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ABSTRACT: Oxygen vacancies (OV’s) in ceria (CeO2) are critical structural and electronic
features that underpin ceria’s remarkable oxygen storage capacity, redox catalytic performance,
and wide-ranging applications in catalysis, solid oxide fuel cells, and gas sensors. These
vacancies, which result from the removal of oxygen atoms, enable dynamic oxygen exchange
between the solid and its environment, profoundly influencing ceria’s catalytic properties. The
intricate surface structures of ceria play a key role in determining its properties and its
interactions with supported metal catalysts. Over the past decade, advancements in state-of-
the-art in situ characterizations, first-principles calculations, and emerging machine learning
frameworks have significantly enhanced our understanding of the formation mechanisms,
behaviors, and catalytic roles of OV’s. This perspective highlights recent experimental and
theoretical progress in ceria surface research, emphasizing the dynamic interplay between
surface structures and reactive environments. Additionally, the perspective addresses key
challenges in elucidating ceria’s defect chemistry and explores opportunities to tailor its
properties using multiscale modeling and AI-driven methodologies.
KEYWORDS: Oxygen vacancies, polarons, surface reconstructions, dynamics, multiscale modeling

1. INTRODUCTION
Oxygen vacancies (OV’s) in ceria (CeO2) are central to its redox
functionality and are tightly coupled to polaron formation,
where electrons localize on cerium ions to form Ce3+ sites.1−10

This coupling allows ceria to store and release oxygen effectively,
enabling catalytic processes such as CO oxidation,11−17 water−
gas shift,18−25 and hydrogenation reactions.26−32 The formation
of polarons in the vicinity of OV’s enhances electron transport,
modulates reaction barriers, and creates unique binding sites for
reactants.33−36 Consequently, controlling the concentration and
distribution of OV’s�and, by extension, the polarons associated
with them�is critical for optimizing ceria’s catalytic activity and
stability.37−41 Furthermore, the dynamic interplay between OV’s
and polarons influences ceria’s interaction with supported
metals and single atoms, often resulting in synergistic effects that
improve catalytic performance.18,42−45 By dictating where and
how electrons localize, OV’s regulate both the electronic
structure, and the charge exchange processes at the ceria
surface.2,46,47 Recent advances in both experimental and
computational techniques, ranging from in situ microscopy to
advanced first-principles calculations, underscore the potential
of engineering OV’s and polarons to fine-tune ceria’s redox and
catalytic properties.48−51 This growing understanding paves the
way for designing highly efficient CeO2-based materials for
energy and environmental applications.

Oxygen vacancies in CeO2 exhibit remarkable complexity,
driven by a combination of lattice distortions, polaron

formation, and the heterogeneous coordination environments
found on different crystallographic facets.2,3,6,52−55 When an
oxygen atom is removed from the CeO2 lattice, two Ce4+ ions
will be reduced to Ce3+, creating localized charge states and
lattice distortions known as polarons.4,9,56,57 This interplay of
structural and electronic effects significantly amplifies the
complexity of ceria’s defect chemistry. For instance, on the
(111) facet, oxygen vacancies can appear as isolated vacancies,
aggregated vacancy clusters, or even extended surface
reconstructions.56,58,59 Each configuration presents unique
binding energies, redox potentials, and local electronic
structures, influencing where and how reactants bind during
catalytic processes. Such configurations can also shift dynam-
ically in response to temperature changes or altering oxygen
partial pressures, leading to a wide range of catalytic out-
comes.5,60,61 Moreover, doping ceria with transition metals or
rare-earth elements can further diversify the types of vacancy
structures that emerge, affecting the charge distribution and the
interplay between vacancies and polarons.62−66 This complex
landscape underscores the importance of advanced computa-
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tional and experimental approaches to accurately capture the
formation energies, diffusion barriers, and local electronic states
associated with oxygen vacancies. Ultimately, gaining a deep
understanding of these vacancy structures is key to unlocking
ceria’s potential across a variety of industrially relevant
applications.

Recent advances in high-resolution imaging, such as
aberration-corrected scanning transmission electron microscopy
(STEM), scanning tunnelling microscopy (STM), and dynamic
force microscopy (DFM), have revealed that oxygen vacancies
in ceria can distribute themselves in surface and subsurface
layers, coalesce into linear or triangular clusters,56 or form
periodic superstructures.67 These vacancies can even create
extended one- or two-dimensional reconstructions, exemplify-
ing how readily ceria adapts its surface stoichiometry to different
environments.68 Temperature and reactive conditions�such as
hydrogen or carbon monoxide atmospheres�can further drive
the dynamic rearrangement of vacancies and polarons, leading to
new defect configurations with distinct catalytic properties.
From a computational perspective, density functional theory
(DFT) and more recent machine learning-assisted methods
have begun to map out these diverse vacancy landscapes,
quantifying how varying degrees of surface reduction or doping
levels can stabilize specific vacancy clusters.62,69,70 For instance,
vacancy formation energies and Ce3+ localization patterns often
shift with changing local geometry and charge distributions,
resulting in pronounced site-specific behavior. This intricate
variance of possible structural configurations illustrates why the
complexity of oxygen vacancy configurations is so integral to
ceria’s multifunctional capabilities. Harnessing and tailoring this
complexity�through controlled doping, precise temperature
management, and reactive atmosphere design�offers an avenue

to finely tune ceria for optimized performance in catalysis, solid
oxide fuel cells, and other energy-related technologies. In this
Perspective, we offer a comprehensive outline of recent trends
and future directions in multiscale modeling, AI-driven
methodologies, and combined experimental and theoretical
approaches for advancing the understanding of oxygen vacancies
in CeO2.

2. ADVANCEMENTS IN COMPUTATIONAL
INVESTIGATIONS OF OXYGEN VACANCIES IN CEO2

2.1. Density Functional Theory (DFT) and Hybrid Functional
Approaches

Standard DFT functionals, such as the generalized gradient
approximation (GGA), often encounter notable difficulties
when describing the OV’s in CeO2. One critical challenge arises
from the partially localized 4f electrons associated with reduced
cerium ions (Ce3+), which can be misrepresented by these
functionals (Figure 1a). As a result, calculations may under-
estimate the energy of polaron formation or incorrectly
delocalize electrons. This mismatch can, in turn, misrepresent
the structural relaxations around OV’s and hinder accurate
comparisons with experimental data. Additionally, the subtle
interplay between lattice distortions, polaron localization, and
defect energetics demands more refined methods than what
standard GGA often provides. Consequently, while GGA-based
DFT can offer useful preliminary insights, researchers frequently
find it insufficient for achieving a comprehensive understanding
of OV formation, dynamics, and associated electronic states in
CeO2.

71,72

Hybrid functionals, such as HSE06, offer a promising
alternative by incorporating a fraction of exact Hartree−Fock

Figure 1. (a) Spin density (yellow) for a surface oxygen vacancy in CeO2(111) obtained using PBE. (b) Spin density (yellow) for a surface oxygen
vacancy in CeO2(111) obtained using the hybrid functional HSE. Reprinted with permission from ref 7. Copyright 2013 American Chemical Society.
(c) Spin density (black) for oxygen vacancies in CeO2(111) obtained using DFT+U. Reprinted with permission from ref 79. Copyright 2009 American
Physical Society.
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exchange, thereby improving the treatment of localized
electronic states. This partial inclusion of exact exchange
counteracts the self-interaction errors commonly encountered
in standard DFT, yielding more accurate descriptions of
polaronic defects and localized electrons in CeO2 (Figure 1b).
Through better alignment of the Ce 4f states, hybrid functionals
produce more realistic vacancy formation energies, charge
localization patterns, and structural relaxations surrounding
OV’s. Consequently, these calculations often align more closely
with experimental observations and allow for a refined
understanding of the interplay between OV’s, polarons, and
catalytic behavior.73−78 By bridging theoretical predictions and
experimental data, hybrid functionals significantly elevate the
quality and credibility of insights gained in defect and catalysis
research on CeO2.

