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ABSTRACT The catalytic performance of ceria nanoparticles is generally attributed to
active sites on the particle surface. The creation of oxygen vacancies and thus
nonstoichiometric Ce0,_ has been proposed to result in Ce>" sites with unpaired
f electrons which can be oxidized to spinless Ce*" ions during catalytic reactions.
We monitored the Ce electronic structure during the synthesis and catalase mimetic
reaction of colloidal ceria nanoparticles under in situ conditions. By means of high-energy
resolution hard X-ray spectroscopy, we directly probed the Ce 4f and 5d orbitals. We
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observe pronounced changes of the Ce 5d bands upon reduction of the particle size and

CeO,NPs

“.. e-

during the catalytic reaction. The Ce 4f orbitals, however, remain unchanged, and we do not observe any significant number of spin-unpaired Ce> " sites

even for catalytically active small (3 nm) particles with large surface to bulk ratio. This confirms strong orbital mixing between Ce and 0, and the Ce spin

state is conserved during the reaction. The particles show an increase of the interatomic distances between Ce and 0 during the catalytic decomposition of

hydrogen peroxide. The redox partner is therefore not a local Ce>* site, but the electron density that is received and released during the catalytic reaction is

delocalized over the atoms of the nanoparticle. This invokes the picture of an electron sponge.
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he widely used capacity to store

and release oxygen in their intrinsic

n-type fluorite structure provides ma-
terials based on ceria (CeO,) with unique
redox properties that open new possibilities
for promising applications in the areas
of catalysis," > fuel cells,** and biomedi-
cine.®” The redox properties of ceria are
closely linked to the crystal structure which,
in turn, depends on the synthesis process.®
Developing good CeO, materials for indus-
trial applications involves a clear under-
standing of the chemical activity of CeO,
which ultimately depends on electronic
structure, which at the nanoscale is con-
trolled by the morphology. Reducing the
size of CeO, to the nanometer scale en-
hances the chemical activity.>® The gener-
ally advocated mechanism states that
particle miniaturization results in an in-
crease of the surface to bulk ratio and thus
significantly nonstoichiometric CeO,_; ow-
ing to surface oxygen vacancies. Electrons
left behind by O vacancy formation reduce
Ce*" to Ce*"ions,'®"" resulting in a higher
level of catalytically active Ce>" ions at the
surface that are responsible for the increased
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chemical activity of nanoceria when com-
pared to bulk ceria.'? This ionic description
of the catalytic activity is commonly sup-
ported by experiments performed under
conditions that are very different from the
environment of the working catalyst and
may even change the chemical state of ceria
(e.g., high vacuum).”® The electronic struc-
ture of ceria NPs critically depends on the
reaction environment, thus experiments
need to be performed under in situ/
operando conditions to fully reproduce the
environment under which NP activity is
observed.

We monitored the electronic structure
of ceria NPs using high-energy resolution
fluorescence-detected hard X-ray absorption
spectroscopy (HERFD-XAS). Such inner-shell
spectroscopy provides an element-selective
probe of the electronic state that is compa-
tible with in situ conditions. High-energy
resolution XAS furthermore allows obser-
ving spectral features beyond the limitation
of the L; edge lifetime broadening.'*'”
Enhanced spectral resolution provides the
basis for the observations that are reported
here (Figure 1).
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Figure 1. Experimental setup for in situ high-energy resolution fluorescence-detected XAS. A liquid jet is used to characterize
the NPs during the in situ synthesis and the catalase mimetic activities. An X-ray emission spectrometer with vertical
scattering geometry employing five analyzer crystals records the high-resolution data. A comparison between total
fluorescence yield (TFY) and high-resolution (HERFD) XAS shows that the Ce 2p to 4f transitions and the fine structure in

the 5d band can be resolved.

