained by

subtracting the calculated XRS spectra to the reference spectrum of the C0 structure,

which is free of any oxygen vacancy clusters. The difference spectra then highlights

that (1) the creation of oxygen vacancies clusters has an effect on the oxygen bulk

lattice resulting in an evident modification of the hybridization of the 5d states; (2)

the different arrangements of oxygen vacancies affect the intensity of the 5d-eg
and 5d-t2g states, as witnessed by the changes in peak intensity and position; and

(3) the peak shift is linked to both electronic and lattice structure rearrangement

as a consequence of the reduction of cerium.

Interestingly, the formation of oxygen vacancy clusters is supported by several pre-

vious DFT+U works, corroborating the fact that the excess electron density after va-

cancy formation is localized on certain cation sites so that the coordination number

of Ce3+ remains high.26,30,31,49–53 In this view, oxygen vacancies are preferentially

located away from Ce3+, not in its first coordination shell. Of course, this tendency
10 Cell Reports Physical Science 4, 101699, December 20, 2023



A B

Figure 7. Relaxed structures and the respective O K-edge XRS simulated spectra

(A) Comparison of the theoretical O K-edge XRS spectra at low q for each structure depicted in

Figure 6, plotted in extended energy range.

(B) Comparison of the differences as defined in Figure 6. Curves a–e are the differences between

the spectra of (a) cubic and C0; (b) octahedron and C0; (c) tetrahedron and C0; (d) linear and C0; and

(e) random and C0. The arrows indicate the modifications of the peaks in vacancies cluster spectra.
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cannot be completely satisfied when the vacancy concentration is high, while it can

be valid at lower vacancy concentrations.30,31

The role of gold atoms

Motivated by the results presented so far, we extended this approach to evaluate the

impact of Au atoms on the ceria lattice, which contains oxygen vacancy clusters. In our

model, we considered one gold atomplaced inside a cluster of vacancies, reproducing

an isolated gold atom in the ceria subsurface.13–15,56,57 The structures that contain Au

inside the vacancy clusters, as well as their respective stabilization energy values, are

reported in the supplemental information (see Tables S1–S3 and Figure S8).

As is evident in Table S3, the entrapped gold has an important stabilization effect on

the oxygen vacancies. Considering the representative case of a cubic oxygen va-

cancy cluster structure, obtained from an ideal CeO2 crystal by removing eight oxy-

gen atoms, the charge density contributed by the 16 uppermost occupied orbitals is

shown in Figure 8. This density corresponds to the electrons donated by the forma-

tion reaction OX
O = V,,

O + 2e� + 1/2 O2(g) of the eight vacancies in the structure.

Both panels have the same threshold value for the isosurface, and Figure 8B shows

a slight inflation of the charge blob, outside of the drawn cube, which still remains

localized. This localization is in agreement with a previous study.25 The interaction

of this excess charge with the embedded gold atom stabilizes the structure and its

effect can be highlited by a Bader charges analysis of the surrounding ions.58–63

The six Ce ions that are close to the faces of the vacancies cube have a Bader charge

of 10.2 valence electrons each (the pseudopotential used for Ce has 12 valence
Cell Reports Physical Science 4, 101699, December 20, 2023 11



Figure 8. Charge density contributed by the 16 uppermost occupied orbitals of a CeO2 supercell

with a cubic vacancies cluster

(A) Charge density contributed by the 16 uppermost occupied orbitals of a CeO2 supercell with a

cubic vacancies cluster. Oxygen atoms in red and their electronic density in yellow (blue in the

isosurface cutting). The cerium atoms are drawn in gray.

(B) The same structure as in (A), after addition of a gold atom inside the vacancies cluster.
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electrons) while all the other Ce ions have a Bader charge that oscillates very close to

9.5 electrons. After the introduction of the gold atoms, the Bader charge of the six

neighboring Ce ions decreases down to the values of 9.8 valence electrons without

major modifications for the other Ce ions. The Bader charge of the gold atom is 13.8

valence electrons instead, to be compared with the value of 11 electrons in the

pseudopotential.

Interestingly, apart from the energy stabilization discussed so far, no significant

changes are observed in the calculated O K-edge XRS spectra with or without gold.