Despite their enhanced accuracy, hybrid functionals come
with substantial trade-offs that can limit their practical
application in large-scale or high-throughput investigations of
CeO2. First, the computational cost is notably higher than that of
conventional DFT functionals, often rendering hybrid methods
impractical for systems with large supercells. Second, the
fraction of exact exchange included in hybrid functionals is
typically treated as a tunable parameter, introducing a degree of
arbitrariness. Collectively, these drawbacks mean that hybrid
functionals, while more reliable for describing OV’s and
polaronic states, require balancing of accuracy and efficiency.
When pushed beyond their practical computational limits,
researchers might need alternative or complementary methods
to maintain feasibility.
2.2. Density Functional theory with Hubbard-like
Correction (DFT+U)

Density functional theory plus U (DFT+U) is a refined
extension of standard density functional theory, specifically
designed to tackle systems featuring partially localized electronic
states, such as d or f orbitals. By adding a Hubbard-like
correction term denoted by the U parameter, DFT+U penalizes
the occupancy of orbitals and thus better captures the localized
nature of certain electrons (Figure 1c).2,4,35,80−82 This
modification significantly improves the computation of energies
(Table 1), electron distributions, and local structural relaxations,
often bringing theoretical results into closer agreement with
experimental data. As a result, DFT+U has become a go-to
method for investigating wide classes of materials, particularly

those rich in strongly correlated or localized electronic states,
such as transition-metal and rare-earth oxides.

In the CeO2 OV research, DFT+U is instrumental for several
reasons. During the formation of an OV, some Ce4+ ions in CeO2
are reduced to Ce3+, creating localized 4f electrons whose
correct depiction is crucial for predicting defect energetics,
migration barriers, and catalytic mechanisms. Standard DFT
often struggles to capture these localized states and their
associated polaronic effects, resulting in errors in vacancy
formation energies or misplacement of the localized charges. In
contrast, DFT+U provides a more accurate treatment of these
effects by tuning the U parameter, refining the representation of
the defect-induced electronic structure and enabling more
dependable calculations of lattice relaxation. This enhanced
reliability in describing OV’s and polaronic states underpins
deeper insights into how these defects govern catalytic and
electronic behaviors of CeO2, thereby guiding researchers in
designing advanced CeO2-based materials for applications
ranging from catalysis to energy storage.

In computational studies of OV’s in CeO2 using DFT+U,
carefully choosing an optimal U value is essential for accurately
modeling the partially localized 4f electrons and the polaronic
effects they introduce. Researchers typically select U values in
the range of 4.0 to 5.5 eV, with 5.0 eV commonly recommended
for correcting self-interaction errors that conventional DFT
often overlooks.4,9,82 This approximate range is generally
validated by comparing calculated properties�such as lattice
parameters and band gaps�to experimental benchmarks.
Consequently, a U value of around 5.0 eV is broadly accepted
as a balanced choice, maintaining computational efficiency while
delivering faithful representations of Ce3+ states and the
energetics associated with oxygen defects in CeO2.

The complexity of CeO2’s defect chemistry�spanning
multiconfigurational OV states, polaron localization, and
dopant-vacancy interactions necessitates methods beyond static
DFT calculations. Monte Carlo (MC) simulations and machine
learning (ML) approaches have emerged as powerful tools for
modeling thermally activated processes and configurational
entropy effects.52,83−88 MC methods utilize stochastic sampling
and statistical averaging to resolve high-dimensional or
probabilistic problems, offering robust capabilities for un-
certainty quantification. In CeO2 research, this approach is
pivotal for probing the thermodynamic stability and statistical
distribution of OV configurations under varying conditions (e.g.,

Table 1. Formation Energy of Oxygen Vacancies (with Respect to 1/2 O2, in eV) on the CeO2(111) Surface in the
Ferromagnetically State andMadelung Potential (in V) at the Vacant Site for Both Relaxed and Unrelaxed (HSE06) Geometriesa

CeIII PBE + Ub LDA + U HSE06 VMad
unrel VMad

rel c Ce�O

Surface
Unrelax 3.75 4.46
(1, 2)NN‑NN 2.50 (2.50) 3.31 3.30 −8.60 −4.71 (−3.74) 2.36, 2.34
(2, 3)NN‑NNN 2.34 (2.30) 3.21 3.10 −10.29 −4.51 (−1.71) 2.35, 2.49

Subsurface
Unrelax 3.93 4.73
(1, 2)NN‑NN 2.38 (2.40) 3.39 3.21 −10.47 −3.91 (−2.59) 2.39, 2.39
(2, 8)NN‑NN 2.40 (2.48) 3.44
(1, 4)NN‑NNN 2.00 (2.02) 3.08 2.79 −12.12 −3.15 (−1.78) 2.38, 2.46
(4, 8)NNN‑NN 2.08 (2.11) 3.17
(4, 6)NNN‑NNN 1.87 (1.89) 2.99 2.65 −14.61 −3.01 (−1.21) 2.47, 2.44

aCe�O corresponds to the average CeIII�O bond length (in Å) in the relaxed (HSE06) structures. Table reprinted with permission from ref 79.
Copyright 2009 American Physical Society. bIn parentheses, single-point calculation with a (2 × 2 × 1) k mesh and the geometry of the point
optimization. cIn parentheses, Madelung potential with Bader charges.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.5c00095
JACS Au 2025, 5, 1549−1569

1551

pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


temperature, oxygen partial pressure).52 ML approaches,
particularly machine learning potentials, effectively bridge the
gap between quantum-mechanical accuracy and large-scale
atomistic simulations.87−89 Together, these methods offer
efficient solutions for understanding oxygen defect chemistry,
which is crucial for catalyst design.

3. FORMATION, DISTRIBUTION, AND DYNAMICS OF
OXYGEN VACANCY

3.1. Oxygen Vacancy Formation Energies on Different
Surface Facets and in the Bulk
OV formation demands relatively high energy in the bulk region
of CeO2, often reported between 2.5 eV and 3.5 eV in DFT+U
calculations.9 This high formation energy primarily arises from
the strong lattice stability of the fluorite structure, where each
oxygen atom is tightly coordinated to surrounding cerium
cations. Because of these robust local bonds, creating a vacancy
in the bulk requires breaking multiple Ce−O bonds, making the
process energetically more expensive compared to surface
vacancy formation. However, at elevated temperatures or under
highly reducing environments, bulk vacancies can still form and
disappear in a dynamic process that underpins ceria’s ability to
store and release oxygen. This oxygen buffering capacity is
crucial in applications such as solid oxide fuel cells, where
efficient ionic conduction is needed. Moreover, the high vacancy
formation energy in the bulk contributes to ceria’s excellent
structural integrity under aggressive conditions involving high
temperatures, redox cycling, or oxidative atmospheres. Even if
some vacancies form, the overall lattice remains stable due to the
robust fluorite framework. In doped ceria, aliovalent cations may
alter the vacancy formation energy by inducing local lattice
distortions, yet the intrinsic energy cost for generating bulk

vacancies typically remains higher than on ceria surfaces.
Consequently, many catalytic and electrochemical reactions
predominantly take advantage of surface or near-surface OV’s, as
these are more easily formed and annihilated.

The (111) surface of ceria (Figure 2) is widely recognized as
its most thermodynamically stable facet, characterized by a
densely packed arrangement and relatively low surface energy.
According to DFT+U calculations, OV formation energies for
this facet (Table 2) generally lie between 1.8 eV and 2.8 eV,90,91

a notable reduction compared to the bulk. This lower energy
stems from the diminished coordination of surface oxygen
atoms, which are less tightly bound and therefore easier to
remove or exchange. As a result, the (111) surface can readily
form and annihilate OV’s, facilitating redox reactions such as CO
oxidation, water−gas shift, and even partial oxidation of
hydrocarbons. While the (111) surface is often deemed less
reactive than the more open (110) and (100) facets, its strong
thermodynamic stability ensures it predominates under
equilibrium conditions and during prolonged operation at
high temperatures. This stability is a key factor in many catalytic
processes that require robust, long-lasting performance.
Furthermore, slight surface modifications�such as introducing
noble metal particles or doping with aliovalent cations�can
enhance its vacancy formation and improve catalytic activity
without significantly compromising its structural integrity.

