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1. Introduction

In the past few decades, tremendous attention have been paid to
heterogeneous catalysis, which plays a key role in solving envi-
ronment and energy problems.[1] In heterogeneous catalysis,
chemical reaction occurs at the multiphase interface between cat-
alysts and reactants, and the kinetic processes such as adsorp-
tion, reaction, and desorption of reactants into products are
the key steps that affect heterogeneous catalytic reactivity.[2]

Moreover, it is worth noting that these pro-
cesses are often directly related to the struc-
tural properties of catalysts.

The defect structure universally existing
in solids has a great impact on the reactivity
of solid materials.[3] For a material, defects
can be divided into two types according to
their origin: intrinsic defects and doped
defects. Motti et al. clarified the intrinsic
defects and their photochemistry in lead
halide perovskite, and described the corre-
lation between defects and the macroscopic
properties of the material.[4] For doped
defects, defect engineering, including dop-
ing, chemical reduction, high annealing,
ion irradiation, and surface etching as an
effective method to adjust the electronic
and geometric structure of catalysts, has
been widely applied in heterogeneous catal-
ysis. Our groups have summarized the

application of defective materials modified by defect engineering
in electrocatalysts, rechargeable batteries, and fuel cells.[5] This is
an important prerequisite for our comprehensive and in-depth
study of defect chemistry.

Among defective catalysts, CeO2, as one of the most popular
rare-earth oxides, has attracted considerable attention in acade-
mia and industry on account of its abundant crystal defects
and high oxygen storage capacity.[6] Recently, defective CeO2

has been extensively applied in catalysis, especially in heteroge-
neous catalysis, as shown in Figure 1. Small-molecule oxidation
reaction such as CO and methanol oxidation[7] small-molecule
reduction reaction, including CO2 and N2 reduction

[8] water split-
ting[9] solid oxide fuel cells[5a] photocatalysis[10] biochemical[11]

organic transformation[12] and are as described as follows.
Currently, a vast number of studies have been devoted to fab-

ricating CeO2 and CeO2-based catalysts. Yang et al. published an
overview of recent research progress on synthesis of CeO2-based
mixed-oxide catalysts and typical applications.[6] Ma et al.
reported a critical review on visible-light-response CeO2-based
photocatalysts with enhanced photodegradation of pollutants.[10a]

However, a series of researches have mostly focused on the con-
trolled synthesis of CeO2-based nanomaterials and the possibility
of different catalytic reactions, and rarely have involved the sys-
tematic study of defect chemistry on CeO2-based nanomaterials.
Thus, in this article, the understanding, introduction, and appli-
cations of defect chemistry in CeO2-based heterogeneous cataly-
sis are reviewed, and the structure–activity relationship between
defect engineering and catalytic performance is recommended
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With abundant crystal defects, cerium oxide (CeO2), widely used in heteroge-
neous catalysis, has attracted extensive attention. In recent years, researchers
have investigated that the defect chemistry of CeO2 plays a vital role in its
catalytic activity and have developed various defect introduction methods to
synthesize stable and efficient defective CeO2-based catalysts. Herein, the
understanding, introduction, and applications of defect chemistry in CeO2-based
heterogeneous catalysis are reviewed, and the structure–activity relationship
between defect engineering and catalytic performance is recommended with
great emphasis. Interests are put into the investigation of how defects influence
the activity and stability of defective CeO2 catalysts and effective strategies for
fabricating efficient, stable, and defective CeO2 catalysts. Finally, the existing
problems and perspectives of CeO2 defect chemistry for heterogeneous catalysis
are displayed. This review provides a reference for in-depth understanding and
the design of more efficient CeO2-based catalysts for heterogeneous catalysis.
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with great emphasis. We are committed to discussing how
defects affect the activity and stability of defective CeO2-based
catalysts and effective strategies for fabricating efficient, stable,
and defective CeO2-based catalysts. Finally, the existing problems
and perspectives of CeO2-based catalysts’ defect chemistry in het-
erogeneous catalysis provide references for the design of more
efficient catalysts.

2. Structure and Defect Chemistry of CeO2

2.1. Structure of CeO2

The cubic fluorite-structured CeO2 with space group Fm3m
(Figure 2a)[13] is geared to face-centered cubic (FCC), which
can maintain a similar crystal structure over the temperature
range from the melting point.[14] Compared to other lanthanide
oxides, such as ZrO2, La2O3, Gd2O3, and Y2O3, CeO2, with its low
price, is abundant in the Earth’s crust and possesses unique elec-
tronic configurations of [Xe] 4f1 5d1 6s2 resulting in excellent
physical and chemical properties. Each Ce4þ is coordinated with
eight oxygen ions nearby, and each O2� in the tetrahedral space
coordinates with four nearest Ce4þ.[15] At room temperature,
pure stoichiometric CeO2 appears pale yellow due to
Ce4þ–O2� charge transfer, instead of nonstoichiometric
CeO2–x, the color of CeO2–x (0< x< 0.5) turns blue or even

black.[16] For nonstoichiometric CeO2–x, each cerium atom can
furnish four electrons to fill the p orbital of an oxygen atom,
and electrons from the oxygen atom are transferred to two adja-
cent cerium atoms, which are reduced from Ce4þ to Ce3þ. The
cerium ion in CeO2 can realize the formation or elimination of
oxygen vacancies by the reversible conversion between Ce4þ and
Ce3þ.[17] The corresponding formation process of oxygen vacan-
cies is listed as follows.

O2� ↔ Oö þ 2e� þ 1=2O2ðgÞ (1)

where O2�, OÖO, and e� are an oxygen ion on the lattice site, dou-
bly charged oxygen vacancies, and electrons in the conduction
band are composed of Ce 4f energy states.[18] As centers of oxygen
activation, oxygen vacancies are reactive sites and the key com-
ponents of oxygen storage in oxidation reaction.

2.2. Defect Chemistry of CeO2

For the past few years, defective oxides such as CeO2, ZnO, TiO2,
and WO3 with excellent physical and chemical properties have
gradually entered the view of researchers as described in
Table 1. By comparison, defective CeO2 with large potential is
especially prominent. Defects in the crystal structure are caused
by the displacement of atoms from lattice positions, which
results in the destruction of the symmetry in the perfectly peri-
odic lattice. As described in Figure 2b, the defect chemistry of
CeO2 has been categorized according to the dimensionality of
the defects into line defects, including dislocation defects,[19]

plane defects containing grain boundary defects,[20] and point
defects, such as oxygen defects and cerium defects.[21]

Line defect refers to a defect in which the crystal is periodically
destroyed in a line area (Figure 2c), mainly due to dislocations,
which can be classified as “edge dislocation” and “spiral disloca-
tion.”[19a] Yasunaga et al. investigated the nucleation and growth
process of faulted-interstitial-type dislocation loops in CeO2 and
concluded that a growth of the oxygen vacancy mobility and dis-
location loops took place with descending incident electron
energy.[19b,19c]

The plane defect is a plane formed in a crystal by a region devi-
ating from periodicity, such as faulting and grain boundary, of
which the grain boundary is the most widespread. Because
the grains on both sides of the CeO2 grain boundary are arranged
in different directions, it possibly becomes a transition region,
resulting in specific grain boundary structures and nonstoichio-
metry.[20b] Atoms at the grain boundary are generally higher in
energy than those within the grain, and there may be vacancies,
dislocations, and other defects, which often have a strongly
impact on the macroscopic electrical and chemical properties
of a material. Therefore, the concentration of oxygen vacancies
in CeO2 is highly correlated to the atomic structure at the grain
boundary.

Among the point defects, oxygen defects with a simple struc-
ture and extensive applications in heterogeneous catalysis have
been diffusely studied as opposed to the two aforementioned
defects. According to their origin, the oxygen defects of CeO2

can be systematized as intrinsic defects and doped defects.
Intrinsic defects generally occur with thermal disorderness in
a crystal, which can be formed by the reductive conversion of

Figure 1. The basic function of defective CeO2 catalysts and typical appli-
cations for small-molecule oxidation/reduction reaction, photocatalysis,
solid oxide fuel cells, water splitting, organic transformation, and biochem-
icals. a) Reproduced with permission.[131a] Copyright 2021, Springer
Nature. b) Reproduced with permission.[131b] Copyright 2020, Wiley-
VCH. c) Reproduced with permission.[131c] Copyright 2018, American
Chemical Society. d) Reproduced with permission.[131d] Copyright 2015,
Elsevier. e) Reproduced with permission.[131e] Copyright 2019, Royal
Society of Chemistry. f ) Reproduced with permission.[127] Copyright
2018, Elsevier. g) Reproduced with permission.[124c] Copyright 2020,
Springer Nature. h) Reproduced with permission.[131f] Copyright 2006,
National Academy of Sciences, USA.
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Ce4þ to Ce3þ or the migration of lattice oxygen.[22] By contrast,
doped defects derive from heteroatoms/particles replacing nor-
mal atoms/particles or occupying gap positions in normal nodes.
Different oxygen defects or cerium defects are produced depend-
ing on different valence states of doped ions.[23] In nanocrystal-
line CeO2, when the state of cerium in CeO2 changes, a variety of
defects can be formed on its surface, including point defects and
line-type (Figure 2c,d) and triangular-type defect clusters, as
shown in Figure 2e,f, resulting from multiple point defects.[24]

However, there are few researches on the practical application
of defect clusters in catalytic reactions, with the focusing being
more on their structural characterization. Therefore, controlling
the defect density of CeO2 by a wide range of reasonable means is
of great significance to the improvement of heterogeneous catal-
ysis. Emphasis is mostly put on the introduction, characteriza-
tion, and application of point defects, whereas line defects and
plane defects are still rare.