Despite the very different temperatures used for the CO oxidation in ceria (650�C)
and Au/ceria (150�C) samples, comparable changes in the 5d-t2g and 5d-eg peak ra-

tios, as well as their energy positions, are observed in their experimental O K-edge

spectra. The latter highlights that similar modifications are occurring in the oxygen

sublattice, which do not only depend on the temperature used. This observation

aligns with the fact that Au is a highly active catalyst in the oxidation of CO. In

fact, the formation of oxygen vacancy clusters in Au-supported catalysts follows a

similar mechanism compared with what is observed in ceria alone, the only differ-

ence being the lower temperature.

A possible correlation between the CO oxidation and the clustering of oxygen va-

cancies can be inferred by directly comparing the difference spectra obtained by

subtracting the CO-treated and pristine experimental spectra (see Figure 4) and

the difference calculated from the simulated spectra. These are obtained by sub-

tracting the spectrum of a cluster-containing structure from the C0 reference config-

uration (see Figure 7, inset II).

From the comparison of the above-defined difference spectra, we can eventually

determine the extent of electronic modification that occurs during the CO treat-

ment and how it relates to the formation of oxygen vacancy clusters. Ideally, the

spectra of the models and their difference should be able to differentiate among

the various vacancy cluster arrangements; however, the comparison mainly al-

lows for distinguishing between oxygen clusters and isolated vacancies (see

Figure 7).

To simplify this analysis, we then defined a difference spectrum considering

an average of all oxygen vacancy clusters and subtracting the C0 reference config-

uration. The direct comparison with the experimental differences is shown in Fig-

ure 9. For comparison, the difference spectrum obtained by subtracting CR from
12 Cell Reports Physical Science 4, 101699, December 20, 2023



Figure 9. Difference spectra

Difference spectra are shown for for pure ceria (bottom), 1%Au/CeO2 (middle), and 3%Au/CeO2

(top). The experimental difference spectra indicated as CO treated-fresh (in turquoise, blue, and

dark blue) are compared with the model differences spectra a (red) and b (dashed line), where a is

the difference between the average of the vacancy clusters and C0, and b is CR – C0.
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C0 is also drawn, illustrating the effect of vacancy ordering alone, without

clustering.

Based on a comparison of spectral features evidenced in Figure 9 (i.e., the position

and intensity of minima and maxima), it can be inferred that ceria reasonably fits the

model that considers a distribution of oxygen vacancies cluster, while 1%Au/CeO2

can be described as a distribution of oxygen vacancy clusters and a random arrange-

ment of isolated vacancies. On the other hand, the 3%Au/CeO2 appears to be better

described by random isolated vacancies only. The approach discussed so far allows

us to prove the direct link between the electronic modification in the bulk structure

due to CO treatment, and the formation of oxygen vacancy clusters in the bulk. This

also clarifies how the metal loading impacts the vacancy cluster formation. Keeping

in mind the different temperatures used in the experiments, we argue that in pure

ceria and in 1%Au/CeO2 the lattice gains stability when vacancy clusters are formed.

On the other hand, in agreement with previous experimental evidence,64–66 changes

in the metal loading affect the ability of the whole lattice to accommodate isolated

vacancies and make them more available also at low temperatures.

We investigated the clustering of oxygen vacancies in bulk CeO2 by coupling XRD

and XRS measurements with DFT and multiplet simulations. This combination of
Cell Reports Physical Science 4, 101699, December 20, 2023 13
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experimental and modeling analysis allowed us to monitor the variation of the Ce3+

upon CO oxidation during in situ XRS: 20% of Ce3+ forms in pure ceria at 600�C,
while Ce3+ exists in Au/CeO2 even at low temperature (below 150�C), reaching
35% at 600�C. The formation of Ce3+ in the lattice of all the examined samples after

CO oxidation is reversible, as demonstrated by the XRS spectra after O2/He reoxida-

tion at 650�C.

The XRSmeasurements at the O K-edge demonstrated that the clustering of oxygen

vacancies is not limited to the surface level, but also involves the bulk of the reduc-

ible oxide. The variations of the O K-edge features, involving the modification of the

Ce 5d peaks, were reproduced with a model that takes into account the increase of

bulk oxygen vacancies, upon CO oxidation, and the consequent formation of va-

cancy clusters. These structures, confirming previous hypotheses, are the most sta-

ble structures in the case of high vacancy concentration. When the concentration of

vacancies is low, they are not located in the first coordination shell of Ce3+, but

reside preferentially at longer distances.

