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Persistence of Ce3+ species on the surface of ceria
during redox cycling: a modulated chemical
excitation investigation†

C. Hachemi, a H. Dib,b M. Debbichi, c M. Badawi, d C. Eads,ef M. Ibrahim,b

S. Loridant, a J. Knudsen,ef H. Kaper b and L. Cardenas *a

Operando resonant photoelectron spectroscopy (RPES) combined with modulated chemical excitation

revealed the dynamic evolution of Ce3+/Ce4+ redox states at the surface of CeO2 during the CO

oxidation reaction. Using alternating CO and O2 pulses as chemically modulated signals, we monitored

the surface states in the valence band region, unveiling the evolution of electronic structure during the

catalytic process. The analysis with different gas flow ratios revealed that under CO-rich conditions

(CO : O2 Z 1), only partial conversion from Ce3+ to Ce4+ occurred. In contrast, complete Ce3+ to Ce4+

conversion was achieved when pulsing O2 into O2-rich environments. Furthermore, we find that

intermediate oxygen species, such as peroxo and OH, impact the conversion of Ce3+ and Ce4+. These

oxygenated species coexist between 330 1C and 360 1C in pure O2, while above 390 1C only OH

groups remain stable on the ceria surface.

Introduction

Ceria-based catalysts are of pivotal importance in many
chemical processes, such as automotive exhaust treatment,1

water gas shift,2 and CO oxidation reactions.3 The driving force
of ceria as an oxygen-storage catalyst stems from its Ce3+ species,
which act as an electron reservoir to enhance catalytic perfor-
mance. Although it is widely accepted that Ce3+ is essential in
triggering these reactions, the catalytic processes initiated when
these species interact with reactants are poorly understood. In
particular, knowledge about the nature of active intermediate
species formed under reaction conditions remains limited.

The excess electron from Ce3+ serves as a reactive center,
facilitating the activation of oxygen-containing molecules in the
gas phase.4,5 For instance, the dissociation process of O2 has been
described as electrophilic, where oxygen species sequentially

accept electrons from the catalyst surface until complete reduction,
following the path:6

O2 - (O2)s - (O2
�)s - (O2

2�)s - 2(O�)s - 2(O2�)s - 2(O2�)Lattice

In the Mars–van Krevelen (MvK) mechanism, gas-phase
oxygen interactions play a fundamental role in maintaining
the catalytic cycle. Initially, CO reacts with lattice oxygens (O2�),
creating oxygen vacancies in the CeO2 lattice. These vacancies
are subsequently replenished when gas-phase O2 interacts with
CeO2. However, other pathways that entail the formation of
intermediate oxygen species during the CO oxidation reaction
may also play a major role.

These oxygen intermediates may serve as potential active
species that influence the Ce3+/Ce4+ ratio7–9 via oxygen vacancy
occupation. However, detecting these species remains a significant
challenge in heterogeneous catalysis, primarily due to their low
concentrations and short lifetimes.10 To address this challenge,
we propose an effective detection approach using temporal
analysis methods, such as periodic modifications of the feed-
gas composition. This methodology enables the catalyst surface
to cycle through different activity phases during the catalytic
reaction.

In this study, the surface of CeO2 was brought to oscillate
between two rich phases, oxidized (Ce4+) and reduced (Ce3+) by
temporally changing the feed-gas composition between pure O2

and CO. Using repeated gas pulses, we monitored the Ce3+ in
the valence band while simultaneously detecting O2 (m/z = 32)
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and CO (m/z = 28) by mass spectrometry (MS). As a selective
reducing agent, CO converts Ce4+ to Ce3+, which we detected
through the Ce 4f electronic states in the valence band. We
conducted synchronized measurements of Ce 4f and CO mass
spectra to monitor the cyclical formation and depletion of Ce 4f
during alternating exposure to O2 (oxidizing) and CO (reducing)
gases. This approach of studying catalyst response to an
external chemical variable excitation is usually referred to as
modulation excitation spectroscopy and has so far been used in
APXPS for core-level analysis.11–13

Modulation excitation spectroscopy (MES) is an analytical
technique that applies periodic chemical stimuli to study
dynamic processes in catalytic materials.14 The technique iden-
tifies specific spectroscopic features as reference events that can
be tracked through repeated measurement cycles. After reach-
ing a transient state, these cycles are averaged to enhance data
quality. This approach enables systematic observation of active
species responding to the excitation. The data can be further
analyzed using phase-sensitive detection (PSD), described by:15

Ak +PSD
k

� �
¼ 2

T

ðT
0

Aave sin kotþ+PSD
k

� �
dt

The technique is particularly valuable in catalysis research,
where it allows the detection of active and spectator species
during catalytic reactions. In our study, we track the Ce 4f states
as a reference event through synchronized measurements of
valence band states and mass spectrometry data by temporally
changing the feed-gas composition. The versatility of MES
extends to various stimuli (temperature, light, electric field,
feed-gas composition) and analytical methods (XAS, IR, XRD,
Raman), making it an essential tool for studying active species
and reaction mechanisms in catalytic processes.