3. Characterization of Defects

It is well known that the defects of nanosized CeO2 have a great
influence on heterogeneous catalysis, but the mechanism
between the defect structure and catalytic activity is still unclear.
Therefore, it is essential to get accurate characterization of the
defect structure, in terms of clearly studying the effect of defects

Figure 2. a) Chemical structure of the unit cell of CeO2. Reproduced with permission.[13] Copyright 2019, American Chemical Society. b) Schematic
picture of CeO2 crystal defects. (1) Oxygen vacancy; (2) interstitial oxygen defect; (3) oxygen vacancy derived from doping of trivalent ion; (4) oxygen
vacancy derived from doping of bivalent ion; (5) interstitial oxygen defect derived from doping of pentavalent ion; (6) cerium defect derived from doping of
pentavalent ion; (7) triangular defect cluster; (8) linear defect cluster; (9) dislocation; (10) grain boundary. Data from ref. [19d]. c) Model of bulk-termi-
nated structure of CeO2 (111) with oxygen layer termination. d) Atom-resolved noncontact atomic force microscopy (NC-AFM) image of nearly stoi-
chiometric CeO2 (111) surface, Δf� 149 Hz. e) After annealing for 240 s, Δf� 258 Hz. f ) Model of multiple defects of line defects and triangular defects
observed in (e). b–f ) Reproduced with permission.[24] Copyright 2002, Elsevier.

Table 1. Comparison of defective oxide catalysts in heterogeneous
catalysis.

Catalysts Advantages Disadvantages Refs.

CeO2 1. High oxygen storage and release capacity Low electrical
conductivity

[6,10a]

2. Excellent redox cyclicity

3. Unique electronic configurations

4. Chemical and thermal stability

5. Abundant reserves and low price

ZnO 1. Unique electrical configurations [128]

2. Piezoelectric

3. Ease of synthesis

4. Nontoxicity

5. Low cost

TiO2 1. Inexpensiveness [129]

2. Chemical and thermal stability

3. Low toxicity and desired conduction

WO3 1. Various stable crystal structures [130]

2. Various oxygen-deficient structures

3. Low cost, high stability, and acid corrosion
resistance

4. High concentration of active sites and
oxygen defects
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on the catalytic activity of CeO2. So far, the characterizationmeth-
ods of defective CeO2 are mainly separated into spectroscopy
characterization methods and microscopic imaging technology.

3.1. Spectroscopy Characterization Methods

Spectroscopy characterization, including X-ray photoelectron spec-
troscopy (XPS), electron paramagnetic resonance spectroscopy
(EPR), Raman spectra, and X-ray absorption spectroscopy (XAS),
allow materials to be identified and their structures determined
from the spectral signals, as each structure has its own
characteristic line.

XPS is a technology based on the principle of using X-ray to
excite the valence electrons or inner electrons of the sample
atom, and detecting the energy of the excited photoelectron to
study the composition and valence state of the sample surface.
The conversion of Ce4þ to Ce3þ is accompanied by the formation
of oxygen vacancies. Jiang’s group characterized the concentra-
tion of oxygen defects by detecting the peak area of Ce3þ, as

shown in Figure 3a, and calculated the ratios of Ce3þ to total
Ce (Cetotal). The CeO2 nanorod (CeO2 NR) with 15% Fe3þ iron
doping is the highest.[25] This method has received increasing
attention for characterizing defects in CeO2.

[26] Prior to this,
there were also researchers who divided the peak of O 1s, deter-
mining the species of oxygen by the band energy at a particular
location.[27] However, this method has some limitations due to
the low reliability of semiquantitative XPS analysis and the com-
plexity and diversity of oxygen species. Therefore, most of the
current studies combine the aforementioned two to comprehen-
sively characterize oxygen defects.

EPR, also known as electron spin resonance (ESR), is a tech-
nique to study the structure of a sample through the interaction
of the electron spin magnetic moment with other parts of the
sample using the electron spin magnetic moment as a probe.
It is well accepted that the effect of defects on the electronic struc-
ture cannot be ignored, so it can be used to characterize the oxy-
gen defects of nanostructured CeO2. The EPR test in Figure 3b
shows the resonance response signal of unpaired electrons in an

Figure 3. a) Ce 3d XPS spectra of CeO2 and Fe0.15Ce NRs. Reproduced with permission.[25] Copyright 2020, Elsevier. b) EPR spectra at room temperature.
Reproduced with permission.[24] Copyright 2002, Elsevier. c) Raman spectra of the prepared catalysts. d) Enlarged view of the F2g peak. e) Enlarged view of
the defect band region. c,d) Reproduced with permission.[26b] Copyright 2018, Springer Nature. f ) XANES spectra fitting of the CeO2 and g) Co/CeO2.
Reproduced with permission.[32] Copyright 2020, American Chemical Society. h) Ce L3-edge XANES spectra of cerium (III) chloride, commercial bulk
ceria, ceria NPs, and gadolinium-doped ceria nanoparticles (GDC NPs). Reproduced with permission.[33] Copyright 2020, Springer Nature.
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applied magnetic field. It was verified by Jiang and his team that
the symmetrical signals Fe0.15Ce NRs (1.965) present more
strongly than CeO2 (1.94),

[25] which manifests a higher unpaired
electron capture capability at oxygen defects in different
positions.[28]

Raman spectroscopy utilizes the information of molecular
vibration and rotation to detect the relative defect by analyzing
different scattering spectra. The peak at 466 cm�1 in the
Raman spectrum of pure stoichiometric CeO2 corresponds to
the symmetric contraction vibration of Ce—8O in the CeO2 lat-
tice in the F2gmode,[29] which is sensitive to any disorder, doping,
or particle-size-induced effects in the lattice caused by heating.
When a large amount of oxygen vacancies is generated in the
reduction of CeO2, the F2g vibration peak will shift. By analyzing
the Raman shift of the spectrum, the oxygen vacancy, nonstoi-
chiometric number, and other information of CeO2 can be
obtained.[30] Dosa et al. demonstrated the existence of oxygen
vacancy by Raman spectroscopy and quantitatively measured
the content, as shown in Figure 3c–e. They found that the intro-
duction of dopants can further promote the formation of inher-
ent defects in CeO2.

[26b]

In addition to those mentioned previously, XAS has attracted
more attention in the characterization of defects in recent
years.[31] As shown in the X-ray absorption near-edge structure
(XANES) spectra fitting of the CeO2 and M/CeO2 of
Figure 3f,g, Zhao et al. used XAS to analyze the species corre-
sponding to each peak and verified the existence of oxygen vacan-
cies in CeO2 and transition-metal-doped CeO2. For pure CeO2

and Co/CeO2 samples, the concentration of Ce3þ increased from
29.4% to 38.7%.[32] Moreover, soft XAS L3-edge study clearly

indicated that the changes of the dynamic valence state of Ce ions
resulted from incorporation of the dopant (Figure 3h).[33]

According to the presentation of the aforementioned charac-
terizations, it can be found that defects have a great effect on the
chemical composition, electronic structure, and optical response
of the material.[5a] The influence of nanosized CeO2 defects on its
catalytic activity is undoubtedly particularly great.[5d] However,
the present characterization methods can only indirectly analyze
the defect concentration through the signal changes of the spec-
tral characterization results, and cannot precisely evaluate the
defect concentration value. Therefore, it is of great value to find
more advanced characterization means to determine the concen-
tration, structure, and distribution of defects, which will promote
the understanding of the structure–activity relationship and fur-
ther improve catalytic performance.

3.2. Microscopic Imaging Technology

Other than the aforementioned spectroscopic analysis methods,
the structure of defects can also be directly and clearly character-
ized by microscopic imaging technology. Increasing attention
has been attracted by microscopic imaging technology such as
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), atomic force microscopy (AFM), and scan-
ning tunneling microscopy (STM). As shown in Figure 4a,b,
based on the strength analysis of the outermost oxygen atom col-
umn in the TEM image of the (110) surface, Huang et al. found
that oxygen vacancies were generated during electron beam irra-
diation.[34] Moreover, they characterized the microscopic distri-
bution of defects on the surface of CeO2 using high-resolution

Figure 4. Aberration-corrected TEM images of the (110) surface of ceria, viewed in the (110) zone axis. a) The oxygen atomic columns at the (110) surface
are labeled. b) The formation of oxygen vacancies by electron irradiation of 50 s. a,b) Reproduced with permission.[34] Copyright 2018, Springer Nature.
c) STM images of oxygen vacancies of ceria films. Reproduced with permission.[35] Copyright 2006, Elsevier. d) AFM images of the as-deposited CeO2

film, the irradiated CeO2 films with 2.5 and 35.0 dpa. Reproduced with permission.[36] Copyright 2019, Elsevier.
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transmission electron microscopy (HRTEM). Also, the applica-
tion of STM enables oxygen vacancies to be observed directly,
as shown in Figure 4c.[35] Recently, AFM has also made a big
step forward in the characterization of oxygen vacancies.
Chang and his team observed by in situ AFM characterization
the apparent distribution of oxygen vacancies under irradiation
of Au ions at different energies, as shown in Figure 4d.[36]

3.3. Dynamics Evolution of Defect Structure

In addition to the identification and characterization of defects, to
further realize the rational design of atomic-level catalysts, some
studies have investigated the dynamics evolution of defects in
the heterogeneous catalytic process via combining the methods
mentioned previously.[37] By amalgamating in situ multiwavelength
Raman spectroscopy experiments with density functional theory
(DFT) theoretical studies, Ziemba et al. discovered the process of
oxygen disintegration and the repair of lattice vacancy in CeO2, thus
realizing an atomic-level understanding of oxygen activation on
CeO2 powder and clarifying the intimate relationship between
the surface process and lattice oxygen kinetics.[37b] Schilling and
co-workers also supervised real-time defect dynamics with the sur-
face and subsurface using operando Raman/UV–vis spectroscopy.
Also, they combined with the prereduction experiment under CO
atmosphere, and distinctly observed the increasing defect band,
gained distinct observation, which clearly demonstrates that the cat-
alytic activity is highly dependent on the reduced state of the CeO2

carrier.[37c] In addition, combining operando Raman and gas-phase
FTIR spectroscopy, Elger and colleagues provide new insights into
themode of operation of ceria-based gas sensors during ethanol gas
sensing. The spectrum of the gas-phase composition was captured
using fourier transform infrared (FTIR) spectra; they directly
observed changes in the oxygen vacancies in the CeO2-based gas
sensor, in combination with Raman, which could affirm the
presence of oxygen vacancies.[37d] These studies demonstrate the
potential of the aforementioned methods for clarifying structure–
activity relationships, provide detailed views for the dynamics
evolution of defect structure, and play an important role in the
design of atomic-level defective CeO2-based catalysts.