The loading of the active metal (i.e., Au) deposited on CeO2 impacts the structuring

of lattice oxygen vacancies: 1% Au induces clustering in the oxygen vacancies, while

3% Au produces a random arrangement of vacancies. The latter can be ascribed to

the ability of the whole lattice to accommodate isolated vacancies, even at low tem-

peratures, when a higher metal loading (i.e., 3%) is available.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Information and requests for resources and materials should be directed to the lead

contact, Alessandro Longo (alessandro.longo@cnr.it; alessandro.longo@esrf.fr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The experimental raw data of XRD and XRS experiments is deposited at the ESRF

data portal, along with additional experimental results of surface and bulk analysis

by at https://data.esrf.fr/doi/10.15151/ESRF-DC-1375603773. The Hilbert++ code

is available from the corresponding authors upon reasonable request. Any addi-

tional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

Materials synthesis

CeO2 (Sigma-Aldrich, 60 m2/g) was used as received and as support for the gold

catalyst synthesis. Au/CeO2 powders, with nominal loading of 1 and 3 wt % (as

confirmed by ICP-AES), were prepared by a homogeneous deposition method re-

ported elsewhere,64–66 using urea as precipitating agent. The suspension was

kept at 80�C for 16 h under stirring, until a pH value of�7 was reached. The obtained

solid was then filtered and washed repeatedly with water until no chloride ions were

detected by the AgNO3 test. The sample was eventually dried in static air at 120�C
for 24 h. The resulting powder is labeled as ‘‘fresh’’ sample in the following.

X-ray Raman scattering

All XRS data were collected at the beamline ID20 of the ESRF. The pink beam from

three U26 undulators was monochromatized, using a cryogenically cooled Si (111)
14 Cell Reports Physical Science 4, 101699, December 20, 2023
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monochromator and focused to a spot size of approximately 50 mm 3 50 mm (V 3 H)

at the sample position using a mirror system in Kirkpatrick-Baez geometry. The large

solid angle spectrometer at ID20 was used to collect XRS data with 36 spherically

bent Si(660) analyzer crystals.67 The data were treated with the XRStools program

as described elsewhere.68 The powder samples were pressed into pellets, which

were placed at an angle of 10� with respect to the incident beam. The incident en-

ergy was 9.6789 keV, which corresponds to the elastic peak of the crystal analyzers.

Full-range scans were measured from 0 to 700 eV energy loss with a 1 eV step size.

After acquisition of the broad scan, several detail scans at specific edges were

collected with a 0.2 eV step by scanning the O K-edge in the 520–590 eV energy

loss range. The Ce N4,5-edges (4d–4f transitions) were collected in the 95–150 eV

energy loss range. Acquisition scans lasted around 6–8 h per sample including all

edges. All scans were checked for consistency and signals from analyzer crystals at

different scattering angles (low-, medium-, and high-q) were measured simulta-

neously, spanning a momentum transfer from 2.5 to 9.2 G 0.4 Å�1. The overall

energy resolution was 0.7 eV as estimated from the FWHM of elastic scattering of

adhesive tape.

All XRS measurements were collected using the high-temperature in situ furnace for

microtomography developed at ESRF. For the O K-edge, each sample underwent a

redox cycle as reported in the literature for previous HERFD-XANES experiments

performed at the Au L3-edge.
65 Each redox cycle consists of a consecutive catalyst

exposure to CO (1 vol % in He) for 120 min and O2 (20 vol % in He) for 60 min at each

temperature (from 25 up to 800�C). Before starting the reduction and before

exposing the catalyst to oxygen, the cell was flushed with He for 30 min. In all reac-

tions, the gas flow was 20 mL/min. The measurements were performed on the pris-

tine sample before starting the treatment and in between the two redox cycles. In

order to improve the signal-to-noise-ratio, the spectra of the oxygen K-edge were

collected at room temperature after each treatment. All the measurement signals

were stable in time during each measurement phase.