In contrast to the stable (111) surface, the (110) facet of ceria
features a higher density of undercoordinated cerium and
oxygen atoms, which translates to lower OV formation energies
(Table 2), typically ranging from 1.0 eV to 2.5 eV.91,93,94 This
reduced vacancy formation energy arises from weaker bonding
environments that make it easier to create and annihilate oxygen
vacancies. As a direct consequence, the (110) surface often

Figure 2. Top, side, and perspective view of CeO2 facets (100), (110), and (111). Cerium and oxygen ions are represented by gray and red spheres,
respectively. Reprinted with permission from ref 92. Copyright 2017 American Chemical Society.
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exhibits enhanced catalytic reactivity, particularly for reactions
requiring swift oxygen exchange, such as CO oxidation and
hydrogenation.95,96 The abundance of low-coordination sites
can also lead to stronger adsorption of reaction intermediates,
providing additional catalytic benefits and increasing turnover
frequencies. However, it is thermodynamically less stable than
(111). Under near-equilibrium conditions, the ceria crystal
structure tends to minimize its surface energy, leading to a
smaller population of (110) facets. Nonetheless, nonequilibrium
environments�such as rapid redox cycling, elevated temper-
atures, or the presence of strong adsorbates�can promote the
formation or exposure of (110) surfaces. Even transient
emergence of this facet can greatly impact overall catalytic

performance, as the (110) surface may provide a dominant
pathway for oxygen exchange and the activation of small
molecules. Thus, while it may not always be the most visible
facet under routine conditions, the (110) surface is recognized
as a key driver in enhancing ceria’s redox behavior, underlining
its pivotal role in catalytic applications where oxygen mobility is
critical.

The (100) surface of ceria occupies an intermediate position
between the highly reactive (110) facet and the more stable
(111) facet, with reported OV formation energies (Table 2)
generally lying in the 1.3 eV to 2.4 eV range.91,92,97,98 Although
its surface energy is higher, causing it to be less abundant under
equilibrium conditions, the (100) facet’s cubic atomic arrange-
ment offers substantial flexibility in accommodating vacancies.
This structural adaptability enables notable local relaxations
around missing oxygen atoms, reducing the energy cost
associated with vacancy formation. Consequently, the (100)
surface can exhibit appreciable activity in catalytic trans-
formations such as hydrocarbon reforming, selective oxidation,
and partial hydrogenation. Despite its relatively high surface
energy, the (100) facet may become significant under certain
reaction conditions, where surface reconstructions or energetic
interactions with adsorbates tilt the balance in favor of less stable
but more reactive facets.68,99,100 Furthermore, doping or
depositing secondary metals can modulate vacancy formation
energies on the (100) surface, refining its catalytic properties for
specialized applications.101,102

3.2. Interactions and Distributions of Oxygen Vacancies

Among the various crystal facets of CeO2, the (111) surface is
most investigated because it is the thermodynamically most
stable and thus predominates under typical growth and
operating conditions. This stability, combined with a well-
defined atomic arrangement, enables easier experimental
characterization and more straightforward theoretical modeling.
Therefore, in our discussion, we also focus primarily on the
(111) facet, while acknowledging that other surfaces of ceria can
exhibit distinct structural and catalytic properties. The work by

Table 2. Formation Energy of Surface (VA) and Subsurface
(VB) Oxygen Vacancies (with Respect to 1/2 O2, in eV) at
Ceria Surfacesa

111 facet 110 facet 100 facet

2 × 2
unit
cells

3 × 3
unit
cells

2 × 2
unit
cells

4 × 2
unit
cells

p(2 × 2)
unit cells

c(2 × 2)
unit cells

Vacancy type VA

Ef
unrel 3.79 3.41 2.61

Ef 2.22 1.96 1.29 1.06 1.78 1.35
ΔEf

relax 1.57 2.12 0.83
Ce3+

(n, m)
(2, 2̅) (2, 2) (1, 2) (1, 2) (1, 2̅) (1, 1)

Vacancy type VB

Ef
unrel 4.01 4.47 3.86

Ef 1.81 1.76 2.17 2.29 1.75 1.82
ΔEf

relax 2.20 2.30 2.11
Ce3+

(n, m)
(2, 2̅) (2, 2) (2, 2) (1, 2) (2, 2̅) (1, 2)

aEf
unrel and Ef correspond to the values for the unrelaxed and relaxed

structures, respectively. ΔEf
relax corresponds to the energy gained from

lattice relaxations upon vacancy formation. Ce3+ (n, m) indicates the
positions of the Ce3+ ions in the relaxed structures. Table reprinted
with permission from ref 91. Copyright 2021 IOP Publishing Ltd.

Figure 3. (a, b) STM images of the CeO2(111) surface obtained after 1 min (a) and 5 min (b) of annealing at 900 °C, with corresponding
representations of the observed defects. (c) STM image of a double and a triple linear surface oxygen vacancy cluster as well as a simulated STM image
of a double linear surface oxygen vacancy cluster (inset). The characteristic unit (magenta and cyan arrows) is an indication of the presence of a
subsurface vacancy in every linear surface oxygen vacancy clusters. STM imaging conditions: −3.0 V, 0.1 nA. (d) Corresponding structural model. (a−
d) Reprinted with permission from ref 56. Copyright 2005 American Association for the Advancement of Science. Topographic (e) and dissipation (f)
images of a slightly reduced CeO2(111) surface area. (g, h) Images shown in (e) and (f) where the association between the observed surface structure
and the type of defect has been depicted. Triangles, crosses, and circles correspond to subsurface oxygen vacancies, surface oxygen vacancies, and
hydroxide defects, respectively. The lines over both images highlight the arrangement observed for the subsurface oxygen vacancy structures. (e−h)
Reprinted with permission from ref 67. Copyright 2007 American Physical Society.
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Esch and co-workers investigates the atomic-scale mechanisms
of OV formation on CeO2, a critical aspect of its performance in
catalytic applications.56 Using high-resolution scanning tunnel-
ing microscopy (STM) at ∼600 K and density functional theory
(DFT), the authors found surface OV’s on the CeO2(111)
surface are slightly more stable than subsurface OV’s under
certain conditions (Figure 3a). This relative stability is
evidenced by the higher occurrence of surface vacancies
compared to subsurface vacancies on slightly reduced surfaces,

as observed in high-resolution STM. As shown in Figure 3b, at
higher vacancy concentrations, vacancy clusters formed and the
experimental results reveal that the localization of electrons left
by removed oxygen atoms plays a pivotal role in the formation
and stabilization of vacancy clusters. These clusters predom-
inantly expose reduced Ce3+. Notably, subsurface vacancies are
essential for the formation of linear surface vacancy clusters
(LSVCs). LSVCs on the CeO2(111) surface exhibit distinctive
structural features that are critical to their formation. These

Figure 4. Top view of the CeO2(111) surface with a single O vacancy on the top-surface (a−g) and subsurface (h−l) and the corresponding calculated
vacancy formation energies (Evac). They are at two second-neighbor (a) Ce3+, (b) first- and second-neighbor Ce3+, (c) two first-neighbor Ce3+, (d)
first- and forth-neighbor Ce3+, (e) first-neighbor Ce3+ in the second Ce layer and second-neighbor Ce3+, (f) first-neighbor Ce3+ in the second Ce layer
and first-neighbor Ce3+, (g) first- and third-neighbor Ce3+, with respect to the top-surface O vacancy; and (h) two second-neighbor Ce3+, (i) separated
first- and second-neighbor Ce3+, first-neighbor Ce3+ in the second Ce layer and (j) second-neighbor Ce3+, (k) two first-neighbor Ce3+, (l) first-neighbor
Ce3+ in the second Ce layer and first-neighbor Ce3+, with respect to the subsurface O vacancy. Cerium, O on top-surface, and O on subsurface are
represented by white, red, and blue spheres, respectively. Red V represents top-surface O vacancy, and light-blue V represents subsurface O vacancy.
The isosurface (0.05 e/Å3) of calculated spin charge densities are in dark blue. (a−i) Reproduced with permission from ref 103. Copyright 2009
American Physical Society. (m) Free energy change of surface Δγ as a function of the oxygen chemical potential ΔμO for different vacancy
concentrations. Top x axis is the pressure scale (in atmospheres) assuming ideal gas behavior. The enthalpy and entropy at T = 800 and 1000 K were
calculated using tabulated values. The dashed lines in the 1/4(a)ss structure show the (2 × 2) local arrangement of subsurface vacancies. The surface
(subsurface) oxygen atoms are represented by green (red). Ce4+ ions at the second (fifth) atomic layer are represented by dark gray (light gray). Ce3+

ions at the second (fifth) atomic layer are represented by blue (light blue). Reproduced with permission from ref 90. Copyright 2013 American
Physical Society.
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clusters are composed of linear arrangements of oxygen
vacancies, involving both surface and subsurface vacancies,
and are exclusively coordinated by reduced cerium ions Ce3+,
with no neighboring Ce4+ ions. A unique characteristic of LSVCs
is the presence of a pair of rim oxygen atoms that diffuse in
opposite directions: one atom relaxes outward while the other
relaxes inward toward the surface (Figure 3c and 3d). This
asymmetric relaxation creates a structural unit that is
consistently observed within LSVCs.