4. Strategies for Introducing Defects

In recent years, introducing surface defects depending on the sec-
ond law of thermodynamics has proven to be an excellent strategy
to tune the surface properties, electronic structure, and oxygen
storage and release capacity, thereby improving the catalytic
activity.[19b,38] Therefore, to effectively introduce oxygen defects,
it is essential to understand the structure–activity relationship
between defect engineering and catalytic ability as well as the
internal mechanism of defect formation. Numerous methods
have been explored to fabricate defective CeO2, including doping,
chemical reduction, high annealing, size andmorphology control,
ion irradiation, and surface etching.

4.1. Metal Doping

Doping as a common means to regulate the catalytic perfor-
mance of materials has aroused great interest. The difference

between the ion radius of the doped ions and the cerium will
cause the lattice to expand or contract, resulting in the increase
of lattice stress, and also affect the formation of defects and the
migration ability of lattice oxygen. Lanthanides, transition met-
als, and noble metals are excellent options for doping CeO2 to
introduce oxygen defects.

Lanthanides are universally used in the doping of CeO2

because their ionic radii are close to that of Ce. Most lanthanide
metal ions are trivalent and they form nonequivalent doping with
CeO2 nanomaterials. In the CeO2 lattice, when the trivalent lan-
thanide metal ions replace Ce4þ, an oxygen vacancy may be gen-
erated near the mixing point to balance the charge. Li et al.
fabricated CeO2-based compound oxide catalysts with M2O3

(M¼ La, Fe, and Al) and found the introduction of lanthanides
indeed increases the oxygen vacancy formation capacity of
CeO2.

[39] There are also some studies on gadolinium (III)
(Gd3þ) doping of CeO2.

[33,40] It was found that the Gd3þ ion occu-
pies the Ce4þ position of CeO2 nanoparticles with fluorite struc-
ture. Gd3þ-doped CeO2 contains a higher density of oxygen
vacancy defects with the increase of Gd dopant concentrations.[33]

Also, Soni et al. observed that these oxygen vacancies can gener-
ate magnetic moments on neighboring cerium ions, and the fer-
romagnetic coupling between the two can be explained by the
F-center exchange mechanism. Once the Fþ center density
reaches a critical value, the complex of Ce4þ–Vo–Ce

3þ as shown
in Figure 5a is formed. After the addition of Gd3þ ions
(Figure 5b), the electrons captured by the oxygen vacancy occupy
an orbital that overlaps with the 4f1 shell of the neighboring Ce3þ

and Gd3þ ions, resulting in the spin polarization of Ce ions.[31]

This finding provides a reference value for how to design efficient
defect catalysts. Except for the effect on themagneticmoments, as
for the content of Gd dopant is greater than 0.01, lattice param-
eters are also changed, which is attributed to the increase of the
amount of both Gd3þ doping and oxygen vacancies.[40a]

Furthermore, Sm[41] and Pr[42] with large ionic radii are also
widely used in doping CeO2 to introduce oxygen defects.

Transition metal doping, such as Fe, Co, Ni, Mn, W, and Zn,
are also considered as an excellent choice to introduce oxygen
defects.[25,30,32,43] Zhao and his team successfully fabricated a
solid solution structure of transition metals such as Fe, Co,
and Ni. By the XPS test shown in Figure 5c, the Co/CeO2 sam-
ples showed more Ce3þ and oxygen vacancies than that of CeO2

and other Co/CeO2. These asymmetric oxygen vacancies pro-
mote the activation and dissociation of water to generate active
hydroxyl groups. The detailed step-by-step hydrolysis of carbonyl
sulfur is indicated by the effective action of oxygen vacancies, as
shown in Figure 5d.[32] Qiu et al. constructed a system of CeO2-
induced interfacial Co2þ octahedral sites with rich oxygen vacan-
cies (Figure 5e) and found that a suitable coupled p–n hetero-
junction interface accelerates the charge transfer between the
interface of CeO2 and Co3O4, which results in high oxygen
vacancy concentration.[43b] The optimal Ce–Co ratio for the most
excellent activity at the interface of the OER was also pointed out
in accordance with Zhao’s study.[32] Furthermore, Wang and
Varandili’s team constructed a series of CeO2�x with multiple
oxygen vacancies doped by single-atomic Cu.[8c,44] The experi-
mental and theoretical results show that oxygen vacancies intro-
duced by Cu doping have a great impact on the selectivity,
activity, and Faradaic efficiency of CO2 reduction to methane.
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In addition to doped transition metals, noble metal doping
could introduce oxygen defects to CeO2 and improve the catalytic
activity of CeO2.

[12b] Dong et al. loaded 8.7 wt% gold nanopar-
ticles onto CeO2 nanosheets and found that the concentration
of Ce3þ was increased, which promoted the adsorption and acti-
vation of CO2 and the generation of intermediates *COOH.[45]

Zeng and his team synthesized a Ag-loaded CeO2 catalyst and
investigated the activity for soot oxidation. Experimental analysis
indicated that a large amount of oxygen vacancies were induced
by Ag nanoparticles at the CeO2 lattice via electronic transfer. In
addition, they discovered that oxygen vacancies promote to cap-
ture more oxygen species and generate the Ox species, which are
vital factors to increase the activity of the Ag–CeO2 catalyst.[46]

The advantages of doping for introducing oxygen defects into
CeO2 are self-evident. Different doping effects can be achieved
by selecting different doped ions and concentrations. However,

this method has certain limitations due to the principle that the
ion radius and valence state of the doped elements should not
differ too much from cerium’s.

4.2. Chemical Reduction

As the reaction center of the Mars van krevelan mechanism in
the catalytic reaction, oxygen vacancies are generated and con-
sumed cyclically with the redox of Ce4þ–Ce3þ. In general, the
oxidation process of Ce3þ is rapid, whereas the reduction of
Ce4þ is relatively slow. A feasible reduction method to promote
the reduction of Ce4þ to Ce3þ is adopted to contribute the intro-
duction of oxygen vacancies in CeO2, which is necessary to
improve the catalytic activity.

Among the numerous techniques, reducing CeO2 under CO
and H2 atmospheres as a convenient and efficient technology has

Figure 5. a,b) The complexes and mediated ferromagnetic ordering through the Fþ center for pure CeO2 and Ce1–xGdxO2 (x¼ 0.02, 0.04, 0.06, 0.08, and
0.10) nanomaterials. The bold inverted arrow over the circle indicates the electron left after oxygen vacancy (Vo) formation. a,b) Reproduced with per-
mission.[31] Copyright 2015, Springer Nature. c) XPS spectra of the CeO2 and M/CeO2 in the region of Ce 3d. d) Reaction pathways for the COS catalytic
hydrolysis on the surface of Co/CeO2 and with one oxygen vacancy (Co/CeO2–1Vo). c,d) Reproduced with permission.[32] Copyright 2020, American
Chemical Society. e) The strong interaction between the dopedmetals and CeO2 promotes the spontaneous formation of asymmetric oxygen vacancies in
M/CeO2. Reproduced with permission.[43b] Copyright 2019, American Chemical Society.
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received more interest in the past few decades.[47] Bernardi’s
group prepared defect-controllable CeO2 through thermal treat-
ment under a CO atmosphere.[48] Combining the near ambient
pressure X-ray photoelectron spectroscopy (NAP-XPS) technique
with the in situ XAS technique, it was found that Ce (III) fraction
values as high as 0.92 were achieved at relatively low tempera-
tures. Namely, a higher concentration of oxygen vacancies in
CeO2 is obtained, which is efficient for the CO oxidation reaction
(Figure 6a). In Figure 6b, the time evolution of the Ce3þ fraction
by XANES spectra was gained during the thermal treatment of
the sample exposed to a CO atmosphere. Figure 6c displays the
scheme of the vacancy transport model and CeO2 reduction by

the CO atmosphere with the surface vacancy moving toward the
region below the surface, where the oxygen moves toward the
surface.

Furthermore, Chen’ group fabricated defective CeO2 catalysts
by means of annealing at 300 �C in air, vacuum, and H2 severally.
By comparison, they observed that the concentration of oxygen
defects in CeO2 increased more obviously under a H2 atmo-
sphere compared to other ways. The oxidation state of CeO2 from
Ce4þ to Ce3þ changed due to the further exposure to H2, which
causes the elimination of oxygen atoms on the surface to produce
oxygen vacancies.[49] Different from traditional approaches,
Zhang et al. also achieved the purpose of controllably tuning

Figure 6. a) The relation between Ce (III) fraction values and reduction temperature (TR). b) Selected in situ time-resolved XANES spectra of the A70
sample during exposure to a CO atmosphere. c) Schematic representation of the vacancy transport model and the CeO2 reduction by the CO atmosphere.
a–c) Reproduced with permission.[48] Copyright 2017, Elsevier. d) Possible mechanism of charge separation and production of oxidation groups over
CeO2/ZnO photocatalyst under visible light irradiation. Reproduced with permission.[50] Copyright 2020, Elsevier. e) Surface Ce3þ fractions of the as-
synthesized CeO2 nanorods and the etched CeO2 nanorods with 1, 4, and 8 reduction/oxidation cycles, respectively. f ) Raman spectra of as-synthesized
CeO2 NRs and the treated CeO2 NRs with various cycles (1, 4, and 8) of the chemical reduction/oxidation. e,f ) Reproduced with permission.[54] Copyright
2015, Royal Society of Chemistry. g) XPS spectra of O 1s for the CeO2 NR. h) The mechanism of NaBH4 etching on CeO2 NR and TM-CeO2 NR catalysts.
g,h) Reproduced with permission.[56] Copyright 2020, Wiley-VCH.
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the concentration of oxygen defects in CeO2 through varying the
ratio of air:N2 during calcination. And they emphasized that the
rate of carrier migration is attributed to the coordination between
oxygen vacancies and the composite semiconductor (CeO2–
ZnO), as shown in Figure 6d.[50] In general, atmosphere treat-
ment is the simplest and most common means to improve
the concentration of oxygen defects in CeO2, but high-tempera-
ture treatment may also damage the crystal surface of the sample,
so the specific implementation plan needs to be tailored accord-
ing to the characteristics of different systems.