Here, we developed a novel surface-sensitive operando techni-
que that combines modulated chemical excitation with resonant
photoelectron spectroscopy (RPES) to track transient catalytic
species in the valence band region. This combined approach,
supported by DFT calculations, enables the identification of both
transient and stationary activated oxygen and ceria species on the
CeO2 surface as well as their relationship with the electronic
structure. For the first time, we directly observed the oscillation of
the Ce 4f states in the valence band as modulated chemical
excitation drives the reversible conversion between Ce4+ and Ce3+,
highlighting the persistence of Ce3+ species in O2-rich conditions.

Experimental methods
CeO2 preparation and standard characterization

Pure cerium oxide nanoparticles were synthesized by the
decomposition of cerium nitrate, as reported previously.16 In
brief, Ce(NO3)�6H2O (AcrosOrganic, 99+%) was dissolved in
isopropanol at room temperature. After complete dissolution,
the solvent was removed by rotational evaporation at 44 1C until
nearly complete dryness. The resulting solid was calcined
following a controlled temperature program: from room tem-
perature to 180 1C for 2 h, then sequentially to 200 1C (3 h),

220 1C (3 h), and finally to 500 1C (3 h). The obtained powder
was ground into a fine powder using a mortar.

X-Ray diffraction (XRD) patterns of powdered samples were
collected using a Bruker D8 Advance A25 diffractometer equipped
with a Cu anode (Cu Ka: 0.154184 nm) (Fig. S1, ESI†). Raman
spectroscopy measurements were performed using a Horiba
labRAM HR spectrometer with laser excitation at 532 nm. The
Raman spectra were acquired using a 300 lines per mm�1 grating
at an incident nominal power of 1 mW (Fig. S2, ESI†).

Nitrogen (N2) adsorption/desorption isotherms were mea-
sured at 77 K with a Micromeritics Tristar II 3020 instrument.
Prior to each analysis, the samples were degassed under
vacuum (o5 Torr) overnight at 350 1C (Fig. S3, ESI†). Thermo-
gravimetric analyses (TGA-MS) were recorded on a temperature
range between 30 and 1000 1C with a ramp of 5 1C min�1 using
a LabSysEvo TGA by Setaram, coupled with a Pfeiffer Omnistar
GSD 320 mass spectrometer (Fig. S4, ESI†).

Modulated chemical excitation spectroscopy

Modulated chemical excitation spectroscopy experiments were
performed at the SPECIES beamline of the MAX IV
laboratory.17,18 The measurements were conducted in a near-
ambient pressure (NAP) cell (E1 L) at a constant total pressure of
0.5 mbar using a SPECS Phoibos 150 NAP electron analyzer. To
maximize the signal-to-noise ratio, the analyzer nozzle was
positioned within a few millimeters of the sample surface.

CeO2 powder was deposited on a silver foil by drop-casting
after sonication in isopropanol to minimize charging effects.19

The sample was mounted on a grounded stainless steel holder
with a K-type thermocouple spot-welder near the sample sur-
face. The sample holder was maintained on a vertical manip-
ulator with the sample perpendicular to the analyzer nozzle
(Fig. S5, ESI†). Prior to modulated chemical excitation measure-
ments, the sample was oxidized in pure O2 at 400 1C to remove
surface carbon contamination.

Modulated chemical excitation spectroscopy measurements
were collected at 1 Hz using a snapshot mode, where a fixed
kinetic energy window was maintained without lens voltage
scanning to ensure an adequate signal-to-noise ratio.20 CO and
O2 gases were independently injected through mass flow con-
trollers with a 40 s pulse length at constant flow rates, maintain-
ing a total pressure in the NAP cell of 0.5 mbar. Modulated
chemical excitation spectroscopy data were recorded at tempera-
tures ranging from 330 to 420 1C (330, 360, 390, 400, and 420 1C)
using a CO : O2 flow ratio of 0.6 : 0.6 standard cubic centimeters
per minute (sccm). Additional measurements at 420 1C were
performed with CO : O2 ratios of 1.2 : 0.6 and 0.6 : 2.4 sccm. Gas
composition was monitored using a quadrupole mass spectro-
meter (Hiden HAL/3F PIC), which sampled gases through the
electron analyzer’s aperture near the sample surface.

XPS spectra were acquired at photon energies of 1030 eV (Ce
3d, wide scan), 590 eV (O 1s), and 390 eV (C 1s) to optimize
photoionization cross-sections and enhance surface sensitivity.
For valence band RPES, the photon energy was fixed at 121.2 eV
(Ce3+), 124.5 eV (Ce4+), and 115 eV (off-resonance). The pass
energy was set to 100 eV for snapshot modes and 50 eV for
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standard spectrum mode. Energy calibration was performed
using the quasi-metallic Ce 4f states, which cross the Fermi
level in the Ce3+-rich species, and the f0 features in the Ce 3d
spectra. The survey XPS spectrum of CeO2 (Fig. S6, ESI†) was
collected both at room temperature (as-received) and at 230 1C
under ultrahigh vacuum (UHV) conditions prior to modulated
chemical excitation spectroscopy experiments. The spectrum
revealed Ce and O as the predominant elements, with minimal
carbon contamination, indicating high sample purity and well-
controlled synthesis conditions. Core-level spectra were fitted
using Voigt functions (L/G ratio 0.3) and Shirley backgrounds in
IgorPro 9 (Wavemetrics) (see Table S1, ESI†).