Torbrügge et al. investigated the structural and electronic
properties of surface and subsurface OV’s on the slightly reduced
CeO2(111) surface using dynamic force microscopy (DFM) at
low temperatures (80 K).67 Surface OV’s are identified as
missing oxygen atoms surrounded by six protruding neighbors,
exhibiting relaxation patterns predicted by first-principles
calculations. Subsurface OV’s, located in the third atomic layer,
are observed as three oxygen atoms protruding from the surface,
with localized electrons reducing nearby Ce4+ ions to Ce3+. The
main finding is the ordering of subsurface OV’s into linear arrays,
driven by a balance of short-range attractive and repulsive
interactions (Figure 3e−h). These vacancies do not cluster
densely, but form ordered patterns, leaving defect-free areas in
between. The two experimental studies on OV’s in CeO2(111)
surfaces present conflicting observations regarding the stability
and distribution of surface and subsurface vacancies. In the work
by Esch et al., it is suggested that surface and subsurface OV’s are
nearly equally stable, with similar formation energies.56

However, the study by Torbrügge et al. challenges this,
providing evidence of distinct differences in stability and
behavior between surface and subsurface vacancies. Using
atomic resolution DFM at low temperatures, the authors
identify unique ordering patterns of subsurface vacancies.67

This discrepancy highlights the complexities in understanding
OV formation and behavior, which may arise from variations in
experimental conditions, such as temperature and reduction
levels, or differences in the sensitivity of characterization
techniques.

Theoretical studies, particularly those using DFT+U, have
deepened our understanding of OV structures on the CeO2(111)
surface. These studies emphasize the intricate interplay between
structural relaxations and electronic effects caused by the
vacancies. When an oxygen atom is removed, two excess
electrons are introduced into the lattice, and these electrons
localize on near Ce ions, transforming them from Ce4+ to Ce3+.
As shown in Figure 4, the exact localization of these electrons is
influenced by the local atomic environment and has been shown
to lead to multiple energetically favorable configurations.79,103

The inclusion of the Hubbard U term enhances the accuracy of
these models by correcting for the electron correlation effects
inherent to the Ce 4f orbitals, enabling a more realistic
representation of the electronic structure of reduced CeO2.
This detailed understanding not only helps identify stable
vacancy configurations but also sheds light on how these defects
influence the overall properties of CeO2. With DFT+U
calculations, these theoretical models have reproduced several
critical experimental findings, including the visibility of OV’s in
STM images and their influences on the surrounding lattice
structure. A notable result from both theory and experiment is
the preferential stability of subsurface OV’s over surface OV’s
under reducing conditions.90 This theoretical prediction aligns
well with advanced DFM experiments that reveal a predom-
inance of subsurface defects in reduced CeO2 samples.
Additionally, calculations have predicted vacancy-induced

lattice relaxations and ordered vacancy arrangements, such as
the (2 × 2) periodic pattern observed in DFM studies (Figure
4m).90 This work also shows spatial and electronic correlations
between oxygen vacancies and associated Ce3+ ion pairs aligning
with STM research conducted by Jerratsch et al.104 They
demonstrated that Ce3+ ions do not preferentially occupy
nearest-neighbor positions relative to oxygen vacancies, favoring
instead second- or third-neighbor configurations. This behavior
arises from the interplay between electrostatic repulsion and
lattice relaxation effects, which stabilize nonadjacent Ce3+-OV
arrangements. These results not only validate the predictive
power of DFT+U but also demonstrate its utility in uncovering
atomic-scale mechanisms that are challenging to resolve
experimentally. Despite the overall agreement between the-
oretical and experimental findings, certain discrepancies persist,
highlighting the complexities of accurately modeling oxygen
vacancies. For instance, STM studies by Esch et al. have reported
an almost equal distribution of surface and subsurface OV’s
under specific experimental conditions.56 However, DFT+U
calculations consistently indicate that subsurface OV’s are
energetically more favorable, suggesting that these should
dominate under reducing conditions. This divergence could
arise from the inherent limitations of computational models,
such as the neglect of finite-temperature effects, entropic
contributions, or the influence of surface adsorbates, which
can significantly alter the vacancy distribution. And the incorrect
structural models may be used to interpret experimental
observations. To address these issues, more effort may need to
integrate statistical thermodynamic approaches to capture the
temperature-dependent behavior of vacancies and resolve these
discrepancies between theoretical predictions and experimental
observations.

A novel structural model has been proposed to resolve the
discrepancies observed in STM and DFM experiments on
CeO2(111) surfaces. The study by Kullgren et al. introduced the
idea that other species, such as fluorine impurities, could mimic
the appearance of oxygen vacancies in STM experiments (Figure
5a).105 Fluorine, for instance, shows similar electronic and
topographic features in simulated STM images due to its
electronic structure and interaction with the CeO2 lattice. This
model better aligns with experimental findings, such as the
increased surface defect concentration upon annealing and the
observed defect immobility, which are inconsistent with OV
behavior. Another alternative theoretical model is the hydroxyl-

Figure 5. (a) Schematic plan views (upper row) of fluorine impurities
model. Reprinted with permission from ref 105. Copyright 2014
American Physical Society. (b) Schematic plan views (bottom row)
hydroxyl-vacancy model. Reprinted with permission from ref 106.
Copyright 2016 American Physical Society.
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vacancy model (Figure 5b).106 According to this model,
hydroxyl groups play a critical role in stabilizing OV’s and
vacancy clusters. Specifically, the coexistence of hydroxyls and
OV’s significantly reduces the formation energy of vacancy
clusters, making linear surface vacancy clusters (LSVCs) and
triangular surface vacancy trimers (TSVTs) energetically
favorable. This model aligns with STM observations, such as
the prevalence of LSVCs and specific TSVT configurations. By
incorporating the mutual stabilization effects between hydroxyls
and OV’s, this theoretical framework effectively reproduces the
STM experimental observations, providing deeper insights into
the dynamic nature of CeO2(111) surface defects. However,
these two new structural models fail to account for a distinctive
feature of linear surface vacancy clusters (LSVCs) observed in
STM experiments: the presence of a pair of rim oxygen atoms
that diffuse in opposite directions, with one atom relaxing
outward and the other moving inward toward the surface.

To resolve discrepancies observed in prior STM and DFM
experiments, Han and co-workers systematically investigate the
structural arrangements of OV’s on CeO2(111) surfaces under a
wide range of temperatures and OV concentrations (Figure 6).52

Using a combination of DFT calculations and Monte Carlo
simulations, the researchers develop a unified framework to
better understand the complex vacancy behavior. They identify a
new structural configuration, termed the “most stable double
linear surface vacancy cluster” (ms-dLSVC), which includes two
surface OV’s and one subsurface OV (Figure 6a). This model
successfully explains a key feature observed in STM experi-
ments: the presence of rim oxygen atoms that relax in opposite
directions, with one moving outward and the other inward
toward the surface (Figure 6b).