Apart from the atmosphere reduction treatment, the use of
reduction reagents can also achieve similar results.[51]

Konsolakis et al. recently summarized the surface structure mod-
ification of CeO2 via accurate fabrication and modification.
Among various strategies, chemical etching treatment as a con-
trollable method can modify the surface structure at low temper-
ature, which shows great potential to generate more adsorption
and active sites for heterogeneous catalytic reactions.[52]

Furthermore, Gao’s team treated europium-doped CeO2 by
chemical etching with ascorbic acid and hydrogen peroxide.
Due to the reduction of Ce4þ to Ce3þ, the excitation of Ce4þ

by O2� was blocked, thus significantly reducing its fluorescence
intensity.[53] The specific surface Ce3þ fractions associated with
great catalytic performance for CO oxidation also continually
increased with increasing etching cycles of the reduction/oxida-
tion treatment, as shown in Figure 6e.[54] By the Raman spectra
in Figure 6f, the band at about 600 cm�1 is ascribed to the intrin-
sic oxygen vacancies because of the presence of Ce3þ.

Except for ascorbic acid, as mentioned previously, sodium
borohydride (NaBH4), another strong reducing agent commonly
used in industry and laboratories,[55] is also expected to introduce
oxygen defects into CeO2 systems. For instance, Wang’s team
transformed the surface structure of a CeO2 NR by etching with
NaBH4.

[56] The O 1s spectra for the CeO2 NR are displayed in
Figure 6g; the peaks at 529.3 and 531.4 eV are ascribed to lattice
oxygen and oxygen vacancy on the surface of the CeO2 NR. They
observed that the 6 wt% NaBH4 modified CeO2 NR showed the
highest concentration of oxygen vacancies and the lowest temper-
ature reducibility. In addition, the possible mechanism of NaBH4

etching CeO2 can be described as shown in Figure 6h; the sur-
face defects that also can act as stable adsorption sites for transi-
tion metal oxide result in better diffusion into the CeO2 NR
lattice due to the enrichment of surface defects in the NaBH4-
treated CeO2 NR.

4.3. Size and Morphology Control

With the incredible expansion of nanomaterials in various fields,
demonstrating the limitless possibilities of this technology, the
trend of manufacturing nanoscale materials is ever-increasing.
Indeed, nanomaterials with large surface area to volume ratios
and changes in lattice parameters enable CeO2 to change the lat-
tice parameter, which is related to the lattice strain caused by the
induction of Ce3þ.[47a,57] It is verified by Deshpande et al. that the
concentration of Ce3þ and oxygen vacancies increases with
the decreasing size of nanoceria due to higher oxygen vacancies
in the smaller particles. The larger lattice strain led by Ce3þ ions
further impacts the lattice parameter of the particles, as shown in

Figure 7a.[57] Neyman and co-workers measured the concentra-
tion of oxygen vacancies and found that particle size in the range
of 2–4 nm compared to extended surfaces greatly promotes the
removal of oxygen, and the vacancy formation energy also
reaches a minimum value (Figure 7b).[58] Moreover, other stud-
ies emphasized and indicated that the oxygen defect formation
energy (Ef ) of nanosized CeO2 is significantly lower than that of
the bulk structure, which dramatically enables the higher reactiv-
ity of nanoparticles to be achieved at lower temperatures.[59]

These examples well demonstrate that by controlling the size
of CeO2 nanometer particles, its specific activity can be possibly
regulated.

With the deepening of research on CeO2, there also has been
increased attention in altering the morphology as an equally
important factor in producing oxygen defects. Numerous studies
have concentrated on the correlation between the exposed crystal
plane and morphological control of CeO2 and surface
defects.[13,60] There are differences in the energy of formulating
oxygen defects on different crystal planes. Consequently, the
crystal planes with low oxygen defect formation energy are
exposed on precisely controlling the morphology, which can also
introduce more oxygen defects, which is of great significant
implication to optimize the conversion of Ce4þ to Ce3þ and
improve the oxygen storage capacity.[61] Mai et al. synthesized
single-crystalline and uniform CeO2 nanomaterials with differ-
ent morphologies of nanopolyhedra, nanorods, and nanocubes.
They demonstrated that the exposed surfaces composed of the
(100)/(110) plane with rods and cubes were more active to CO
oxidation and exhibited higher surface oxygen storage capacity
than the polyhedral (111) plane surface material.[60a] To the best
of our knowledge, the high oxygen storage capacity of CeO2 is
attributed to the rich surface oxygen defect density. Lei
et al.[62] and Si and Flytzani-Stephanopoulos[63] also confirmed
this view; due to the smallest oxygen defect formation energy
of the (110) crystal plane, the sample with more exposure to
the (110) crystal plane has the maximum oxygen defect concen-
tration value and thus shows significant reactivity and catalytic
applications. Both theoretical calculations and practical experi-
ments show that the (110) crystal plane of CeO2 has a lower oxy-
gen defect formation energy compared with the (100) and (111)
crystal planes. Therefore, controlling the synthesis of CeO2 nano-
materials with more (110) crystal plane is beneficial to increasing
the oxygen defect concentration.

However, a result is different from those of the past. Amoresi
et al.’s research held that the concentration of oxygen vacancies
evaluated by the Raman scattering spectra demonstrated that
bean-type CeO2 presents (111) and (200) orientations that are
in the maximum value as high as 9.9, which seems to be para-
doxical to the previous viewpoint considering that the (110) crys-
tal plane has the maximum oxygen defect concentration value. As
shown in Figure 7d–g, they also simulated several kinds of CeO2

planes and the surface stability order, calculated exploiting the
equation of surface energy according to DFT, can be specifically
arranged as (111)< (110)¼ (220)< (311)< (100)¼ (200).[13] The
(111) crystal plane has the lowest defect formation energy; how-
ever, it possesses a lower defect concentration than the (110) crys-
tal plane. Aiming at the issue, several investigations related to the
adsorption and dissociation of various probe molecules such as
CO, methanol, and formic acid have been increasingly concerned
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Figure 7. a) Semilog plot of the lattice parameter as a function of the particle size. Reproduced with permission.[57] Copyright 2005, American Institute of
Physics. b) Size dependence of vacancy formation energy for different ceria nanoparticles. Reproduced with permission.[61c] Copyright 2017, American
Chemical Society. c) Intensity ratios between the two O species (OH and OL) and that of the initial O 1s peak as a function of sputtering time: a) Is (OH)/I0
(O), b) Is (OL)/I0 (O), and c) Is (OH)þ Is (OL)/I0 (O). The symbols Is (OH), Is (OL), and I0 (O) stand for the intensities of the high-binding-energy O 1s peak
at 531.8 eV, the low-binding-energy O 1s peak (lattice oxygen in CeO2), and the initial O 1s peak of CeO2, respectively. Reproduced with permission.[69]

Copyright 2012, Elsevier. The surface models for each morphology of the CeO2 nanocrystals are shown for d) (111), e) (100), f ) (110), and g) (311)
surfaces. d–g) Reproduced with permission.[13] Copyright 2019, American Chemical Society. h) Intact thin CeO2 sheets. i) Schematic illustration for
evaluating catalysis location and activity. Atomically thin CeO2 sheets with surface-confined pits, P1 and P2, stand for the representative pit-surrounding
surface Ce sites, while P3 represents the bottom Ce site of the pit; “S” stands for the surface Ce site of the atomically thin sheet and around the defects of
the bulk material h,i) Reproduced with permission.[64] Copyright 2013, Springer Nature. j) Schematic model illustrating the change in crystalline structure
of CeO2 due to the formation of Ce (III) and oxygen vacancy after electron beam irradiation. Reproduced with permission.[71] Copyright 2014, American
Chemical Society. k) Schematic illustration of the 4D STEM geometry. Reproduced with permission.[70e] Copyright 2020, Elsevier. l) Device and mecha-
nism diagram. m) Proposed mechanisms in the CeO2 E-Fenton system. l,m) Reproduced with permission.[72] Copyright 2018, Elsevier.
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with growing CeO2 (111), (100), and (110) planes. Therefore, reg-
ulating the exposure of crystal planes needs to be considered
according to the specific reaction. Different from the traditional
methods mentioned earlier, Sun et al.[64] manufactured thin
CeO2 sheets with lower coordination numbers and artificial pits
through a simple annealing process, as shown in Figure 7h,i.
They found that the ultrathin CeO2 nanosheets have a higher oxy-
gen defect concentration compared with the bulk-phase CeO2,
which is not only due to reduced Ce—O coordination numbers,
but also fostered by tuning many pits into the nanosheets.