DFT calculations

The Vienna Ab initio Simulation Package21,22 (VASP) was used to
perform all the DFT calculations. The projector augmented
wave (PAW) method and the Perdew–Burke–Ernzerhof (PBE)
functional under the generalized gradient approximation (GGA)
were used in the calculations.23,24 For Ce and O atoms, the (5s,
5p, 6s, 4f, 5d) and (2s, 2p) states, respectively, were treated as
valence with a plane-wave cutoff energy of 520 eV. We adopt a
G-centered 12 � 12 � 1 k-point grid for the integration in the
reciprocal space.25 A vacuum layer of about 20 Å was used to
avoid the interaction between the images of the CeO2(111)
surface. All the calculations are spin-polarized. To treat the
electron–electron interaction on Ce 4f orbitals, we have adopted
the GGA+U approach formulated by Dudarev et al.26 by setting
the effective Coulomb interaction Ueff to 5 eV, based on
previous reports.27,28 The effect of van der Waals (vdW) inter-
actions on the adsorption of O2 and OH on the CeO2(111)
surface was included through the dispersion correction of the
DFT-D3 method of Grimme.29 The convergence criteria for the
total energy and the forces were set as 10�5 eV and 0.025 eV A�1,
respectively.

Results and discussion

For modulated excitation spectroscopy experiments on CeO2,
synchronization between reference events and gas pulses is
crucial. Periodic O2 and CO injections increase the pressure in
the NAP cell while switching ceria between Ce4+ and Ce3+-rich
species, respectively. During CO pulses, the reduction of Ce4+ to
Ce3+ is evidenced by the formation of localized Ce 4f states in
the valence band (E1 eV), characteristic of reduced Ce3+

species.30–33 The synchronization between CO pulses and Ce
4f events was established by simultaneously monitoring the CO
mass signal (m/z = 28) using mass spectrometry (MS) (Fig. S7,
ESI†) and detecting the Ce 4f state in the valence band using
RPES (Fig. S8, ESI†). Using the Ce 4f signal as a reference, we
monitored its evolution during alternating cycles of CO and O2

exposure.
These modulated chemical excitations were monitored by

RPES using two beam resonant energies: Ce3+ (121.2 eV) and
Ce4+ (124.5 eV; see Fig. S9, ESI†). The resonant mode allows us
to improve the signal detection level for Ce3+ down to 0.1% of

atomic concentration.34 Fig. S10 (ESI†) demonstrates that RPES
exhibits high selectivity to detect Ce3+ or Ce4+ species compared
to conventional Ce 3d XPS measurements. The Ce 3d XPS
spectra present multiplet structure and overlapping features,
which make the analysis and determination of Ce3+ and Ce4+

species difficult.33 In contrast, RPES enables direct identifi-
cation of Ce3+ through selective resonant excitation of the Ce 4f
state, allowing tracking of changes in the electronic structure
and oxidation state of CeO2.

(a) Tracking the Ce3+ event in a mixing flow ratio CO : O2 = 1
Fig. 1 shows the modulated chemical excitation RPES spec-

tra of ceria measured at a photon energy of 121.2 eV, which
selectively enhances Ce3+ excitation through resonant pro-
cesses. RPES spectra were collected during alternating gas
pulses, where red horizontal bands indicate CO exposure and
blue bands indicate O2 exposure, with the sample maintained
at (a) 330 1C, (b) 360 1C, (c) 390 1C, and (d) 420 1C. A CO : O2

mixing ratio of 1 : 1 was maintained throughout the measure-
ments. The formation of a Ce 4f state at 1.0 eV during CO pulses
indicates Ce3+ formation, while its subsequent decrease during
O2 pulses demonstrates the conversion back to Ce4+. This is
demonstrated by the black oscillation in the left panels, which
shows the integrated intensity of the Ce 4f state measured
along the vertical black profile centered at 1.0 eV (�0.5 eV
integration window). This periodic oscillation reaches its max-
imum amplitude during each CO pulse (red band) and
decreases to a minimum when CO is switched off and O2 is
injected (blue band). Thus, the oscillation of the Ce 4f state
clearly shows the transition between Ce3+ and Ce4+ species
during periodic CO and O2 pulses. Here, the population rate
of Ce 4f serves as an excellent indicator to monitor the reduced
Ce3+ form during ceria’s redox cycle (Fig. S8(d), ESI†). Similarly,
the impact of CO and O2 pulses extends to deeper states of the
valence band, particularly in the hybridized region where Ce 4f,
Ce 5d, and O 2p orbitals coexist (between E2 eV and E6 eV).
Although changes in this region suggest transitions between
Ce3+ and Ce4+ species, the hybrid character of these states
makes the identification of individual orbitals difficult.