Monte Carlo simulations reveal additional insights into the
temperature-dependent and vacancy concentration-dependent
structures of OV distributions. At low temperatures and low OV
concentrations, the simulations show that vacancies preferen-
tially occupy subsurface sites and form a local (2 × 2) ordering
(Figure 7). This finding aligns with the observations from DFM
experiments and suggests that the system’s thermodynamic
stability favors subsurface vacancies under these conditions.
However, at higher temperatures and higher vacancy concen-
trations, surface OV’s aggregate into linear clusters, which is
consistent with STM observations (Figure 7). The ms-dLSVC
configuration is shown to exhibit enhanced thermodynamic
stability compared to triangular trimer vacancy configurations
due to its ability to release local lattice strain. These findings not
only reconcile the discrepancies between experimental methods
but also highlight the importance of vacancy-induced lattice
relaxation in determining surface structures.

DFT+U studies reveal OV’s in CeO2(111) critically alter
surface reactivity by modifying electronic structures.107 OV’s
generate Ce3+ ions, redistributing electron density to adjacent
oxygen atoms. This weakens O−H bonds, reducing H
adsorption energy and destabilizing surface-bound H. Also,
the interactions between oxygen vacancies (OV-OV), between
oxygen vacancies and Ce3+ ions (OV-Ce3+), and between Ce3+

ions themselves (Ce3+-Ce3+), including their many-body
interactions, play a critical role in determining the structure of
OV’s.108 However, disentangling the individual contributions of
these interactions remains a significant challenge. The study by
Zhang et al. employed a compressed sensing-assisted cluster
expansion (CE) model to address the challenges in under-
standing OV structures (Figure 8).84 Traditional methods faced
difficulties in accurately sampling the electronic configurations

due to the complex many-body interactions among OV’s and
Ce3+. By combining statistical learning and first-principles
calculations, the researchers decoupled these interactions,
effectively isolating the key contributions of OV-OV, OV-Ce3+,
and Ce3+-Ce3+ interactions. This approach identified specific
configurations characterized by energetically favorable attrac-
tions and minimized repulsions, which are critical for stabilizing
vacancy structures (Figure 8f and 8g).

The study revealed that OV’s tend to aggregate and favor the
subsurface or third oxygen layer instead of the surface,
particularly at high OV concentrations. This finding diverges
from earlier studies that primarily focused on surface and
subsurface vacancy distributions. The observed preference for
deeper vacancy aggregation is attributed to significant geometric
relaxation effects, which had been overlooked in prior work.
These insights were supported by extensive Monte Carlo
simulations and validated against DFT+U calculations, demon-

Figure 6. (a) Most stable single vacancy and trimeric vacancy structures
on CeO2(111). SSV, SSSV, SVT, dLSVC, and ms-dLSVC stand for
single surface vacancy, single subsurface vacancy, surface vacancy
trimer, double linear surface vacancy cluster, and most stable double
linear surface vacancy cluster, respectively. Cerium, surface oxygen, and
subsurface oxygen atoms are depicted in white, red, and pink,
respectively. Open circles represent oxygen vacancies. For clarity,
only the first O−Ce−O trilayer is shown. The spin density is shown as
the gray clouds localized on cerium cations. (b) Top panel: Vertical
displacement of surface O atoms in SVCs. Schematic representations of
the vertical movement of the oxygen atom pair formed by the cyan and
magenta atoms upon formation of vacancy clusters, namely, dimer,
dLSVC, ms-dLSVC, and long-LSVC. The outward and downward
relaxations are denoted with + or − signs, respectively. Values
consistent with experimental observation are highlighted in red.
Bottom panel: Experimental image from ref 56 and simulated STM
images of vacancy structures on reduced CeO2(111). The height of the
tip in the constant-height mode simulated images is ∼0.6 Å. The insert
displays the simulated STM image of the dLSVC structure by Esch et al.
with all Ce3+ ions in nearest-neighbor positions to the vacancies.
Experimental STM image reprinted with permission from ref 56.
Copyright 2005 American Association for the Advancement of Science.
Reproduced with permission from ref 52. Copyright 2018 American
Physical Society.
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strating the robustness of the cluster expansion model. overall,
this work provides a new theoretical framework for under-
standing the stability and distribution of vacancies in reducible
oxides like CeO2. The findings highlight the critical role of
decoupling many-body interactions and geometric relaxation in
shaping vacancy configurations, offering a refined understanding
that aligns with experimental observations.

The structure of OV’s in bulk ceria is relatively less significant
compared to those on the surface, and as a result, studies on bulk
OV’s are comparatively scarce. However, the structure and
dynamic behavior of bulk OV’s are crucial for understanding and
improving the performance of solid oxide fuel cells. The study by
Li et al. focuses on unraveling the structural and energetic
interplay of OV’s in bulk ceria. As shown in Figure 9, using a
combination of first-principles calculations and machine
learning-assisted cluster expansion models, the authors system-
atically analyze OV configurations and their interactions with
surrounding Ce3+ ions.85 The study reveals that OV-OV
interactions play a dominant role in determining the structural
stability of ceria, while OV-Ce3+ interactions are secondary, and
Ce3+-Ce3+ interactions have minimal impact. By identifying key
interaction types and correlating structural stability with
electronic properties, the research provides a detailed under-
standing of how defect structures form and stabilize under
varying conditions.
3.3. Dynamics of Oxygen Vacancies
OV dynamics, specifically the mobility and transport pathways of
these defects, play a critical role in determining ceria’s catalytic
and functional performance.34,35,107,109−113 The diffusion rate of
OV’s governs the kinetics of oxidation and reduction processes,
significantly influencing reaction rates at both the surface and
subsurface levels. Enhanced vacancy mobility accelerates the
turnover of redox cycles, thereby improving catalytic efficiency
in applications such as solid oxide fuel cells, automotive exhaust
aftertreatment, and chemical synthesis. A deeper understanding
of the diffusion mechanisms, facilitated by atomistic simulations
and advanced experimental techniques, provides a foundation
for optimizing catalytic performance. Elucidating the critical

migration pathways and associated energy barriers offers
opportunities to fine-tune ceria’s functional properties.

OV diffusion is a critical process influencing ceria’s catalytic
and functional properties, yet the precise mechanisms remained
unclear. Using first-principles calculations for OV diffusion on
CeO2(111), Li et al. uncovered a novel two-step exchange
mechanism for OV diffusion.113 As show in Figure 10, a
subsurface oxygen atom fills a surface vacancy, creating a new
subsurface vacancy, which is subsequently filled by a
neighboring surface oxygen atom. This two-step process was
found to have significantly lower energy barriers (0.44 and 0.61
eV for each step, respectively) compared to the traditional
hopping mechanism, which has a barrier of 1.60 eV. The authors
demonstrated that the two-step exchange mechanism is
approximately 8 orders of magnitude faster than the hopping
mechanism at 500 K, highlighting its practical significance in
surface processes.

However, the migration mechanism of OV’s is inherently
complex and is significantly influenced by the distribution of
Ce3+ ions. Zhang et al. unravel the anomalous OV diffusion
mechanism in reduced CeO2(111) surfaces, focusing on the
interplay between OV’s and polarons (Ce3+).34 The authors
utilized DFT combined with ab initio molecular dynamics
(AIMD) simulations to explore the dynamic interactions
between OV’s and Ce3+ polarons across a range of temperatures.
The study identifies two distinct mechanisms: a “nearest-
neighbor polaron-hindered mechanism”, where nearby polarons
impede vacancy migration by creating energetically unfavorable
pathways, and a “nearest-neighbor polaron-promoted mecha-
nism”, where polarons lower migration energy barriers and
facilitate vacancy movement from subsurface to surface layers
(Figure 11). These mechanisms underline the role of local
polaron distribution in vacancy dynamics.