4.4. Other Methods

In addition, with the vigorous development of material science,
Arþ bombardment and X-ray irradiation that lead to obvious
changes in CeO2 of valence state, structure, or position are
regarded as modern methods to introduce defects. For instance,
Paparazzo studied that CeO2 is partially reduced to Ce3þ oxidic
species via prolonged Al Kα irradiation.[65] A similar study by Rao
and Shripathi treated CeO2 samples with Al Kα X-rays and found
that the color of cerium dioxide changed significantly after expo-
sure to X-rays.[66] Moreover, Qiu et al. compared the reduction
ability of nanocrystalline and micron-crystal CeO2 by X-ray
and Arþ bombing and concluded that nanocrystalline CeO2

has a higher reduction degree than micron-crystal CeO2 under
the same conditions due to its higher oxygen atom diffusion
characteristics.[67] Previously, Holgado et al. studied CeO2 films
bombarded with Arþ at 25 �C, and XPS analysis showed that the
CeO2 after treatment was mainly converted into Ce2O3. Then, the
CeO2 thin film was oxidized deeply with oxygen and the existence
of stable Ce3þ on the surface of the sample was found.[68] In addi-
tion, Wang et al. found that the formation of oxygen vacancies on
the surface of CeO2 was induced by Arþ bombardment that
caused oxygen atoms to be preferentially removed from the sur-
face, and the reduction rate was relevant to the energy and
amount of Arþ exposed on the CeO2 surface. Figure 7c shows
the total intensity of OL and OH only remains at �80% of the
initial O 1s intensity of CeO2 after 15min sputtering, which also
confirms the aforementioned opinion.[69]

There have been many recent reports on an electron beam that
can be effectively utilized to introduce defects.[36,70] Khan et al.
reported an electron beam irradiation (30 and 90 kGy) method
(Figure 7j) to initially narrow the bandgap of CeO2 through cre-
ating sorts of defects. The defect concentration is higher than
that of CeO2 in the bulk phase.[71] Ding et al. also created a gra-
dient in oxygen vacancy concentration: a small region (�30 nm
in diameter) inside a ceria grain is reduced to the C-type CeO1.68

phase using the ionization or radiolysis effect of a high-energy
electron beam (Figure 7k).[70e] Furthermore, as an effective
approach, electric field induction was successfully applied in
the reinforcement of the CeO2 catalytic performance. For exam-
ple, Ren and co-workers designed an E-Fenton system by means
of electric field induction to get the utmost out of the oxygen stor-
age capacity of CeO2, as described in Figure 7l. XRD analysis
shows the presence of oxygen-deficient CeO2 and the van der
Waals gap in the oxygen-deficient CeO2 is on an expanding trend.
The reversible conversion of cerium between two stable states
(Ce4þ and Ce3þ), lattice oxygen to surface oxygen, is conducive

to the formation of H2O2 in the electric field to accelerate the
degradation of waste water as shown in Figure 7m.[72]

Undoubtedly, these results provide researchers with a wide
variety of options to introduce oxygen defects into CeO2,
different approaches having their own advantages and disad-
vantages as shown in Table 2. In the practical application,
the specific selection method depends on the targets for cata-
lytic reactions.

5. Applications

As discussed previously, defective CeO2 catalysts are technologi-
cally important functional materials in many applications. In
the following sections, a few typical examples regarding
defective-CeO2-based catalysts are selectively reviewed.

5.1. Small-Molecule Oxidation Reaction

5.1.1. CO Oxidation

The carbon monoxide (CO) catalytic oxidation reaction has been
widely used in modern life and attracted widespread attention,
for example, in CO sensors, water–gas shift, and automobile
exhaust purification. At present, the Mars van Krevelen mecha-
nism is widely recognized by researchers.[73] The CO molecules
react with the lattice oxygen of the oxide to generate CO2 and
oxygen vacancies on the surface of CeO2, and the O2 molecules
fill the oxygen vacancies to complete the cycle (Figure 8a). Hence,
oxygen vacancy or Ce3þ plays an important role in this process.
For instance, Xie and his team designed CuO/CeO2 with differ-
ent facets and applied preferential CO oxidation, and observed
that the catalysts exposed to (111) and (002) crystal planes in
the synthesized samples showed lower CO conversion temper-
atures and higher oxygen vacancy concentration than those
exposed to other crystal planes (Figure 8b,c). Combined with
DFT calculations, the excellent catalytic activity was attributed

Table 2. A comparable summary of different strategies for introducing
defects.

Strategies for
introducing defects

Advantages Disadvantages

Metal doping Doping can change the
geometrical and electronic
structure of CeO2, with
strong controllability.

The ion radius and valence
state of the doped element
and cerium should not differ

too much.

Chemical reduction Simple, universal, and
efficient.

The high temperature
associated with the process is
destructive to the morphology

of the sample.

Size and morphology
control

Low defect generation
energy can be obtained by
controlling the formation of
different crystal planes.

Uncontrollable defect
concentration.

Arþ bombardment, X-ray
irradiation, and electron
beam irradiation

Convenient, controlled
synthesis by controlling

the radiation or
bombardment intensity.

The large physical
bombardment effect results

in poor stability.

Harsh treatment conditions.
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to the formation of Cu2þ induced by the high concentration of
oxygen vacancies in CeO2, as shown in Figure 8d.[74]

Moreover, oxygen defects can also provide stable adhesion
points for metals, facilitate the recombination of active metals
and CeO2 carriers, accelerate electron transfer and interaction,
and further improve the catalytic oxidation activity of CO.[75]

Chen et al. simulated the two-layer atomic structure of Cu/
CeO2 based on the spectral analysis results as shown in
Figure 8e. The experimental and theoretical calculation results
show that at the defect location, the surface of the reduced
CeO2 offers more adhesion sites for Cuþ, and this strong binding
inhibits the separation of Cu clusters and maintains the stability
of the two-layer structure. The large distortion of the plane

structure is further evidence of the strong interaction, as shown
in Figure 8f. Figure 8g shows the strong chemical bond between
the two-layer Cu atom and the reduced CeO2 due to the frequent
charge transfer.[76] To reinforce this interaction, other research-
ers have introduced highly reactive noble metals such as Au, Pd,
and Pt. Ye et al. focused their research on how to stabilize the Pt
atom, which is important for the electron interaction at the Pt–O–
Ce interface (Figure 8h).[7b] In the water-mediated CO oxidation,
when the doping amount of Pt is 4%, T50 (the reaction temperature
required for 50% CO conversion) is lower than that of other sam-
ples under the same conditions (Figure 8i). They also summarized
the correlation among surface defects, metal loading, electronic
properties, and Pt—O—Ce bonds (Figure 8j). This is a great

Figure 8. a) Schematic of the catalytic reaction of CO oxidization by CeO2. b) CO conversion and CO2 selectivity over the CuO/CeO2 catalysts with
different support shapes. c) Plots of the amount of oxygen vacancies and reduced copper species for the CuO/CeO2 catalysts with different support
shapes. d) Possible mechanism of CO catalytic oxidation by CuO/CeO2. a–d) Reproduced with permission.[74] Copyright 2018, Elsevier. e) A schematic
illustration of the typical Cu bilayer on ceria. f ) Calculated equilibrium structure and charge transfer between the Cu bilayer and the reduced ceria surface
in a periodic supercell. g) Plane-integrated bonding charge Δρ (z) as a function of position across the copper–ceria interface. The red and blue areas
represent charge accumulation and depletion, respectively. e–g) Reproduced with permission.[76] Copyright 2019, Springer Nature. h) Scheme model of
CeO2-supported Pt single atoms with different local coordination structures. i) Catalytic performance of Pt1/CeO2 single-atom catalyst water-mediated CO
oxidation. j) The correlation among surface defects, metal loading, electronic properties, and Pt—O—Ce bonds. h–j) Reproduced with permission.[7b]

Copyright 2019, Springer Nature.
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contribution to improve the knowledge system of oxygen
defect–electronic structure–catalytic activity. Furthermore, Ke
et al. explored the influence of the local coordination structure of
Pt/CeO2 on its catalytic activity of CO oxidation. Kinetic results
show that the reaction rate is independent of the partial pressures
of CO and O2, which fits perfectly with the Mars van Krevelen
mechanism.[77] From the aforementioned, oxygen defects are
the key factor in the catalytic oxidation of CO, and their main
functions include adsorption and activation of O2, stabilization of
metals loaded on the surface of CeO2, and enhancement of electron
interactions.

5.1.2. Methanol Oxidation

Considering the ever-increasing energy scarcity and environmental
pollution, researchers have paid more attention to some molecule
oxide batteries to obtain clean energy. Methanol oxidation, as a kind
of convenient and high-energy-density reaction, has a great applica-
tion prospect in fuel cells.[78] However, it is limited by the high-cost
noble metal catalyst, so a great deal of interest has gradually turned
to the lower cost of metal oxides. CeO2 with high oxygen storage
capacity and abundant oxygen defects has been extensively investi-
gated.[79] Recently, Jiang et al. constructed a stable Pt–O–Ce inter-
face generated by strong metal–carrier interaction to investigate
methanol oxidation. They found that Pt atoms are stabilized on
the CeO2 surface due to the large number of attachment points pro-
vided by oxygen vacancies, which leads to the distorted Pt–O–Ce
interface. This deformation of the Pt–O–Ce interface not only
adjusts the Fermi energy level and electron density between Pt
and CeO2 to balance and achieves optimized electronic structure,
but also promotes methanol and O2 adsorbtion on the interface
for efficient catalysis.[80] As shown in Figure 9a, methanol is acti-
vated to form methoxy species, which then reacts with O and sur-
face hydroxyl groups to form metallic organic molecules at the
Pt–O–Ce interface, and finally is oxidized to CO2 and H2O. In
another work by Liu and his team, microwave-assisted polyol reduc-
tion was used to fabricate PtCu/CeO2/CNTs (Figure 9b). They
found that the oxygen vacancy effect on CeO2 not only plays an
important role in achieving efficient charge transfer in methanol
oxidation reaction, but also enhances the electrical conductivity
of the catalyst.[81] In short, defective CeO2 possesses full potential
in methanol oxidation. However, the catalytic activity of the single
defective CeO2 catalyst is relatively low and the current understand-
ing of the role of oxygen defects in methanol oxidation is still rela-
tively weak. Therefore, defective CeO2 still needs to be thoroughly
studied.

5.2. Small-Molecule Reduction Reaction

In recent years, the CO2 reduction reaction (CO2RR) and N2

reduction reaction (NRR) have been widely used in converting
CO2 and N2 into high-value-added chemicals.[82] Noble metals,
including Pt, Pd, Rh, and Au, were considered as the most prom-
ising materials for the CO2RR and NRR. But their large-scale
application is limited by their high price. Therefore, it is urgent
to explore low-cost and efficient catalysts to replace the function of
noble metals in the CO2RR and NRR. In the past decades, CeO2

with an oxygen defect structure could help to produce stronger

metal–carrier interactions and improve metal dispersion. It has
gradually been regarded as an ideal substitute for noble metals.