Here, a key finding is the complete conversion between Ce3+

and Ce4+ species across a temperature range of 330 1C to 420 1C.
This conversion is evident in the left panels, where the Ce 4f red
oscillation reaches its maximum (Ce3+) during CO injection and
its minimum (Ce4+) during O2 injection. Furthermore, the profile
exhibits a gradual increase in intensity (cps) with temperature,
suggesting an enhancement of the Ce3+ state. During CO injec-
tion, the concentration of the Ce3+ species reaches its maximum
intensity (cps) at 420 1C (see also Fig. S8(d), ESI†). Although the
redox cycle highlights complete conversion between Ce3+ and
Ce4+ species, the influence of feed-gas composition on ceria’s
redox reaction kinetics requires further investigation. Therefore,
we study how different CO : O2 mixing ratios, under both CO-rich
and O2-rich conditions, affect the rates of ceria oxidation (Ce4+)
and reduction (Ce3+).

(b) Detection of persistent Ce3+ species under O2-rich conditions
Here, modulated chemical excitation RPES experiments

were carried out at various relative flowrates between reactants
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with the following mixing CO : O2 flow ratios: 1.2 : 0.6 sccm
(Fig. 2(a)), 0.6 : 0.6 sccm (Fig. 2(b)), and 0.6 : 2.4 sccm (Fig. 2(c)).
The periodic CO and O2 pulses were synchronized with RPES
spectra using mass spectrometry signals from O2 (m/z = 32) and
CO (m/z = 28) while RPES spectra were scanned. Using this
synchronization protocol, we aligned the Ce 4f state in the valence
band with the CO mass signal pulse (m/z = 28) (see Fig. S7 and S8,
ESI†). The synchronized MS signals at the bottom of Fig. 2 (left
panel) – CO (black-dotted), O2 (blue-dotted), and CO2 (brown-line) –
reveal the correlation between gas reactivity and Ce3+ population
states at different CO : O2 ratios. The MS data shows that alternat-
ing O2 and CO injections induce reversible transitions between
Ce3+ and Ce4+ species throughout the reaction cycle.

(i) CO-rich (CO : O2 = 2) conditions: Fig. 2(a) shows the
electronic structure evolution of CeO2 at 420 1C under alternat-
ing O2 (blue band) and CO (yellow band) pulses, applied every
40 s with a CO-rich flow mixing ratio of CO : O2 = 2. The
corresponding MS data is shown at the bottom in the left panel
of Fig. 2(d). The MS data reveal CO2 formation when CO and O2

reactants coexist (brown line (d)), confirming CO oxidation at
420 1C. Additionally, by varying the flow ratios, we identified
the impact of reactant concentrations on CO2 formation, as
clearly evidenced by the double-peak in the CO2 MS signal in
Fig. 2(f). Here, the enhancement of the Ce 4f state at 1.0 eV
correlates with CO pulses, as shown by the MS data and RPES
spectra.

In contrast, during O2 pulses a residual spectral weight
persists, as pointed out by the white arrow. To analyze the

distinctive features of Ce 4f during each injection, we applied a
normalization procedure (detailed in Fig. S11, ESI†). Fig. 2(d)
shows the normalized data with two vertical line profiles at
energies of 1.0 � 0.5 eV (blue) and 1.7 � 0.5 eV (red), with their
corresponding intensities displayed in the left panel. The phase
shift between these oscillations was used to track the Ce3+ features
at 1.0 eV and 1.7 eV. During O2 pulsing (blue band), the oscillation
at 1.7 eV reaches its maximum while the 1.0 eV signal diminishes,
demonstrating a clear phase shift between these features. During
CO pulses (yellow band), both oscillations reach their maxima
simultaneously, showing in-phase behavior. Under pure O2 condi-
tions (blue band), although the complete oxidation of Ce3+ to Ce4+

should theoretically eliminate the Ce 4f signal, a detectable Ce 4f
feature nevertheless persists at 1.7 eV. This result suggests that
some Ce3+ species persist despite the oxidizing nature of O2 pulses.
This behavior continues throughout the entire 1300-second
sequence of redox injection cycles (Fig. S9, ESI†), indicating a
fundamental limitation in achieving complete conversion from
Ce3+ to Ce4+ during the oxidation process.

RPES measurements at Ce3+ (121.2 eV) and Ce4+ (124.5 eV)
threshold energies reveal the intricate interplay between O 2p–
Ce 4f covalent and ionic interactions. For instance, RPES
selectively probes Ce3+ ions through an intra-atomic process
that significantly enhances the spectral intensity of pure f–f
electrons, enabling the detection of these species at extremely
low concentrations:

Ce 4d104f1O 2p6 + hn- Ce 4d94f2O 2p6 - Ce 4d104f0O 2p6 + e�

Fig. 1 Modulated chemical excitation RPES spectra showing the dynamic redox behavior of ceria. RPES spectra collected during alternating pulses of
CO (red horizontal bands) and O2 (blue horizontal bands) at (a) 330 1C, (b) 360 1C, (c) 390 1C, and (d) 420 1C, with a CO : O2 mixing ratio of 1 : 1 and 40 s
pulse duration. Spectra were acquired at 121.2 eV photon energy to selectively enhance Ce3+ detection. Left panels: Time evolution of the Ce 4f state
intensity (vertical black profile centered at 1.0 � 0.5 eV), demonstrating reversible transitions between Ce3+ and Ce4+ species during gas cycling.
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In contrast, for a Ce4+ ion, the process is inter-atomic,
providing insights into the covalent interactions between
cations and anions:35