At lower temperatures, OV migration is limited by restricted
polaron motion, resulting in localized OV’s movement. As
temperature increases, polarons hop more frequently, dynam-
ically altering the energy landscape and enabling long-distance
OV’s migration. However, at very high temperatures, excessive
polaron hopping disrupts coordinated vacancy motion. AIMD
simulations reveal that migration pathways are strongly
influenced by the configuration of Ce3+ polarons, with vacancies
preferentially migrating across Ce4+-Ce4+ pairs due to lower
energy barriers. This study provides critical insights into the
entangled dynamics of OV’s and polarons, offering a microscopic
framework for understanding charge and ionic transport in ceria-
based materials.
3.4. Oxygen Vacancy Engineering

Engineering OV’s on ceria surfaces is a critical strategy for
enhancing its catalytic and functional properties, with strain and
doping emerging as two critical approaches.54,62,114−120 Strain
introduces lattice distortions that can modulate the electronic
structure and alter the formation and migration energies of OV’s.
Doping further complements strain engineering by introducing
different cation species that alter the local electronic environ-
ment and defect chemistry. Dopants with lower oxidation states,
such as trivalent lanthanides (e.g., Gd3+, Sm3+),121 can induce
charge compensation mechanisms that enhance vacancy
concentrations. Meanwhile, aliovalent doping not only
influences vacancy formation but also governs their spatial
distribution and mobility, creating pathways for optimized
oxygen transport.122 Synergistically, doping can interact with
strain effects, as dopants often induce localized lattice distortions

Figure 7. Monte Carlo simulated structures of a slightly (10%),
moderately (15%), and highly (20%) reduced CeO2(111) surface. (a−
c) 80 K and (d)-(f) 600 K. Images are to be compared with the
experimental STM images in ref.56 Oxygen atoms, surface oxygen
vacancies, and subsurface oxygen vacancies are represented as orange,
black, and blue balls, respectively. Cerium atoms are not shown for
clarity. The ms-dLSVCs and long LSVCs are indicated with black
circles. The SVTs are indicated with yellow circles. Reproduced with
permission from ref 52. Copyright 2018 American Physical Society.
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that mimic or counteract externally applied strain, providing an
additional level of control over ceria’s surface properties.114

To investigate how strain affects the electronic structure of
CeO2 and, in turn, influences the formation energy of surface
OV’s, Han and colleagues systematically studied the surface
electronic structure and OV formation energy of CeO2(111)
surfaces under various strain conditions (Figure 12).117 The
study, utilizing spin-polarized DFT+U calculations, systemati-
cally analyzed how tensile and compressive strains affect the
stability and distribution of OV’s on the CeO2(111) surface.
Their findings highlight that strain not only alters the stability of
OV’s but also changes the electronic environment and
redistribution of Ce3+ polarons. Under tensile strain, the
research reveals that surface OV’s are energetically favored due
to the stabilization of next-nearest neighbor Ce3+ polarons.
Conversely, compressive strain promotes the formation of
subsurface OV’s, which are associated with nearest neighbor
Ce3+ polarons. Moreover, the study identifies that compressive
strain induces significant changes in defect clustering behavior,
making the formation of surface and subsurface OV dimers more
favorable. The authors also found that strain modulates the band

gap and defect state positions, providing a direct link between
strain engineering and ceria’s catalytic performance.

Another effective approach to regulating OV behavior is
through doping. Xu and co-workers systematically investigate
the formation of OV’s on transition metal-doped ceria surfaces
using a combination of DFT+U calculations and machine
learning techniques (Figure 13).86 The authors focus on
uncovering the role of transition metal dopants in modulating
OV formation energy and stability on ceria surfaces. By exploring
97 transition metal-doped ceria systems across various crystallo-
graphic facets (CeO2(111), CeO2(110), and CeO2(100)), they
analyze the correlations between OV formation energies and the
intrinsic properties of dopants, including electronegativity, d-
orbital characteristics, and Fermi level (Figure 13a and 13b).
Key insights are derived through the application of symbolic
regression (SISSO) and subgroup discovery (SGD) method-
ologies (Figure 13c−f). SISSO identifies low-dimensional
descriptors that accurately predict OV formation energy.
Meanwhile, SGD reveals localized patterns within the data set,
highlighting the influence of dopant electronegativity, Fermi
level, and the p-band center of lattice oxygen. These analyses

Figure 8. (a) Statistical learning flowchart of the CE model. (b, c) The error between the CE model-predicted energy and the DFT energy for training
set (b) and leave-one-out cross-validation (c). (d, e) Violin plots of the absolute error in the energy of configurations for training set (d) and leave-one-
out cross-validation (e). (f, g) Top views, side views, and the O vacancy formation energies of the configurations A2233 (with two O vacancies in the
subsurface layer and two O vacancies in the third oxygen layer) and A2222 (with four O vacancies in the subsurface layer). Reproduced with
permission from ref 84. Copyright 2025 Royal Society of Chemistry.
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reveal that dopants with higher electronegativity and optimized
electronic states near the Fermi level significantly reduce OV
(Figure 13g−i). The study concludes that the interplay of
dopant electronic properties and local structural distortions
governs OV behavior.

4. INFLUENCE OF OXYGEN VACANCIES ON THE
SURFACE CHEMISTRY OF CERIA

4.1. Surface Reconstructions

OV’s on the CeO2 surface play a critical role in driving structural
reconstructions and altering the material’s physical and chemical
properties. Surface reconstructions in CeO2 due to OV’s typically
involve lattice distortions and shifts in atomic positions. In
particular, the creation of an OV breaks local Ce−O bonds,

causing neighboring Ce atoms to adjust their positions. These
adjustments reduce the coordination environment of local Ce
cations, which can become Ce3+ to compensate for charge
imbalance. Consequently, the surface region can exhibit altered
stoichiometry, potentially forming facets or adopting new phases
that differ from the bulk structure. With increasing vacancy
concentration, the reconstruction can become more extensive,
leading to rearrangements such as alternating layers of oxygen-
deficient and fully oxidized regions, or the formation of extended
defects like vacancy clusters.59,123−126 On a microscopic level,
these vacancies can act as trapping sites for adsorbates,
facilitating or hindering catalytic reactions depending on the
nature of the reactants. This capacity for adapting and reshaping
surface structure in response to redox conditions is one of the

Figure 9. (a) Cluster configurations and distances for two-body interactions with strong repulsive effects: J2,2, J2,5, J2,8, J2,3; and strong attractive effects:
J2,9, J2,10, J2,4, J2,14. Black, white, red, and blue spheres represent oxygen vacancies, Ce4+, O, and Ce3+ ions, respectively. (b) Distribution of different
distances between vacancies, vacancies and Ce3+, and Ce3+ ions in the most stable and unstable configurations of 3 × 3 × 3 supercell with OV
concentration c = 4/216. (c) Statistical average of the radial distribution function of oxygen vacancy at different temperatures with corresponding
lattice structure showing oxygen vacancy distribution. Reprinted with permission from ref 85. Copyright 2024 American Chemical Society.
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core reasons that CeO2 has found widespread application in
catalysis.

The CeO2(100) surface possesses the highest surface energy,
making it most prone to reconstruction. To begin, we will
examine whether the CeO2(100) surface is oxygen-terminated
or cerium-terminated. Pan et al. investigate the structural and

polarity-compensation mechanisms of ceria nanocrystals
exposing the (100) facets.127 By employing high-resolution
STM and DFT+U, the study systematically investigates the
atomic configurations of ceria nanocrystals grown on Ru(0001)
substrates and annealed under oxygen-deficient conditions. The
(100) facets are shown to exhibit two distinct surface

Figure 10. (a−d) The side views and isosurfaces (0.05 e/Å3) of spin density for CeO2(111) in the presence of surface (a and b) and subsurface (c and
d) oxygen vacancies, respectively. The subsurface O is marked in blue, and other O is in red. Ce is marked in gray. Oxygen vacancies are highlighted in
the white boxes. The arrows indicate the directions of atom movements during the structural relaxation. (e) Hopping mechanism. The red boxes show
O vacancies. The blue arrow indicates the O diffusion path. (f) Two-step exchange mechanism. The red boxes show O vacancies. The blue and red
arrows indicate the O diffusion from the subsurface and surface positions to the O vacancies, respectively. (g) Energy profiles of the hopping and two-
step exchange mechanisms. Reproduced with permission from ref 113. Copyright 2011 Royal Society of Chemistry.