5.2.1. CO2 Reduction

The CO2RR has become a continuous research hotspot in
energy- and material-related fields. CO2 molecules can be con-
verted into high-value-added chemicals via chemical transforma-
tion, biological transformation, photocatalytic reduction, and
electrocatalytic reduction processes. Recently, Wang et al. con-
structed the system of single-atomic Cu with multiple oxygen
vacancies on CeO2 and applied it to the electrocatalytic reduction
of CO2 to produce CH4. They simulated the surface microstruc-
ture of the synthesized sample via combining theoretical calcu-
lations. Structure models with different oxygn vacancies are as
shown in Figure 9c–g, where each highly dispersed Cu atom
is stably attached to the oxygen vacancy (Vo) on the (110) surface
of CeO2. The formation energy of 3 Vo on pure CeO2 (110) is
specified to be 1.65 eV, explaining that the single-atomic Cu site
is the most stable on CeO2 with the 3 Vo bound structure.
Moreover, the structural characterization results also further con-
firmed that the catalyst not only has a low coordination number,
but also reaches the full potential in the CO2RR, and the Faraday
efficiency can reach 58% (Figure 9h).[8c] Zong focused on the
geometric and electronic effect at the Cu/CeOx@CNFs.
According to the electrochemical active area shown in
Figure 9i, it is revealed that more CO2 could be adsorbed when
oxygen defects act as the active sites.[82a] Except for these CO2RRs
that were reduced to CH4, there have also been many studies on
CO2RR to formic acid (COOH),[83] ethanol (C2H5OH),[84]

CO,[45,85] and other chemicals. For example, Verlto and his team
successfully deposited CeO2 on boron-doped polycrystalline dia-
mond cathodes by the electrochemical precipitation method. The
test results showed that it reduced CO2 to formic acid at an over-
potential of less than 50mV, with a Faraday efficiency of 40%.[86]

In another work, the high oxygen vacancy concentration of the
heterojunction is the key to improving the selectivity and activity
of CO2 reduction to formic acid, which makes the Faraday effi-
ciency as high as possible, 76.4% at 0.75 V versus RHE
(�6.1mA cm�2) as shown in Figure 9j.[83] At present, in addition
to the properties, others have paid attention to the pathway of
CO2 reduction as shown in Figure 10a. They have calculated
and simulated the process of CO2 reduction through density
functional theory, and described in detail the role played by met-
als such as Pt, as well as the specific energy required for the
adsorption of CO2 to the catalyst.[87] There are still many prob-
lems to be solved for large-scale practical application of the
CO2RR, including improving the conversion efficiency and cur-
rent density, reducing the overpotential, and improving the selec-
tivity. Therefore, the key issues such as the optimization of the
related materials and the research of the catalytic mechanism
need to be further explored.

In addition to electrocatalysis, photocatalytic CO2 reduction as
a green and efficient pathway has also attracted widespread atten-
tion.[8a,8b,88] Using SiO2 as a template, Liang and his team pre-
pared a hollow heterostructure with abundant oxygen vacancies,
the g-C3N4@CeO2 photocatalyst. They clearly pointed out the
role of such a hollow structure and oxygen vacancies in
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Figure 9. a) The proposed oxidation mechanism for methanol oxidation over Pt1–CeO2 (100) catalyst. Reproduced with permission.[80] Copyright 2020,
Elsevier. b) The synthesis procedure of Pt Cu–CeO2/CNT samples with different Pt-to-Cu ratios. Reproduced with permission.[81] Copyright 2020, Elsevier.
Structure models of CeO2 (110) doped with one single Cu site, with c) 1 oxygen vacancy (Vo), d) 2 Vo, and e) 3 Vo. f,g) Structure models of these Vo-bound,
single-atomic Cu sites on CeO2 for CO2 adsorption and activation. h) Faradaic efficiencies (bars, left y-axis) and deep reduction product current density
(red curves, right y-axis) of Cu–CeO2-4%. c–h) Reproduced with permission.[8c] Copyright 2018, American Chemical Society. i) Electric double-layer
capacitance. Reproduced with permission.[82a] Copyright 2020, Elsevier. j) Applied electrolysis potential dependence of normalized rate (right axis)
and Faradaic efficiency (left axis) for formate on Co3O4–CeO2/low graphitic carbon. Reproduced with permission.[83] Copyright 2019, Elsevier.
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enhancing the charge separation efficiency and interfacial charge
transfer (Figure 10b).[88a] At the same time, the synergistic effect
of heterostructures is also an important factor for the high
CO2RR. Moreover, the addition of oxygen vacancies can also
improve the chemical adsorption ability of oxygen on the
CeO2 catalyst surface, and the adsorbed oxygen species play a
crucial role in capturing more electrons to form surface
oxygen-free radicals and further promoting the photocatalytic
conversion of CO2.

5.2.2. N2 Reduction

The activation and reduction of N2, as one of the most challeng-
ing topics, have been explored for several decades.[89] However,
the required reaction conditions, such as high temperature and
high pressure, are relatively extreme.[90] Therefore, reseachers
have been looking forward to finding an effective nitrogen fixa-
tion method to reduce N2 to NH3 under mild conditions to alle-
viate the negative impact of ammonia synthesis on the
environment. Electrochemical N2 reduction has been widely
studied because it is green and eco-friendly, and various kinds
of electrocatalysts have been developed.[91] In many reports on
the reduction of N2, oxygen vacancies can weaken the N2 triple
bond by effectively trapping electrons on the antibonding orbital
of the adsorbed N2, which is conducive to the activation and
reduction of N2.

[90,92] This enables us to further clarify the

direction of electrocatalyst optimization, such as increasing
the oxygen vacancy concentration of the catalyst and strengthen-
ing electron transfer. Based on this, CeO2 with a defective struc-
ture provides a better choice and is generally accepted. For
instance, Xu et al. proved that CeO2 nanorods with oxygen vacan-
cies have excellent selectivity and stability in the NRR. As the
overpotential of the reversible hydrogen electrode is 0.5 V, the
yield of NH3 can be reached to 16.4 μg h�1 mg�1

cat

(Figure 10c). In combination with EIS analysis (Figure 10d), they
also found that CeO2 nanorods with a faster NRR reaction rate
had lower charge transfer resistance, indicating that oxygen
vacancies can boost the NRR.[93] However, how the oxygen
vacancy interact at the N2–CeO2 interface is still a problem.
Liu et al. proposed a model, as shown in Figure 10e, and
described how N2 gets released as NH3 by the action of oxygen
vacancies.[94] It is helpful for designing defective-CeO2-based effi-
cient catalysts and further understanding the mechanism of
CeO2 in N2 reduction.

5.3. Water Splitting

Along with the depletion of non-renewable resources such as fos-
sil fuels and the increasingly serious environmental pollution, a
crowd of attention has been turned on the clean energy such as
hydrogen. Electrochemical water splitting is one of the most eco-
nomical and clean hydrogen production strategies, which

Figure 10. a) Pathway of CO2 reduction at the Ptupper site on the Pt10/samaria-doped ceria–3VAC (vacancy)–V surface. Reproduced with permission.[87]

Copyright 2019, American Chemical Society. b) Representative illustration of the assembling of g-C3N4@CeO2 hollow heterostructures and machanism
for photocatalytic CO2 reduction. Reproduced with permission.[88a] Copyright 2019, Elsevier. c) The NH3 production rates (left y-axis) and FE NH3 (right y-
axis) of r-CeO2 at �0.5 V versus RHE. d) Nyquist plots of CeO2/CP and r-CeO2/CP. c,d) Reproduced with permission.[93] Copyright 2019, American
Chemical Society. e) The optimized CeO2 (111) surface structures with an oxygen vacancy along the NRR reaction path for N2 conversion to NH3

(Ce: shallow yellow sphere; O: red sphere; N: blue sphere; H: white sphere). Reproduced with permission.[94] Copyright 2019, Wiley-VCH.

www.advancedsciencenews.com www.small-structures.com

Small Struct. 2021, 2, 2100058 2100058 (15 of 25) © 2021 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.small-structures.com


contains two half-cell reactions: 1) the reduction process at the
cathode is the hydrogen evolution reaction (HER) and 2) the oxi-
dation process at the anode is the oxygen evolution reaction
(OER).[68] However, these reactions still encounter slow reaction
kinetics, so the development of low-cost, efficient, and green elec-
trocatalysts has become the key to solving the current energy
problems.[95] Fortunately, CeO2 as a cheap catalytic material
has been widely used in water splitting because of its oxygen-rich
defects through the conversion between Ce4þ and Ce3þ.[9b,96]

Therefore, we summarized recent advances of defective-CeO2-
based catalysts for water splitting attempting to explore how oxy-
gen vacancies act on the electrode and enhance the performance
of water splitting.

5.3.1. OER

The OER is a four-electron reaction with slow reaction kinetics,
which has limited the efficiency of water splitting.[97] The unique
defect structure of CeO2 provides a stronger adsorption site,
which enables it to improve oxygen mobility. Some studies have
shown that CeO2 as a carrier may be beneficial to the formation of
OHad because the abundant oxygen vacancies in CeO2 could rein-
force the bind adsorbates.[98] Xia and his team developed a system
that treats CeO2 as support for a nickel–iron–chromium hydrox-
ide (NFC), which displayed a lower overpotential at 10mA cm�2

of 230.8mV and a Tafel slope of 32.7mV dec�1. They also studied
the role of CeO2 in the system. As shown in Figure 11a, the maxi-
mum energy barrier of the reaction pathway with the addition of
CeO2 is significantly lower than that of the NFC system alone.
Also, they proposed that the CeO2 layer facilitates the OER

process by forming a “d–f electron ladder” that acts as a charge
transfer channel, as shown in Figure 11b.[99] Yu and his team syn-
thesized high-valence Ni-doped CeO2 covered with FeOOH nano-
sheets in one step. The interesting thing is its catalytic reaction
process: Fe3þ is hydrolyzed and Ni2þ is replaced, and the Ni2þ in
the substitution reaction is oxidized to Ni3þ/Ni4þ by Ce3þ and
abundant oxygen vacancies. The final catalyst showed a lower
overpotential (195mV cm�1 at 100mA cm�2 current density)
in the OER.[100] Constructing a heterostructure is also an effective
strategy to promote the OER activity.[9b,101] Taking CoP as an
example, in Li et al.’s works, they clarified that such a heteroge-
neous surface can not only introduce a large number of oxygen
vacancies and more catalytic active sites, but also accelerate the
interfacial electronic structure and charge transfer, thus decreas-
ing the overpotential, as shown in Figure 11c.[101] As described
previously, although CeO2 itself has poor electrical conductivity,
it can be combined with other conductive materials to solve this
problem, and its abundant oxygen deficiencies have attracted
many researchers to apply it in overall water splitting.