Ce 4d104f0O 2p6 + hn- Ce 4d94f1O 2p6 - Ce 4d104f0O 2p5 + e�

Analysis of modulated chemical excitation RPES data and
time-constant profiles under CO and O2 injections (Fig. S12(a)
and (b), ESI†) reveals selective enhancement of Ce3+ (121.2 eV,
top panel (a)) and Ce4+ (124.5 eV, bottom panel (a)) signals
when using a CO-rich flow gas mixture (CO : O2 = 2). During O2

injection, the time-constant profile shifts to lower binding
energies (blue line, upper panel of Fig. S12b, ESI†), appearing
as a distinctive ‘‘V-shaped’’ electron density feature in the RPES
spectrum (dashed blue line, upper panel of Fig. S12a, ESI†). The
observed energy shift suggests a lattice contraction resulting
from changes in oxygen stoichiometry.36 While this shift may
reflect changes in the Ce3+ electron population, it can also be
attributed to enhanced Ce4+–O 2p covalent bonding during O2

injection at this energy.35 RPES measurements at the Ce 4d -

4f photoabsorption threshold (121.2 eV) reveal electronic inter-
actions more complex than simple Ce4+–O 2p orbital hybridiza-
tion or pure f–f electron transitions.

Furthermore, the observation of distinct Ce3+ states at E1.7 eV
and E1.0 eV suggests implications between Ce3+ species and

catalytic properties across different crystallographic surfaces.
Recent studies demonstrate that ceria’s surface morphology fun-
damentally controls the formation and stability of single-atom
catalysts (SACs).37,38 The exposed surface facet governs oxygen
vacancy formation, which in turn determines substrate adsorption
strength and catalytic activity.39 This surface-dependent behavior
manifests differently across crystallographic surfaces. For instance,
the CeO2(100) surface has been shown to be catalytically active and
less stable than the (111) surface,40 making it more reactive and
easily reduced under CO exposure. Similar surface-dependent
behavior has been observed in H2 reactions with CeO2.41

Pd/CeO2(100) achieves exceptional selectivity (90.3%) for N
alkylation reactions, performing 2.8 times better than Pd/
CeO2(111).42 A study of Au SACs shows that (110) and (111)
surfaces stabilize single Au atoms in various morphologies,
while the (100) surface leads to Au nanoparticle formation.39

These differences in metal dispersion and oxygen vacancy
distribution demonstrate how crystallographic structure con-
trols both Ce3+ persistence and catalytic activity, making facet
control a key strategy for catalyst optimization.

(ii) CO : O2 = 1 flow ratio conditions: here, we used a flow of
0.6 sccm per gas, resulting in a mixing flow ratio CO : O2 = 1
with a pulse length of 40 s. In Fig. 2(b), we observed the same
layout describing the cycling between Ce3+ and Ce4+ rich-
species as CO or O2 are injected.

Fig. 2 On top (a), (b), and (c): Modulated chemical excitation RPES spectra measured while O2 (blue band) and CO (yellow band) are pulsed with mixing
CO/O2 flow ratios of 2 (a), 1 (b), and 0.25 (c). The experiments were performed while ceria was kept at 420 1C. The pulse duration of each gas was 40 s.
RPES spectra were obtained at the threshold energies corresponding to 121.2 eV (excitation energy for Ce3+). On bottom (d), (e), and (f): RPES spectra
were normalized to the highest point in the image, providing a distribution of intensities revealing regions with high spectral weight while other ones are
empty. Two vertical profiles are centered at BE = 1 eV (blue) and BE = 1.7 eV (red). The left panels show CPS intensities associated with red and blue
profiles, demonstrating both oscillations during CO and O2 injections, as revealed by MS on the bottom: CO (black-dotted), O2 (blue-dotted), and CO2

(brown line). The white arrow points out the persistent Ce3+ state at the top.
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To analyze the spectral weight at 1.7 eV (white arrow) during
the O2 pulse, we applied the same analysis protocol to the normal-
ized data in Fig. 2(e). Vertical line profiles were centered at the
same energies as in Fig. 2(a): 1.0 � 0.5 eV (blue) and 1.7 � 0.5 eV
(red). Here, both profiles exhibit behavior similar to the CO : O2 =
2 conditions, where CO pulses generate Ce 4f states at 1.0 eV and
1.7 eV. The CO pulse drives the Ce4+ to Ce3+ conversion, evidenced
by the formation of Ce 4f states. The Ce 4f character is observed at
E1 eV and in the hybridized region between E3 eV and E6 eV,35

demonstrating significant f-orbital contribution. During O2 pulses,
the phase shift is again observed between red and blue oscillations
in the left panel, confirming the persistent reduced Ce3+ species.
Additionally, a spectral weight between E2 eV and E6 eV in the
normalized image allows us to speculate about the extension of Ce
4f in the hybridized region. These features highlight the persis-
tence of the Ce3+ during O2 pulses.