X-ray diffraction

In situ X-ray diffraction experiments, were carried out at ID20 in combination with the

XRSmeasurements at 10.16 keV (l= 1.22 Å). The XRDpatterns were collected in reflec-

tion mode with a Pilatus 300K-W detector (14753 195 pixels of 1723 172 mm) set at a

distance of 600 mm. The integration time for each measurement was limited to 10 s to

avoid saturation of the detector. CeO2 and a-Al2O3 standards (fromNIST) were used to

calibrate the scattering 2q angles and the sample-to-detector distance of 598mm. Riet-

veld refinements were performed with the GSASII software.69

Computational methods: DFT

As all measured signals were stable in time, we assumed thermodynamic equilibrium

for each sequence. Accordingly, we considered several possible structures and stud-

ied their relative energetic stability. The ab initio calculations were performed within

the DFT, plane wave basis set, and pseudo-potentials framework as implemented in

Quantum Espresso (QE).70,71 The VASP code was also used for comparison

reasons.72–75

For the QE calculations, we used projector-augmented-wave (PAW) pseudo-poten-

tials from the QE website for O and Au. For Ce, we generated a PAW pseudopoten-

tial with 12 valence electrons and a small pseudization radius for the core correction

equal to 0.7 au, which is smaller than the radius of the maximum of the 4f radial wave-

function. The parameter choices for the Ce pseudopotential were driven by the aim
Cell Reports Physical Science 4, 101699, December 20, 2023 15



ll
OPEN ACCESS

Please cite this article in press as: Longo et al., Oxygen vacancy clusters in bulk cerium oxide and the impact of gold atoms, Cell Reports Physical
Science (2023), https://doi.org/10.1016/j.xcrp.2023.101699

Article
of properly treating the semi-core nature of the 4f orbitals and determined the hard-

ness of the required kinetic cutoff energy for the wave-function (100 Ry) and of the

charge and potential (830 Ry). For the VASP LDA+U calculations, we used the

PAW pseudo-potentials provided with the VASP package with their default sug-

gested energy cutoff of �30 Ry for the wavefuctions and �60 Ry for the augmenta-

tion charge.

The Perdew-Burke-Ernzerhof exchange-correlation function was used for all pseudo-

potentials.76,77 For the Ce atoms, the Hubbard repulsion term was set to U = 5 eV for

4f electrons.54 All the initial atomic arrangements were obtained starting from a

CeO2 super cell consisting of 96 Ce and 192 O, with the a, b, c axes aligned along

the [011], [211], and [111] directions, respectively, and adding oxygen vacancies

and Au atoms. The relaxation procedure was performed without spin polarization

and with a Marzari-Vanderbilt smearing for a temperature Tsmear = 0.3 eV, relaxing

ionic position and cell parameters to attain forces strength lower than 10�4 Ry/au.

All the structures were relaxed computing the ground state energy. All the calcula-

tions were performed at the G point.
Computational methods: XRS simulations

The DFT-relaxed structures were used to calculate the XRS spectra with the FDMNES

software package.78,79 The XRS simulations of the O K-edge were performed by us-

ing non-relativistic multiple scattering theory based on the muffin-tin approximation

for the potential shape of the Green scheme, with Hedin-Lundqvist exchange poten-

tial. Themuffin-tin radii were fine-tuned to have agoodoverlapbetween the different

spherical potentials. The approximation of non-excited absorbing atoms was used,

which, in this case, better reproduces the experimental data.78,79 The crystal and oc-

cupancy options available in the code were adopted to simulate the spectra.
Computational methods: Multiplet analysis

In order to quantify the Ce3+ component from the XRS spectra, the multiplet

approachwas adoptedwith theHilbert++ code.80 A full description of the underlying

theory and its numerical procedure is reported elsewhere.81 The method allows to

take into account the q-dependence of d-d and d-f excitations and to evaluate the

pre-threshold resonances outside of the dipole limit, as reported in previous

studies.81 To analyze the XRS spectra, calculations at the Ce N4,5-edges were per-

formed for the two ionic configurationsCe3+ (initial state 4d10 4f1) andCe4+ (4d10 4f0).

To simulate the spectrum of ceria, Ce4+ was surrounded by eight oxygens according

to the Fm-3m crystallographic arrangement of CeO2. On the other hand, for the

spectrum of Ce3+ only seven oxygens were placed around the trivalent cation. In

this case, the P-3m1 space group arrangement of the Ce2O3 was assumed. For con-

sistency, the energy position and the shape of both Ce3+ and Ce4+ components were

fixed at the value obtained from the analysis of the references (see the supplemental

information).
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2023.101699.
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