5.3.2. HER

The introduction of oxygen vacancies overcomes the problems that
pure CeO2 usually has poor electrical conductivity and a high hydro-
gen adsorption/desorption barrier.[102] Moreover, the defective
CeO2 has strong electronic interaction with the composite mate-
rial.[103] Therefore, recently, researchers have attempted to regulate
the crystallinity and electronic properties of catalysts by introducing
complexes into the defective CeO2 system, including nitrides,[96,104]

phosphides,[9b,101] hydroxides,[105] metals,[106] and alloys.[107] Yao

Figure 11. a) Energy pathway of OER on NFC and NFC–CeO2. b) Schematic diagram of the d–f electronic ladders by NFC–CeO2 for boosting the OER.
a,b) Reproduced with permission.[99a] Copyright 2020, Wiley-VCH. c) Effect of interface engineering on overpotential. Reproduced with permission.[101a]

Copyright 2020, Elsevier. d) HER cycle mechanism diagram. Reproduced with permission.[104a] Copyright 2020, Elsevier. e) I–V and I–P curves of
NaFeO2–10CeO2 fuel cell at different operating temperatures. Reproduced with permission.[110] Copyright 2021, Elsevier. f ) Mechanism of the ionic
transportation in CeO2 nanocube SOFCs. Reproduced with permission.[112] Copyright 2018, Elsevier.
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et al. developed a high-performance CeO2/Co4N electrocatalyst for
electrochemical hydrogen evolution, which enhanced the alkaline
HER kinetics and long-term stability (as shown in Figure 11d,
the cyclic diagram). They also investigated the role of abundant oxy-
gen vacancies by DFT calculations and experimental results.[104a]

The abundance of oxygen vacancies in CeO2 promotes the adsorp-
tion/disintegration ability of water, and the electron transfer
between CeO2 and Co4N causes the lowest hydrogen adsorption
free energy with an overpotential of 30mV at 10mA cm2 in
1.0 M KOH. Krishnan used Al2O3 to load CeO2 in a Ni–P electrode
and found that both the increase in the oxygen vacancy concentra-
tion and the porosity of the electrode material can be attributed to
the higher Ce3þ stoichiometric ratio.[108] Their research puts for-
ward that the long-term stability is due to the introduction of the
dopant changed CeO2 lattice parameter, and on the basis of previ-
ous studies that oxygen vacancies can change the crystal lattice
parameters,[47a,57] we put forward a kind of imagination that the
introduction of dopant CeO2 could gain more oxygen vacancies,
thus affecting the lattice parameters and forming a solid solution,
so as to achieve long-term stability. Furthermore, the work of Sun
et al. constructed a superhydrophilic Ni–Co nanoparticle array
coupled with CeO2 that showed significant durability in alkaline
media; the overpotential is 34mV at 10mA cm�2 and 140mV at
500mA cm�2. The superhydrophilic self-supporting electrode
structure and interfacial synergies promote water dissociation
and optimize the hydrogen binding energy.[107]

5.4. Solid Oxide Fuel Cells (SOFCs)

SOFCs are a kind of all-solid-state energy conversion technology,
which is widely concerned in energy utilization. It can convert
fuel chemical energy directly into electric energy through electro-
chemical redox reaction. It possesses the advantages of
high-power-generation efficiency, environmental friendliness,
wide fuel adaptability, and high-temperature waste heat recovery,
and has gradually become an important part of the world energy
composition. It is reported that a CeO2 semiconductor with resis-
tance to carbon deposition can provide fuel for the anode. Some
studies have focused on the preparation of coatings to improve
the charge separation.[109] For instance, Xing et al. developed a
novel composite oxide material for the electrolyte membrane of
fuel cells, which was coated with CeO2 to form a core–shell struc-
ture NaFeO2–10CeO2. The ultimate fuel cell efficiency could be
up to 727mW cm�2 maximum power output at 550 �C, as shown
in Figure 11e. The experimental results show that the CeO2 shell
produces more oxygen vacancies, accelerates proton transfer, and
increases the grain boundary conductivity of superoxide radi-
cals.[110] Furthermore, many other reports have been devoted
to constructing heterojunction complexes and doping a metal
to realize the low-temperature operation of SOFCs.[111] In
another work, Li et al. discussed the electrical properties of
CeO2 nanocubes in SOFCs, and found that CeO2/CeO2–x can
offer a high ion conduction path for electrolytes in SOFCs. In
Figure 11f, CeO2 and CeO2–x semiconductors realized efficient
charge separation. This is due to the difference of the energy
band between the two semiconductors, which forms a double-
layer structure to prevent electrons from passing through the
device and avoid short circuit of the device.[112]

5.5. Photocatalysis

As an n-type semiconductor with unique physical and chemi-
cal properties, CeO2 has also been widely studied in the field of
photocatalysis.[10a,113] Unfortunately, the intrinsic wide
bandgap of CeO2 is inefficient to utilize solar energy, render-
ing the light-stimulated electron and hole pairs with easy
recombination, which leads to unsatisfactory photocatalytic
performance.

Recently, numerous studies have shown that defective CeO2

semiconductors have a high photogenerated carrier migration
rate, more adsorption sites, and a narrow bandgap, all of which
have a nonnegligible relationship with the oxygen defect on
CeO2.

[8a,114] In a recent work, Nie et al. synthesized flower-like
Bi0/CeO2�δ plasmonic photocatalysts and found that the
Schottky barrier between Bi0 and CeO2–δ is generated due
to the Fermi level imbalance with the introduction of oxygen
vacancies, as shown in Figure 12a. Thus, the migration of pho-
togenerated carriers is accelerated, which is crucial for the
photocatalytic removal of NO (Figure 12b).[115] A similar study
by Liang et al. constructed M-ZnO/CeO2 microsphere plas-
monic photocatalysts (M¼ Ag, Au nanoparticles) and further
investigated that the photocatalytic performance was signifi-
cantly improved with the increase of the oxygen defect
concentration, and a synergistic relationship among the heter-
ojunction structure, oxygen defect, and noble metal plasmonic
effect was proposed, as shown in Figure 12c.[116] In another
work, by doping CeO2 with Fe, Wang et al. significantly
increased the ratio of Ce3þ, which means that the concentra-
tion of oxygen vacancies significantly increased, which
reduced the bandgap of CeO2 from 2.73 to 1.50 eV. The light
absorption range of the sample was extended from the ultra-
violet light to the visible light region, as shown in Figure 12d,e,
which greatly improved the activity of CeO2 in catalyzing CO2

photoreduction to produce CO, methane, and other products
under visible light. In the photodegradation of organic pollu-
tants, the oxygen defect of CeO2 can also play a crucial role in
promoting its photocatalytic performance.[114b] Zhang et al.
controlled the oxygen vacancy concentration of a composite
heterojunction by changing the ratio of air to nitrogen to
degrade RhB. They found that when the ratio of air to nitrogen
was 2:8, the maximum oxygen vacancy concentration and the
highest catalytic activity were obtained.[50] Also, oxygen vacan-
cies promote the formation of the superoxide radical, hydroxyl
radical, and photogenerated holes, thus promoting the degra-
dation of pollutants.[117] With regard to the degradation of flox-
acin antibiotics, it is of great significance to explore the active
species and their production pathways to clarify the catalytic
mechanism. Therefore, Li et al. studied the active species gen-
erated during the degradation of ciprofloxacin over a W-doped
CeO2 catalyst. The results show that oxygen vacancies intro-
duced by W doping can promote the formation of superoxide
free radicals and hydroxyl groups, as shown in Figure 12f.[118]

In general, although the presence of oxygen defects improves
the catalytic performance of CeO2 in photocatalysis, due to its
wide inherent bandgap, it is necessary to combine it with other
materials to form a composite catalyst, thus giving full play to
the catalytic effect of oxygen defects.
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5.6. Biomedical Applications