The spectral shape of transitions into the 4f orbitals
of Ce is characteristic of the electron spin (S) and orbital
angular momentum (L) of the ground state electronic
structure, that is, the spin—orbit term 2>7'L, because
of the selection rules for photon-induced electron
transitions.'® Within this framework, the Ce*" ion of
configuration f° (S = 0) and the Ce>" ion of configura-
tion f' (S=1/2) are assigned the symmetry terms 'S and
2F, respectively. A single configuration ionic picture has
been shown to be insufficient to describe inner-shell
spectroscopic data of ceria, and a multiconfiguration
approach is necessary.'”'® The electronic structure of
Ce in CeO, with formal valence state of IV can be
described as a mixture of f© and f'L contributions
(where L denotes a hole in a ligand orbital) thus
considering orbital mixing and sharing of electron
density between Ce and O (Supporting Information
section 5). Such formalism implies that the system
remains in a 'S state independent of the f° and f'L
mixing ratio because the Ce f electron is spin-paired
with a ligand electron. The resulting spectral shape is
very different from a system with two distinct { (Ce**, 'S)
and f' (Ce>", %F) sites where the spectrum presents
the sum of the two sites. Oxygen-deficient CeO,_s may
be described by an increased f'L contribution in the
presence of strong orbital mixing and an unchanged
'S spin—orbit state. The importance of a multiconfi-
guration description of the Ce electronic structure has
been emphasized for molecular complexes.'”?° We
show that this is also applied to ceria NPs. We note
that it has been questioned whether the atomic-like Ce
4f orbitals are actually populated or whether the
valence band has extended covalent states with f
symmetry.2' Many authors insist that the Ce 4f levels
are empty in the ground state.?*?* This unresolved
controversy is irrelevant in the present context
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because our analysis by considering a f'L configuration
does not depend on the exact nature of the populated
f density of electronic states.

RESULTS AND DISCUSSION

The process of Ce(NOs)3-6H,0 conversion into NPs
and subsequent operation and aging at room tem-
perature (RT) have been monitored in situ by the X-ray
probe. Ce L3 edge HERFD-XAS spectra recorded during
the synthesis of colloidal CeO, NPs are shown in
Figure 2a. Dominant spectral features can be assigned
to Ce 2p to 5d transitions while weak pre-edge spectral
features (Figure 2b) can be assigned to Ce 2p to Ce 4f
transitions. The first recorded spectrum at the begin-
ning of NP synthesis is that of the Ce(NOs);-6H,0
precursor which presents one intense white line
(peak A) typical for a Ce>* ion.>*?> On addition of the
oxidizing agent hexamethyltetramine (HMT), the in-
tensity of peak A decreases progressively while new
peaks grow in intensity with time. The presence of
several isosbestic points confirms that only two cerium
species are involved in the formation of the NPs: Ce>*
(’F) ions in Ce(NOs)3-6H,0 and Ce*" ('S) ions in CeO,
NPs (Supporting Information section 4). The mixing of
% and f'L configurations in ceria gives rise to two
peak groups, C and B, that are often referred to as
unscreened and screened final states, respectively.'®2%

The pre-edge spectrum of Ce(NOs)s-6H,0 (Figure 2b,
top) shows a group of spectral features. Upon forma-
tion of ceria NPs, the spectrum changes fundamentally
and the final spectrum shows one single peak E.
Atomic multiplet calculations of 2p to 4f transitions
assuming a f° ('S) and f' (3F) ground state electron
configuration for Ce*™ and Ce>" ions, respectively, con-
firm the experimental observation (Figure 2b, bottom).2*
In the absence of spin and orbital angular momentum
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Figure 2. (a) Time-dependent high-energy resolution Ce L3 XAS spectra recorded during the in situ synthesis of 10 nm CeO,
NPs. (b) Enlargement of the pre-edge region (top) and atomic multiplet calculation for Ce3* and Ce** ions (bottom). (c) TEM
image of 10 nm CeO, NPs obtained from the synthesis. Scale bar, 50 nm. (d) Comparison between the Ce L3 XAS spectra of 3
and 25 nm CeO,. (e) Enlargement of the pre-edge spectra of 3 and 25 nm CeO, compared to the pre-edge spectrum of

Ce(NO3);-6H,0.

('S), only one transition is observed while a F config-
uration results in a considerably richer spectral struc-
ture. The spectral changes observed at the pre-edge
during the synthesis are thus in agreement with the
oxidation of soluble Ce*" (?F) to insoluble Ce** ('S)
ions. The results show that all Ce ions are electron-
paired in CeO, NPs with 'S ground state symmetry.