(iii) O2-rich (CO : O2 = 0.25) conditions: modulated chemical
excitation RPES experiments were performed with alternating
gas flows of O2 = 2.4 sccm and CO = 0.6 sccm, creating O2-rich
conditions. Analysis of Fig. 2(c) shows the reversible switching
between Ce3+ ! Ce4+ species during O2 (blue band) and CO
(yellow band) pulses. The Ce 4f state formation at E1 eV during
CO pulses is less intense compared to conditions with CO : O2

ratios of 2 and 1, which can be attributed to the abundance of
remaining O2.

Under O2 pulsing, the Ce 4f state disappears, indicating a
complete conversion of Ce3+ to Ce4+. The normalized data in

Fig. 2(f) confirm this through the in-phase behavior of blue and
red oscillations as shown in the left panel. Both oscillations
reach their maximum during CO pulsing while becoming
undetectable at 1.7 eV during O2 injections. Additionally, the
Ce 4f density of states is absent between E2 and E6 eV,
confirming the complete conversion of Ce3+ species to Ce4+

under O2-rich conditions.
The MS signals (Fig. 2, bottom panels d, e, f) show the CO2

formation across all reactant ratios. The time intervals between
CO2 peaks vary with the CO : O2 ratio: with intervals of 40, 22,
and 11 seconds observed for ratios of 2, 1, and 0.25, respec-
tively. As the CO : O2 ratio decreases to 0.25, the two CO2 peaks
gradually merge into a near-single peak, indicating a decline in
the CO2 production. Under O2-rich conditions, the extended O2

residence time promotes the formation of active oxygen and
Ce4+ species at the surface of ceria. Consequently, the sustained
CO2 production in these conditions, despite low Ce3+ concen-
tration, suggests synergistic activity between activated oxygen
(Ce4+–O 2p) and Ce3+ species.

A key objective of this study is to characterize surface oxygen
species and their binding interactions with Ce3+ and Ce4+ sites.
Using NAP-XPS and NAP-RPES under pure O2 steady-state
conditions, we investigate oxygen speciation at the ceria surface
and its interaction with Ce3+ cations.

(c) Identification of surface-active oxygen species on CeO2

Here, we combine NAP-XPS and NAP-RPES under steady-
state O2 gas flow to identify oxygen species formed at the ceria

Fig. 3 Chemical species evolution and electronic states of ceria were characterized by: (a) NAP-XPS, (b) quantitative analysis showing the temperature-
dependent relative concentrations of observed species, and (c) NAP-RPES spectroscopy. O 1s core level spectra were collected using 590 eV photon
energy, and resonant photoemission spectra were acquired at 121.2 eV (Ce3+ resonance). Measurements were conducted under 0.5 mbar of O2 at
increasing temperatures from bottom to top: 330 1C, 360 1C, 390 1C, 400 1C, and 420 1C. The feature at E6.5 eV (dashed line) corresponds to hydroxyl
groups.
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surface and to investigate their interactions with Ce3+ species.
Fig. 3(a) shows the O 1s core level spectra obtained at 590 eV of
photon energy, with ceria exposed to 0.5 mbar of O2 at constant
temperatures of 330 1C, 360 1C, 390 1C, 400 1C and 420 1C,
respectively. The O 1s spectra show contributions attributed to
ceria lattice oxygen (529.5 eV),43 hydroxyls (531.0 eV)44,45 peroxide-
like oxygen groups,46,47 (532.7 eV), and O2 gas phase (gray band).48

The fitting at 330 1C revealed 26% of lattice oxygen, 42% of
hydroxyl groups, and 32% of peroxide species. However, as shown
in Fig. 3(b) a substantial evolution of all species is observed
between 330 1C and 420 1C, with a marked decrease of OH and
peroxo groups between 360 1C and 390 1C, while the concentration
of lattice oxygen species gradually increases. From 400 1C, the
peroxo contribution disappears while hydroxyl species reach a
concentration of 37% constant between 400 1C and 420 1C. Thus,
above 400 1C only ceria lattice oxygen and OH species remain on
the CeO2 surface (see Table S1 for more details, ESI†).

The NAP-XPS results were then contrasted with the NAP-RPES
valence band analysis. Fig. 3(c) shows the NAP-RPES spectra
measured at 121.2 eV (Ce3+) using the same experimental tem-
perature and gas pressure conditions as those of the NAP-XPS
analysis. Here, NAP-RPES was unable to detect Ce3+ species
(E1 eV) despite its extreme sensitivity (down to 0.1%).34 The
absence of Ce3+ can be attributed to their short lifetime, which
renders them undetectable within the steady-state regime.10

However, the valence band clearly shows the formation of a
shoulder at E6.5 eV (dashed line), which has been attributed
to OH groups by XPS, RPES, and DFT calculations.44,45,49 Thus,

this state (dashed line) confirms the attribution of OH contribu-
tion detected here by NAP-XPS. Therefore, our steady-state NAP-
RPES and NAP-XPS measurements are mutually consistent,
revealing that the redox cycle involves the OH species at all
temperatures, while peroxo participates only between 330 1C
and 390 1C. In the following section, we used DFT calculations
to support the findings observed in the valence band.