Figure 11. (a, b) Examples of the two oxygen migration mechanisms: (a) the NN-polaron-hindered mechanism; (b) the NN-polaron-promoted
mechanism. (c) Schematic view of possible O vacancy migration pathways at the CeO2(111) surface. “x” here indicates the oxygen migrations that are
difficult and thus less likely to occur. Reproduced with permission from ref 34. Copyright 2019 American Physical Society.
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reconstructions, (2 × 2) and c(2 × 2), that effectively
compensate for the intrinsic dipole of the polar (100) plane.
The authors reveal that the primary (2 × 2) reconstruction
consists of pyramidal CeO4 units similar to the Wulff
reconstruction, while the c(2 × 2) phase involves a checker-
board-like OV pattern. These configurations stabilize the (100)
facets against polarity-induced instability, enabling their
experimental observation. The study also identifies the influence
of OV’s in reducing the ceria lattice, which contributes to the
evolution of the crystal shape under high-temperature annealing.
The work by Capdevila-Cortada and co-workers focus on
elucidating the role of configurational entropy in stabilizing the
polar CeO2(100) surface.128 By combining DFT+U calculations
with molecular dynamics simulations, the authors systematically

analyze the structural and energetic characteristics of different
surface terminations. They identify the CeO4-t and O-t
reconstructions as the most relevant configurations and
demonstrate that their stability is influenced not only by surface
energy but also by entropy contributions. The study highlights
the critical role of configurational entropy, derived from the
degeneracy of surface oxygen distributions, in enhancing the
stability of polar surfaces, particularly at elevated temperatures.
Furthermore, the simulations reveal facile oxygen diffusion
processes on the O-t surface, suggesting dynamic behavior that
further supports configurational entropy’s stabilizing effects.
The work highlights the importance of entropy in explaining the
coexistence of multiple reconstructions and their temperature-
dependent transformations.

Figure 12. (a, b) Single surface oxygen vacancy (SSV) (a) and single subsurface oxygen vacancy (SSSV) (b) formation energy at the 5 × 5 CeO2(111)
surface as a function of strain and for distinct polaronic structures. (c) The averaged oxygen vacancy formation energy of the most stable SSV, SSSV,
SurDimer, and SubDimer structures with 5 × 5 periodicity as a function of strain. (d) The (average) near-surface oxygen vacancy formation energy, Ef
= Eb + Er, as a function of strain (5 × 5 periodicity). Eb is the energy cost to create a near-surface oxygen vacancy structure without allowing for lattice
relaxations, i.e., the bond breaking energy, and Er, the energy gained from lattice relaxations in the presence of the vacancies. (e) Densities of states
(DOS) summed over spin projections and all atoms for a SSV and SSSV under −5%, and +5%, or +4% strain with AB and 12 Ce3+ configurations and 5
× 5 periodicity. Nearest (NN) and next-nearest neighbor (NNN) Ce ions to vacancies are labeled with uppercase letters (A, B, C, D, ...) and numerals
(1, 2, 3, 4, ...), respectively. The Fermi level is set as the zero energy value, below which the states are occupied. (f) Oxygen vacancy formation energy for
single surface (SSV) and subsurface (SSSV) vacancies at the 2 × 2 CeO2(111) surface as a function of strain and for distinct polaronic structures.
Reproduced from ref 117. Available under a CC BY 4.0 license.
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These studies demonstrate that OV’s have a significant impact
on the surface structure of CeO2(100). To uncover new surface
reconstructions, it is essential to systematically investigate the
OV configurations under varying oxygen partial pressures. Zhang
et al. investigated the intricate reconstruction of the polar
CeO2(100) surface under conditions of high reduction and
elevated temperatures, addressing its structural complexity and
catalytic significance (Figure 14).68 By employing in situ
spherical aberration-corrected scanning transmission electron
microscopy (STEM) and particle swarm optimization (PSO)
algorithms, the authors identified a (4 × 6) surface
reconstruction (Figure 14a and 14b). This unique reconstruc-
tion features Ce3OX chains, where Ce and O atoms organize into
a stable periodic structure. The reconstructed surface arises

under highly reducing environments and high-temperature
conditions, demonstrating significant structural adaptation
(Figure 14c). DFT+U calculations provided further insights
into the stability mechanisms of the reconstructed surface,
highlighting strong hybridization between Ce(4f) and O(2p)
orbitals (Figure 14j). This electronic interaction plays a critical
role in stabilizing the surface structure and enhancing its
chemisorption properties.
4.2. Supported Metal Catalysts

CeO2 is a popular support material for metal catalysts due to its
unique ability to form and heal OV. These vacancies are more
than simple defects, they change the way electrons move on and
around the surface, which can greatly affect how metal particles

Figure 13. (a) The correlation between the formation energies (ΔEF) of TM-doped ceria systems and Ndm. (b) The correlation between ΔEF and
RDm. (c) The histogram distribution of data samples for OV formation energies of the TM-doped ceria systems, (d) the error distribution between the
SISSO model predicted energies and DFT calculated energies for the TM-doped ceria systems, and the results of the SGD by maximizing (e) and
minimizing (f) the surface OV formation energies. (g−i) Species projected density of states for surface doped CeO2(111) surfaces. The TM-doped
CeO2(111) surfaces with low OV formation energy (g, Cu doping), moderate OV formation energy (h, La doping), and high OV formation energy (i,
Nb doping). Reproduced with permission from ref 86. Copyright 2024 Royal Society of Chemistry.
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attach to the support.129−134 In many catalytic systems, this
interaction is key to controlling how well the catalyst performs.
One reason these vacancies are so important is that they allow
cerium ions in the oxide lattice to switch between two oxidation
states: Ce4+ and Ce3+. When an oxygen atom is removed, nearby
Ce4+ ions can gain an electron and change into Ce3+. This shift
can alter the local electronic environment on the surface and
provide extra sites for metal atoms to anchor. As a result, the
metal particles, which could be platinum, palladium, gold, or
other metals, bond more tightly to the oxide. This reduces the
chance that the metal particles will sinter at high temperatures,
which can keep the catalyst active for a longer time. OV’s also
help improve the catalyst’s performance by acting as active sites
for different reaction steps.

Han et al. systematically investigated the interaction between
gold clusters and CeO2(111) surfaces, with a particular
emphasis on the structural evolution of Au clusters on reduced
CeO2(111) surfaces and its implications for catalytic behav-
ior.135 Using DFT+U, the authors systematically investigated
how different types of OV structures on ceria, including single
surface vacancies (SSV), linear surface vacancy trimers (LSVT),
double linear vacancy clusters (dLSVC), and triangular surface
vacancy trimers (TSVT), influence the stability, morphology,
and electronic properties of Au clusters. They found that OV’s
act as nucleation sites for Au clusters, with stronger binding
energies compared to clean surface sites. The study revealed that
Au clusters transition from 2D to 3D structures depending on

the vacancy type and cluster size. Notably, the transition size
increases in the order TSVT > dLSVC ∼ LSVT > SSV, driven by
charge transfer between the Au clusters and ceria surface.

Under realistic reaction conditions, catalysts are often
dynamic, with both their surface geometric structures and
electronic structures undergoing corresponding changes. Zhang
and co-workers studied the fluxionality of electronic structures
in supported Pd clusters on a CeO2 substrate under reaction
conditions.83 The authors employed ab initio molecular
dynamics simulations and DFT+U to reveal the dynamic
interactions between the metal clusters and the ceria surface. A
key finding of the research is that the electronic configurations of
both the Pd clusters and the ceria substrate exhibit significant
fluctuations during the catalytic process. These fluctuations are
closely tied to structural distortions in the Pd clusters and their
interaction with the CeO2 surface, which is characterized by
strong Pd−O bonding and variations in Ce3+/Ce4+ distributions.
The study also highlights that these dynamic electronic and
structural changes significantly influence the catalytic activity of
the Pd clusters. Variations in charge distribution, magnetic
moments, and density of states were observed, emphasizing the
critical role of these electronic changes in controlling catalytic
behavior. The authors further demonstrated how these effects
impact the adsorption energies of small molecules such as CO
and NO, showcasing that charge redistribution in the Pd clusters
can alter their binding strength and reaction pathways. The
findings highlight the importance of considering dynamic

Figure 14. (a, b) Top view and side view of CeO2(100)-(4 × 6)-A (a) and CeO2(100)-(4 × 6)-A* (b), respectively, where white balls represent bulk
Ce atoms, red balls represent bulk O atoms, blue balls represent surface Ce atoms, yellow balls represent O atoms at the apex of the Ce3Ox chains, and
orange balls represent surface O atoms beside the Ce3Ox chains. Black dashed lines indicate the surface reconstruction period. (c) The stability of
structures with different compositions is depicted as a function of oxygen chemical potential ΔμO. The simulated environmental oxygen partial
pressure is 2.0 × 10−8 mbar. (d−i) Experimental measured (d−f) and theoretically simulated (g−i) HAADF STEM images of the reconstructed
CeO2(100) surface along different zone axes. (j, k) Ce3+(4f) projected on different sets of Ce3+ cations for structure B (j), with reference to the color of
the atoms in (k) for structure B. Reproduced with permission from ref 68. Copyright 2024 American Association for the Advancement of Science.
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electronic configurations to accurately evaluate the activity of
supported metal catalysts, particularly under high-temperature
reaction conditions. This work provides a deeper understanding
of metal−support interactions.