A large number of studies have shown that oxygen free radicals
containing the superoxide free radical, hydrogen peroxide, and
hydroxyl radicals have an inseparable relationship with human
aging and diseases, so biological antioxidants are considered to
be an important research topic. CeO2 plays an equal role in
the catalytic decomposition of these free radicals. Currently, a
large number of applications of nanostructured CeO2 have been
developed in biological oxidation resistance due to its abundant
and controllable oxygen defects and good biocompatibility. Tan
et al. demonstrated that the metastable oxygen vacancies (ms-
Vo) on CeO2 are the crucial factor to promote the reduction of
hydrogen peroxide to hydroxyl radical (Figure 13a).[117b] The the-
oretical calculations of free energy (Figure 13b–d) show that the
generation of hydroxyl radicals is thermodynamically favorable, in
the following order: (100)> (110)> (111). The synergies between
structural geometry and chemical states are of great significance
to guide the design of catalytic reactions on the surface of CeO2

using hydrogen peroxide as an oxidizer. Bhalkikar et al. did the
same kind of study, but with the difference that they studied in
detail the effects of dopants on the total catalytic reaction rate and
the apparent activation energy and found that the two trends were
not identical (Figure 13e). A new idea was proposed that the dop-
ant Gd3þ could slow down the redox cycle between Ce3þ and Ce4þ

by stabilizing the oxygen vacancy defect, thereby reducing turn-
over rates of the catalytic site.[33] Their method of measuring activ-
ity trends related to catalytic and degradation factors is useful for

the selection of doped catalysts. Taking advantage of the strong
reduction and regeneration capacity of the oxygen vacancy, Shi
and his team also chose Gd as the dopant and reported biomi-
metic superoxide dismutase of CeO2–Gd nanozymes, and
observed the high antioxidant properties and viability of the cells
in vitro. The mechanism is shown in Figure 13f. The dispropor-
tionation of the enzyme free radical leads to the formation of
hydrogen peroxide, and Ce3þ regenerates with the formation
of electron transfer and oxygen vacancy, finally realizing the inac-
tivation of the superoxide anion.[119] As an antioxidant agent with
autoregenerative radical scavenging activity, CeO2 has been paid
extensive attention in the fields of biomedical application. It is
well known that the widespread use of biological antioxidants
is based on the premise that they can act as chemical spin traps.
However, CeO2 with unique defect structure can provide a num-
ber of active sites of spin traps, and it is supposed as a rare mate-
rial for biological antioxidants. Except for the applications
mentioned previously, an increasing number of reviews have
been devoted to the ophthalmic,[120] orthopedic,[121] antimicro-
bial,[122] and anticancer fields.[123] They found that the vacancy-
oxygen defect promoted the redox process and catalytic activity
and described the corresponding possible mechanism. The anti-
bacterial mechanism of CeO2 is shown in Figure 13g. CeO2 nano-
particles kill microorganisms mainly by producing a large
amount of reactive oxygen species in large quantities in cells.
However, the exact mechanism of microbial destruction and
the pathway of oxygen defects and biological toxicities are still
not fully understood, and also need to be further explored.

Figure 12. a) The Schottky barrier formed between Bi0and CeO2�δ. b) The proposed mechanism for the photocatalytic NO removal by the BiO/CeO2�δ

photocatalyst. Reproduced with permission.[115] Copyright 2020, Springer Nature. c) Proposed schematic diagram of charge transfer in the M-ZnO/CeO2

(M¼ Ag or Au) porous microspheres under UV–vis light irradiation. EF is the Fermi level; ECB and EVB are the conduction and valence band edges,
respectively. Reproduced with permission.[116] Copyright 2020, Elsevier. d) UV–vis diffuse reflectance spectra optical absorption edges and e) Fe-doped
CeO2 nanocatalysts with different ratios of Fe. Reproduced with permission.[114b] Copyright 2014, Elsevier. f ) Schematic illustration for ciprofloxacin
degradation in the EF-like process. Reproduced with permission.[118] Copyright 2021, Elsevier.
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5.7. Organic Transformation

With the increasing demand for high-value-added chemicals,
organic synthesis and transformation, as an effective and feasible
method, have been widely studied, but they are mostly limited
by the low activity and selectivity of catalysts and cannot be indus-
trialized on a large scale.

Recently, defective-CeO2-based nanomaterials have attracted
extensive attention in aldol condensation, organic oxidation, hydro-
genation reduction, and other reactions of organic com-
pounds.[12b,124] Liang et al. controlled the oxygen vacancy
concentration on the surface of CeO2 by controlling themorphology

and the atmosphere treatment conditions and then found for the
first time that the oxygen vacancy concentration was linearly posi-
tively correlated with the aldehyde hydroxyl condensation reaction
activity of acetaldehyde. According to the results of in situ infrared
study, they suggest that the oxygen vacancies of CeO2 act as Lewis
acid sites, playing a crucial role in activating and stabilizing acetal-
dehyde molecules.[124a] Recently, plenty of other works have been
done on toluene oxidation.[12a,125] For example, Song prepared
CeO2–MnOx composite catalysts with different cerium sources
and applied to toluene oxidation. The results show that the increase
of oxygen vacancy increases the concentration of Mn3þ and Ce3þ,
and exhibits excellent oxygen mobility (Figure 14a). Consequently,

Figure 13. a) Schematic illustration of the activation of adsorbed H2O2 on the CeO2 surface. b–d) The calculated free energy diagrams of H2O2 over CeO2

surfaces: (i) ! (ii) the adsorption of H2O2 on the CeO2 surface; (ii) ! (iii) O—O bond breakage with the generation of a surface OH group and a OH
radical; (iii)! (iv) the formation of H2O on the CeO2 surface. a–d) Reproduced with permission.[117b] Copyright 2020, American Chemical Society. e) Plot
of apparent activation energy with different Gd dopant concentrations of the GDC NPs. Reproduced with permission.[33] Copyright 2020, Springer.
f ) Mechanism of superoxide dismutase mimicking activity of CeO2–Gd nanozyme (right). Reproduced with permission.[119] Copyright 2020,
Elsevier. g) Schematic representation of antibacterial activity of CeO2 nanoparticles. (1) Cell wall disruption; (2) cell membrane disintegration; (3) free
radical production; (4) loss of protein peptides; (5) DNA fragmentation; (6) vital enzyme inhibition; (7) loss of cellular fluids; and (8) disruption in
electron transport. Reproduced with permission.[127] Copyright 2018, Elsevier.
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the high selection and reaction performance was obtained, as
shown in Figure 14b,c.[125a] In addition, hydrogenation reduction
as a common reaction has been studied for a few decades.[126] A
highly selective Au–CuOx–CeO2 core/shell nanosphere catalyst
was synthesized by Wu et al. for the catalytic hydrogenation of
p-nitrophenol. Through the combination of experiments and theo-
retical simulation, they attributed the high performance of CuOx–
CeO2-catalyzed hydrogenation of p-nitrophenol to the fact that it
promotes hydrogen dissociation to formH* species, which contrib-
utes to the efficient reduction of p-nitrophenol (Figure 14d).[124c] In
general, although the oxygen defect of CeO2 is of signality in cata-
lyzing organic synthesis reactions, its reaction mechanism is very
complex and needs to be further studied.

6. Conclusion

In this article, some recent theoretical and experimental results
of CeO2 on defect introductions, characterization, and

application in some typical heterogeneous catalysis reactions
are reviewed. These results provide valuable references for the
further study of the structure–activity relationship between
defects and catalytic activity, as well as the mechanism of defects.
Generally speaking, three effects of oxygen defects in the system
are mainly concluded: 1) offering sites for the adsorption and
activation of small molecules (H2O, CO2, O2, N2); 2) providing
sites for metal loading and stabilizing the metal loading; and
3) enhancing the electronic interaction between CeO2 and metal
and increasing the electron density of the metal. Although plenty
of studies have been focused on oxygen defects, some key hin-
ders are still to be solved and explored. 1) As described in defect
classification, CeO2 has a variety of defect structures; in addition
to oxygen defects, some point defect clusters such as triangle and
quadrilateral defects, line defects, and plane defects. However,
there are few studies on the application prospects of these
defects, most of which focus on the synthesis and structural char-
acterization. Conducting an in-depth study on the application of
these defects is of great significance for the perfection of the

Figure 14. a) The relation between the temperatures of conversion of toluene reaching 90% and the XPS results of catalysts. b) Toluene conversion and
c) CO2 yield as a function of reaction temperature over Cat-A, Cat-B, and Cat-C under the conditions of toluene concentration. a–c) Reproduced with
permission.[125a] Copyright 2019, American Chemical Society. d) Schematic illustration for the proposed triphasic synergy catalysis mechanism between
the Au/CuOx/CeO2 interfaces in Au @CuOx–CeO2 core/shell nanospheres. Reproduced with permission.[124c] Copyright 2020, Springer Nature.
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CeO2 defect chemistry system and the large-scale application of
CeO2-based catalysts. 2) In recent years, we grasped a detailed
basic understanding of the specific optimization of CeO2 cata-
lysts. However, more accurate and controllable methods for syn-
thesizing of high-concentration oxygen vacancies and the
optimal concentration of specific applications are still the key fac-
tors limiting further development. To our best knowledge, pre-
vious studies used different methods to obtain a relatively high
concentration of defects. However, there are few studies on how
the specific defect content affects the catalytic performance.
Therefore, the development of more uniform, efficient, and
low-cost synthesis methods remains a significant challenge to
optimize the defect structure of CeO2-based materials. We are
looking forward to advanced reports that can realize the control-
lable synthesis of defects and control the defect concentration of
CeO2 to get a better catalytic effect. 3) Characterizations and the
dynamics evolution process of oxygen defects in previous studies
are still deficient. To our best knowledge, most of the character-
izations are qualitative or semiquantitative. Although there are
some in situ characterizations of defect content that can be char-
acterized by calculating the diffraction of the Ce3þ peak area,
intuitive and accurate quantitative analyses of the concentration
of oxygen defects are still lacking. In addition, to discuss the
dynamic evolution process of the defect structure, new super-
vised technologies urgently need to be constructed. We expect
an increasing number of researchers are engaged in exploring
this project hoping to gain a thorough knowledge system of
defective CeO2. 4) Many researchers have proposed correspond-
ing mechanisms for their respective catalytic reactions, but many
current viewpoints are one-sided, and the understanding of the
knowledge system of oxygen defects is not very comprehensive.
Therefore, the structure–activity relationship and potential mech-
anism between oxygen defects and catalytic activity in heteroge-
neous catalysis need to be further explored. 5) We reviewed the
applied areas of defective-CeO2-based catalysts in recent years,
but the application should continue to be expanded according
to the unique properties of CeO2 with oxygen defects. We can
explore its application in other types of new fields such as oxygen
permeation membranes, sensors, and organic electrocatalytic
synthesis, which are of great value in promoting more directions
of heterogeneous catalysis.

These are also the improvement directions we put forward
based on the future exploration and development of defective
CeO2. In this review, it is our primary purpose to provide readers
with the essential background of the introduction methods and
practical applications of defective CeO2 catalysts and the latest
research progress. It is expected to provide references for the bet-
ter design of defective heterogeneous catalysts to promote the
activity, selectivity, and stability of heterogeneous catalytic
reactions.
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