(d) DFT modeling of CeO2 surface
DFT calculations were performed to evaluate the impact of

superoxo, peroxo, and OH species on the density of states (DOS)
at the ceria surface. Our work focused on the CeO2(111) surface
due to its high catalytic activity and low surface energy com-
pared to other surfaces. We further verified its stability by
calculating surface energies, which provide insights into the
stabilities of surfaces. A lower surface energy corresponds to a
more stable surface. The calculated surface energies for the
(111) and (100) surfaces are 0.421 and 0.795 eV Å�2, respectively,
indicating that the (111) face is indeed the more stable surface.
Fig. S16 (ESI†) shows an oxygen vacancy (Vo) on the (100) surface
with the corresponding PDOS.

Fig. 4 shows the structural models of (a) pristine CeO2(111),
(b) a defective CeO2 surface with oxygen vacancies (V0), and the
corresponding DOS after adsorption of (c) superoxo, (d) peroxo,
and hydroxide species in (e) bridge and (f) top configurations,
where the DOS is compared with RPES experimental results. A
Gaussian broadening of 0.2 eV was applied to all projected
density of states (PDOS) to match the bandwidth observed in
the experimental RPES data.

Fig. 4 Comparison of DFT calculations and RPES measurements (under 0.5 mbar O2 at 420 1C). (a)–(f) PDOS and total DOS calculations for: (a) pristine CeO2(111),
(b) CeO2(111) with oxygen vacancy (Vo), and different oxygen species: (c) superoxo, (d) peroxo, and OH groups in (e) bridge and (f) on-top configurations. DOS
calculations include contributions from Ce 4f, Ce 5d, and O 2p states. Atomic structures show Ce4+ cations (yellow), oxygen atoms (red), oxygen vacancy (blue), and
Ce3+ cations. RPES measurements reveal a characteristic feature at E6.5 eV corresponding to hydroxyl groups, validating the DFT predictions.
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On CeO2(111) and CeO2(111) + Vo, we find that the total DOS
(dashed line) in the occupied region is mainly formed by hybri-
dized covalent O 2p and Ce 4f.35 For CeO2(111) in the stoichio-
metric form (a), Ce 4f state is absent in the intragap region, while
for CeO2(111) + Vo (b) the emergence of localized Ce 4f occurs as
expected.50 Ce 4f state is obtained at a Vo concentration corres-
ponding to 1/12 atoms established in the CeO2(111) 2� 2 unit cell
with 12 atoms of cerium and 24 of oxygen. Likewise, the calculated
bandgaps were 2.25 eV and 0.89 eV for CeO2(111) and CeO2(111) +
Vo, respectively, being both indirect gaps.30

In Fig. 4(c)–(f), we considered the three most common
adsorbed oxygen species on ceria corresponding to: (c) super-
oxide (O2

�), (d) peroxide (O2
2�), and (e) hydroxyl species (OH).

The method, geometrical parameters, Bader charges, magnetic
moment, and gap energies are available in Table S2 (ESI†). Here,
Fig. 4(c) reveals the surface chemistry of superoxo (O2

�) species
adsorbed on CeO2(111) + Vo. The formation of an oxygen vacancy
results in two electrons localizing on adjacent Ce atoms. Upon
oxygen adsorption at this site, one electron transfers to form a
superoxo species. This electron transfer mechanism leads to a
final electronic structure containing a single Ce3+ center, char-
acterized by a Ce 4f state and an electronic gap of 1.45 eV.
Previous studies have reported that the stability of superoxo species
from 200 1C is compromised.51,52 In addition, it has been suggested
that superoxo species can easily transform into peroxide species at
high temperatures. Moreover, the RPES data do not support the
presence of superoxo, as the experimental spectrum shows a state at
approximately 6.5 eV that is not predicted by the DFT calculations,
while the Ce 4f state predicted by DFT is not observed in the RPES
data. These findings, together with the instability of superoxo
species at temperatures above 330 1C, exclude the presence of
superoxo on ceria under such conditions.

Fig. 4(d): DFT on O2
2�/CeO2(111) + Vo. Here, peroxide species

replace Vo and induce a new extra state at E�7.0 eV attributed
to O 2p orbitals, while the Ce 4f state is absent and a wide gap of
1.87 eV is formed. The depopulation of the Ce 4f occupied state
is due to the substitution of the Vo site by the peroxo groups.
The stability of this group and the O 2p orbitals formation is
consistent with RPES spectrum, and the peroxo evolution
observed by NAP-XPS, which allows us to speculate that peroxo
species can be active species between 330 1C and 360 1C.

Fig. 4(e): DFT on OH/CeO2(111). The calculations were per-
formed following two OH adsorption models. (i) Bridge: OH
molecule adsorbs at the oxygen vacancy site (Vo) on the
CeO2(111) (e). (ii) Top: in this configuration, the OH molecule
is adsorbed on top of a Ce4+ cation without oxygen vacancy (f).
Both structures exhibit different energy gaps (Eg), with 2.34 eV for
the bridge and 1.72 eV for the on-top configuration, respectively.
Likewise, the O 2p state localized at E6.6 eV fits well with the
state observed in RPES (see arrow in Fig. 4e and f). However, the
stability of both OH configurations is strongly temperature
dependent.53 As evidenced in Fig. 3, the evolution of OH con-
tribution decreases between 330 1C and 360 1C, while it remains
constant between 400 and 420 1C. Thus, although NAP-XPS
cannot distinguish between the top and bridging electron con-
figurations, this reveals that OH groups are formed and

dehydroxylate at different temperature ranges, which may pro-
vide valuable information about their stability.