5. CHALLENGES IN UNDERSTANDING OXYGEN
VACANCIES

Understanding surface OV’s on ceria presents significant
challenges due to the intricate interactions between vacancies
and Ce3+ ions, as well as the resulting multiconfigurational
distributions. OV’s are inherently linked to the reduction of Ce4+

to Ce3+, a process that introduces a wide variety of possible
spatial and electronic configurations. These configurations are
highly sensitive to external variables such as temperature, oxygen
partial pressure, and the presence of adsorbates, making them
highly dynamic. The spatial localization of Ce3+ ions around
OV’s induces geometric distortions and electronic changes in the
ceria lattice. These localized Ce3+ ions interact with the
surrounding lattice, creating a network of complex interactions
that are not easily captured using traditional computational or
experimental methods. Moreover, these interactions often lead
to the formation of clusters or patterns that are difficult to
predict or validate, further complicating the understanding of
ceria’s defect chemistry.

The dynamic interplay between OV’s and Ce3+ ions creates a
landscape of configurational diversity that is both complex and
multifaceted. Multiple vacancy configurations coexist, each
influenced by factors such as the coupling between Ce3+ ions,
which can exhibit long-range interactions across the lattice. This
configurational diversity is amplified by temperature-dependent
behavior and catalytic environments, where vacancy structures
dynamically evolve to adapt to reaction conditions. The
presence of long-range Ce3+-Ce3+ coupling introduces addi-
tional layers of complexity, creating a rich, multibody interaction
framework that governs ceria’s catalytic and functional proper-
ties. These dynamic interactions challenge conventional
theoretical models, necessitating advanced methodologies like
multiscale simulations and machine learning to adequately
describe these phenomena.

Additionally, the distribution of OV’s and their interactions
with Ce3+ ions are far from static. Under catalytic or high-
temperature conditions, these distributions exhibit fluxional
behavior, dynamically evolving in response to reaction environ-
ments or applied stresses. This fluxionality complicates efforts to
determine the dominant structural motifs and their associated
mechanistic roles. Experimental techniques, such as in situ
spectroscopy and microscopy, provide snapshots of these
dynamic systems but often lack the temporal resolution to
fully capture the real-time evolution of vacancy configurations.
Computational approaches, including cluster expansion models
and high-throughput simulations, are essential for mapping the
configurational space, but their accuracy heavily depends on the
inclusion of multibody interactions and dynamic effects. Solving
these challenges is critical, as the interplay between OV’s and
Ce3+ ions directly impacts ceria’s oxygen mobility, redox
properties, and catalytic efficiency, underscoring the importance
of integrating advanced theoretical and experimental tools to
unlock the full potential of ceria-based materials.

6. FUTURE DIRECTIONS
Future research on ceria surface OV’s will greatly benefit from
the integration of multiscale modeling techniques. OV’s and

their interactions with Ce3+ ions involve complex phenomena
that span different time and length scales. Atomic-scale
mechanisms, such as the creation, migration, and clustering of
vacancies, are best captured by quantum mechanical methods
like DFT. However, these approaches often struggle to account
for long-range interactions or collective behaviors, such as the
cooperative dynamics of vacancy networks or the impact of
environmental conditions like temperature and pressure.
Multiscale modeling bridges this gap by linking atomistic
models with mesoscale and continuum methods, enabling the
study of system-wide behaviors while retaining atomic-level
accuracy. Techniques like kinetic Monte Carlo simulations,
cluster expansion models, and molecular dynamics can simulate
the dynamic evolution of OV’s under catalytic conditions. These
methods allow researchers to explore how vacancies influence
large-scale properties such as oxygen transport, surface
reconstruction, and catalytic activity. Combining multiscale
models with experimental data can provide a more holistic
understanding, ultimately leading to predictive models for
ceria’s performance under various operating conditions.

The application of artificial intelligence (AI) in studying OV’s
on ceria surfaces offers an unprecedented opportunity to
accelerate discovery and improve predictive capabilities.
Machine learning (ML) algorithms can analyze vast amounts
of data generated from first-principles calculations, high-
throughput simulations, and experimental results, identifying
patterns and uncovering hidden relationships between struc-
tural, electronic, and catalytic properties. AI-driven methods,
such as subgroup discovery and gradient boosting regression,
can pinpoint key descriptors like vacancy formation energies, d-
band centers, and Ce3+-vacancy coupling, which are critical for
predicting material performance. Furthermore, reinforcement
learning can be used to explore optimal configurations of
vacancies and dopants, offering pathways to enhance ceria’s
catalytic properties. The development of AI-driven models that
integrate multiple data sources, ranging from in situ
experimental data to computational predictions, will enable
real-time analysis of ceria’s dynamic behavior under reaction
conditions. These advancements will also support the design of
tailored ceria-based catalysts, optimizing properties such as
oxygen mobility and redox efficiency for specific applications
like fuel cells and environmental remediation.

To fully understand and harness the role of OV’s on ceria
surfaces, future research must emphasize the integration of
experimental and theoretical approaches. Advanced experimen-
tal techniques, such as in situ scanning transmission electron
microscopy (STEM), X-ray absorption spectroscopy (XAS),
and surface-enhanced infrared absorption spectroscopy (SEI-
RAS), provide invaluable insights into the dynamic behavior of
vacancies under real reaction conditions. However, these
methods often lack the temporal or spatial resolution to capture
fast processes or localized interactions. Theoretical methods,
including DFT and cluster expansion models, can fill these gaps
by offering detailed atomic-scale insights. The combination of
these two approaches enables a synergistic understanding of
ceria’s behavior: experimental results can validate and refine
theoretical predictions, while simulations can guide the design of
targeted experiments. Moreover, advances in operando
techniques, capable of capturing real-time changes in surface
structure and electronic properties, can be paired with high-
throughput computational workflows to explore a wide range of
reaction conditions. This combined strategy ensures a
comprehensive understanding of OV behavior, paving the way
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for the development of next-generation ceria-based materials
with optimized catalytic and functional properties.

7. CONCLUSIONS
In conclusion, OV’s play a critical role in defining the electronic
structure, catalytic activity, and oxygen storage capability of
ceria. These defects are not static but dynamically interact with
Ce3+ ions, leading to complex structural and electronic
rearrangements that significantly influence ceria’s surface
chemistry. The diversity in OV configurations, driven by polaron
formation and lattice distortions, introduces unique challenges
in understanding their role, particularly under operational
conditions where external factors such as temperature, oxygen
partial pressure, and dopants further complicate their behavior.
Computational approaches, including density functional theory
(DFT) with hybrid functionals and Hubbard corrections (DFT
+U), have provided valuable insights into the mechanisms of OV
formation, clustering, and migration, offering a pathway to
rationalize experimental observations from techniques such as
STM and DFM. Despite these advances, challenges remain,
particularly in accurately capturing the multiconfigurational
nature of OV interactions and their dynamic evolution in
response to environmental changes. Future research must
prioritize multiscale modeling to bridge the gap between
atomic-level simulations and macroscopic behavior, enabling a
more comprehensive understanding of OV dynamics. The
integration of AI-driven discovery methods offers promising
opportunities to efficiently explore the vast configuration space
of OV’s, identify key descriptors, and predict catalytic behavior
with high accuracy. Additionally, combining experimental
techniques with theoretical frameworks will be critical in
validating computational predictions and unveiling real-time
OV dynamics under operating conditions.
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