Analysis of the TEM images gives an average size of
10 nm for the synthesized particles. We have studied
smaller and larger particles with identical results for the
Ce pre-edge spectrum (Figure 2e and Supporting
Information section 6). We show here the synthesis
for the 10 nm particles because the time evolution best
matched the experimental time resolution of ~60 s,
that is, the time per absorption scan.

We studied the effect of the NP size on the Ce
electronic structure (Figure 2d). The pre-edge spectra
of the 3, 10, and 25 nm CeO, NPs are identical and
present one single peak characteristic of 'S symmetry
(Figure 2b,e). We do not observe any signature for an
unpaired electron despite the drastic change of the
surface to bulk ratio from approximately 65 to 10%
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between the 3 and 25 nm CeO, NPs. Structures B and C
that relate to the Ce 5d electron density of states (DOS)
show pronounced size dependence.®® Sharper and
more structured spectral features are observed for
the 25 nm NPs than for the 3 nm NPs. The broader
signature of the Ce 5d DOS for the 3 nm NPs may be
explained by an increase in contribution from surface
or near-surface Ce atoms to the spectra that super-
impose on bulk-like spectra arising from Ce ions at the
center of the NP.

We tested the catalytic activity of the ceria NPs by
monitoring the catalase mimetic activities in situ, that
is, monitoring the decomposition of hydrogen perox-
ide (H,0,) for the 3 nm and 25 nm CeO, NPs by HERFD-
XAS (Figure 3). A comparison of the pH evolution for 3,
10, and 25 nm particles is shown in the Supporting
Information section 7. The 3 nm NPs show the stron-
gest change of pH, that is, the highest chemical activity,
while the 25 nm NPs did not produce any detectable
change of pH. For the 25 nm CeO, NPs, the HERFD-XAS
spectra recorded before, immediately, and 20 h after
adding H,0, are identical, showing that the 25 nm
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Figure 3. Catalase mimetic activity of the NPs. (a) Time-dependent Ce L3 HERFD-XAS of the catalase mimetic activities of
25 nm CeO, (top), 3 nm CeO, (middle), and 3 nm CeO, dispersed in cell cultured medium (CCM) (bottom). (b—d) Insets show an
enlargement of the pre-edge regions for the 25 nm CeO,, 3 nm CeO,, and 3 nm CeO, dispersed in CCM during the catalase

mimetic activities.

CeO, NPs do not notably react with H,0,. In contrast, we
observe rapid and significant changes of the HERFD-XAS
spectra recorded for the 3 nm CeO, NPs when adding
H,0.,. The relative intensities of peaks B and C in the
main edge region change. The pre-edge peak decreases
slightly in intensity, and its energy position is shifted to
lower energy. The pre-edge peak, however, remains as
one strong resonance, leading us to conclude that Ce is
ina 'S state over the whole course of reaction. With time
(after 12, 20, and 50 h), partial regeneration of the 3 nm
CeO, NPs was observed, suggesting that the CeO, NPs
revert to their original state.5?’

The degradation of H,O, into H,O and O, is
hindered/accelerated with the absence/presence of
the NPs which trap oxygen molecules, thereby favoring
peroxide decomposition. The effects observed with
the 3 nm NP colloidal solution also occur in biological
media such as cell culture medium (CCM) (Figure 3,
bottom). These results are relevant in view of proposed
and existing applications of nano-CeO, as an antiox-
idant for neuroprotection,®® treating cardiovascular
disease,”>*° and ophthalmology.®" A better descrip-
tion of ceria NP activity on a quantum chemical level is
a prerequisite for understanding possible toxic biolo-
gical responses®>*3 in a bottom-up approach.