Finally, DFT and NAP-XPS/RPES experiments show that
between 330 1C and 390 1C, both peroxo and OH species coexist,
and above 390 1C, only the OH species remain on the surface.
Therefore, it is clear that the activation of O2 to form a particular
oxygen species is a temperature-dependent process with high
affinity here to form OH species at the surface of CeO2.

Conclusion

Through combined modulated chemical excitation investiga-
tion and DFT calculations, we characterized the dynamics of
oxygen species on the ceria surface. Our findings revealed
distinct temperature-dependent behavior: Ce3+ species persist
at 420 1C under CO-rich and CO/O2 = 1 conditions, while O2-rich
environments promote complete Ce3+ to Ce4+ conversion. We
identified temperature-specific surface species, with OH and
peroxo groups coexisting between 330–390 1C, and exclusively
OH species above 390 1C.

Our modulated chemical excitation RPES approach provided
valuable insights into how changes in gas composition affect
the electronic structure of the CeO2 surface. This methodology
opens up new avenues for studying catalyst behavior under
dynamic conditions. Future research should focus on more
complex systems, particularly Pt/CeO2, which demonstrates
promising CO oxidation activity at low temperatures.
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J. A. van Bokhoven, O. Kröcher and D. Ferri, Improving
time-resolution and sensitivity of in situ X-ray photoelectron
spectroscopy of a powder catalyst by modulated excitation,
Chem. Sci., 2023, 14, 7482–7491, DOI: 10.1039/D3SC01274C.

14 J. Weyel, L. Schumacher, M. Ziemba, M. Pfeiffer and
C. Hess, Modulation Excitation Spectroscopy: A Powerful
Tool to Elucidate Active Species and Sites in Catalytic
Reactions, Acc. Chem. Res., 2024, 57, 2643–2652.

15 A. Urakawa, D. Ferri and R. J. G. Nuguid, in Springer Hand-
book of Advanced Catalyst Characterization, ed. I. E. Wachs
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Y. Xu, K. Veltruská, K. Shimada and V. Matolı́n, Covalent
versus localized nature of 4f electrons in ceria: Resonant
angle-resolved photoemission spectroscopy and density
functional theory, Phys. Rev. B, 2017, 95, 165124.

36 J. L. F. Da Silva, Stability of the Ce2O3 phases: A DFT+U
investigation, Phys. Rev. B:Condens. Matter Mater. Phys.,
2007, 76, 193108.

37 L. Zhang, R. Chen, Y. Tu, X. Gong, X. Cao, Q. Xu, Y. Li, B. Ye,
Y. Ye and J. Zhu, Revealing the Crystal Facet Effect of Ceria
in Pd/CeO2 Catalysts toward the Selective Oxidation of
Benzyl Alcohol, ACS Catal., 2023, 13, 2202–2213.

38 M. Ziemba, C. Schilling, M. V. Ganduglia-Pirovano and
C. Hess, Toward an Atomic-Level Understanding of Ceria-
Based Catalysts: When Experiment and Theory Go Hand in
Hand, Acc. Chem. Res., 2021, 54, 2884–2893.

39 X. Zhou, A. Mavridis, M. A. Isaacs, C. Drivas, C. D’Agostino
and C. M. A. Parlett, Impact of Ceria Support Morphology on
Au Single-Atom Catalysts for Benzyl Alcohol Selective Oxida-
tion, ChemCatChem, 2024, 16, e202301673.

40 J. P. Y. Tan, H. R. Tan, C. Boothroyd, Y. L. Foo, C. B. He and
M. Lin, Three-Dimensional Structure of CeO2 Nanocrystals,
J. Phys. Chem. C, 2011, 115, 3544–3551.

41 O. Matz and M. Calatayud, Breaking H2 with CeO2: Effect of
Surface Termination, ACS Omega, 2018, 3, 16063–16073.

42 B. Hu, K. Sun, Z. Zhuang, Z. Chen, S. Liu, W.-C. Cheong,
C. Chen, M. Hu, X. Cao, J. Ma, R. Tu, X. Zheng, H. Xiao,
X. Chen, Y. Cui, Q. Peng, C. Chen and Y. Li, Distinct Crystal-
Facet-Dependent Behaviors for Single-Atom Palladium-On-
Ceria Catalysts: Enhanced Stabilization and Catalytic Prop-
erties, Adv. Mater., 2022, 34, 2107721.

43 D. J. Morgan, Photoelectron spectroscopy of ceria: Reduction,
quantification and the myth of the vacancy peak in XPS
analysis, Surf. Interface Anal., 2023, 55, 845–850.

44 Y. Lykhach, V. Johánek, H. A. Aleksandrov, S. M. Kozlov,
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