The redox activity of the ceria NPs without the
creation of Ce> " sites can be explained by Ce—O orbital
mixing. This is illustrated by extracting an effective
number of f electrons, n;, from the experimental data
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(Figure 4a; Supporting Information section 5).3*3 The
number n¢ provides a relative measure for the con-
tribution of £ and f'L configurations to the Ce electronic
structure. On addition of H,0,, ns increases rapidly from
0.48 t0 0.58 and then it decreases progressively with time.
The increase of n¢ is accompanied by a shift of the pre-
edge to lower energies. The two observations are con-
sistent because a higher valence shell electron density is
generally assumed to lower the edge energy due to
charge screening effects.3® The increase of n¢ with a pre-
edge which does not change shape indicates that the
NPs accept electrons while remaining in 'S symmetry.
The progressive decrease of n¢ with time suggests that
the NPs are recovering their initial electronic structure
and thus their capacity to autogenerate 527>’

The H,0, degradation process results in acidification
of the NP solution (Figure 4b). After H,O, addition, the
pH of the solution dropped from 4.8 to 3.6, indicating
the proteic degradation of H,O, into 2H" + 0, +2e".
The sudden decrease in pH occurs with an increase in
ng, suggesting that the reaction is catalyzed by the NPs.
The control experiment (the same solution and re-
agents but without the CeO, NPs) does not show any
detectable pH change. The short time scale and the
fact that negative charge is transferred to ceria NPs
during H,0, degradation are in agreement with pre-
viously reported results.®?® The time scales for recov-
ery of the pH and n are not correlated, indicating that
the mechanisms are not directly linked.*”
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Figure 4. (a) Time dependence of the number of f electrons of the 3 nm CeO, NPs during the catalase mimetic activity.
The electron sponge behavior of the 3 nm CeO, NPs is illustrated in a cartoon diagram. The green surface represents the
electron density distribution that expands or contracts when receiving or releasing electrons. (b) Time dependence of the pH

during the catalase mimetic activity of the 3 nm CeO, NPs.
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Figure 5. (a) Time-dependent Ce L; TFY XAS of the catalase mimetic activities of 3 nm CeO, showing the shift of the first EXAFS
oscillation toward lower energy on addition of H,0,. (b) Superposition of the time-dependent k*-weighted EXAFS Fourier
transform (FT) magnitude spectra recorded during the catalase mimetic activities of 3 nm CeO,.

We recorded the extended X-ray absorption fine
structure (EXAFS)®® during the catalase mimetic activ-
ity for the 3 nm CeO, NPs (Figure 5) using total
fluorescence yield (TFY) detection. Just after the addi-
tion of H,0,, a shift of the energy position of the first
EXAFS oscillation toward lower energy is observed in
the absorption spectrum of the 3 nm CeO, NPs
(Figure 5a). This sudden shift of the first EXAFS oscilla-
tion reflects a change in the Ce first coordination shell,
that is, in the Ce—O bond distance. For a quantitative
comparison of the local structure properties during the
catalase mimetic activities, the data were Fourier
transformed to r space, as shown in Figure 5b. The
main peak of the Fourier transformed EXAFS corre-
sponds to the Ce—O coordination shell. On addition of
H,0,, the amplitude of the Fourier transformed EXAFS
increases and it shifts slightly to higher radial distance.
Fourier transformed fits of the first shell indicate an
increase of the Ce—O distance from 2.28 to 2.32 A
just after addition of H,O, (Supporting Information
Table S1). The EXAFS data present an average over all
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Ce atoms in the X-ray beam; that is, the lengthening of
the Ce—O bond is in agreement with a delocalized
redistribution of charge density over the entire NP
structure when oxygen vacancies are formed.**°

CONCLUSIONS

We exclude the formation of a significant fraction of
Ce3" (S = 1/2) ions with decrease of the NP size and
during catalase mimetic activity. The experiments un-
der in situ/operando conditions show that the Ce 4f
spin—orbit state is conserved, and we conclude that
valence electrons populate orbitals that arise from
Ce—O orbital mixing. The 3 nm NPs compensate for
the excess charge by tuning their f° and f'L mixing ratio
and increasing the Ce—O distances, rather than favoring
the localized surface reduction of Ce** ('S) to Ce*" (°F)
ions near an oxygen vacancy. This delocalized accommao-
dation of charge invokes the picture of an electron sponge.

Unpaired electrons on Ce3" sites are likely to play
an important role in other systems under different
conditions. We showed in this work that Ce*" sites
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are not necessary to account for the chemical activity
of nanoceria under the conditions of the present study.
We propose that the charge delocalization that we
observed in the present study is generally relevant for
ceria, and we conclude that a description of the activity
on a quantum chemical level needs to include a Ce
spin-conserving mechanism.

METHODS

Synthesis of Colloidal Ce0, Nanoparticles. Cerium(lll) nitrate hex-
ahydrate, cerium(IV) oxide nanopowder <25 nm particle size
(BET), tetramethylammonium solution ACS reagent (1.0 & 0.02 M
in H,0), hexamethylenetetramine ACS reagent, ethanol ACS
reagent (absolute alcohol =99.8%) without additive, hydrogen
peroxide ACS reagent, 30 wt % in H,O, phosphate buffered
saline, pH 7.4, and fetal bovine serum (FBS) were purchased
from Sigma Aldrich.

3 nm CeO; NPs:. In a first step, 10 mM of cerium(lll) nitrate
hexahydrate was dissolved in 100 mL of absolute ethanol at
room temperature. The solution was left under stirring for about
30 min. To the 100 mL solution was added 1 mL of TMAOH
(1.0 £ 0.02 M in H,0) at a final concentration of 10 mM, and the
mixture was left under stirring.

10 nm CeO, NPs:. In a first step, 10 mM of cerium(lll) nitrate
hexahydrate was dissolved in 90 mL of absolute ethanol at room
temperature. To this solution was added 10 mL of HMT (1 M) ata
final concentration of 100 mM, and the solution was left under
stirring.

For all samples, NPs were purified by centrifugation and
resuspended in aqueous solutions of either 10 mM TMAOH (in
the case of 3 nm NPs) or 100 mM HMT (in the case of 10 nm NPs)
which act as stabilizers.

Catalase Mimetic Activity of the Ce0, NPs. To a 100 mL solution of
colloidal (3 and 25 nm) CeO, (final Ce concentration = 10 mM)
under stirring was added 1 mL of H,0, at physiologically
relevant concentration (final H,O, concentration = 4 uM), and
the mixture was characterized in situ by XAS measurements
using the jet-flow setup.

The 3 nm CeO, NPs and a model of cell culture media
consisting on phosphate buffer saline (PBS) supplemented with
10% (v/v) FBS were mixed (1:10 by volume) and placed under
stirring for more than 10 h. To this solution was added 1 mL of
H,0, at a final concentration of 10 mM, and the mixture was
characterized in situ by XAS measurements in the jet-flow setup.

High-Energy Resolution Fluorescence-Detected X-ray Absorption Spec-
troscopy (HERFD-XAS) and Extended X-ray Absorption Fine Structure (EXAFS)
Analysis. The experiment was performed at beamline ID26 of the
European Synchrotron Radiation Facility (ESRF) in Grenoble.*'
The incident energy was selected using the (111) reflection
from a double Si crystal monochromator. Rejection of higher
harmonics was achieved by three Si mirrors working under total
reflection. The incident photon flux was monitored by detecting
the X-rays scattered from a foil using a photodiode. Five
spherically bent (R =1 m) Ge crystal analyzers in (331) reflection
were chosen suitable for the detection of the La; emission line
of Ce (4839 eV). The combined energy bandwidth was 0.9 eV.
Sample, analyzer crystal, and photon detector (avalanche
photodiode) were arranged in a vertical Rowland geometry
(Figure 1). The HERFD-XAS spectra were recorded at scattering
angles covering 70—110° in the horizontal plane. The EXAFS
spectra were measured in fluorescence mode by placing a
photodiode near the sample. The measuring conditions were
carefully chosen to avoid radiation damage due to the exposure
of the CeO, NPs to the X-ray. The experimental error in the X-ray
spectra is dominated by the statistical error of the single photon
detection. It is on the order of the marker size in the figures
(see also the Supporting Information).

For the in situ synthesis, XAS spectra of the precursor were
first recorded before the addition of the oxidizing agent. For the

Our results highlight the complexity and remarkable
plasticity of the electronic structure of ceria at the
nanoscale and the resulting ability to tune electronic
states of inorganic materials. Understanding CeO,
NP chemical properties requires consideration of
the entire NP including morphology and chemical
environment.

catalase mimetic activity, XAS spectra of the 3, 25, and 3 nm NPs
dispersed in CCM were first recorded before the addition of
H,0,.
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