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1. Introduction

With the increasing energy demands and the impending climate
change, the researchers have to turn their attention to develop
sustainable and clean pathways to produce fuels and chemicals.
Creating a global-scale sustainable energy system for the future
to preserve our environment is one of the most crucial challenges
facing humanity today.[1] High-efficiency conversion of electrical
energy from renewable energy sources (such as wind energy,
solar energy, etc.) into chemical energy is an effective strategy
for making full use of and storing energy.[2] Reducing carbon

dioxide relieves the greenhouse effect
and provides the chemical feedstocks
through a carbon recycle (carbon monox-
ide, formate, formaldehyde, methane,
methanol, methanol, and C2þ hydrocar-
bons and oxygenates).[3] Water splitting,
which comprises two half-cell reactions,
can provide us with clean hydrogen as
fuel.[4] Fuel cell is a type of environmental
friendly energy-conversion device with two
half-reactions as oxygen reaction and fuel
oxidation.[5] In addition, nitrogen reduction
reaction can convert the dinitrogen mole-
cules in the atmosphere into ammonia, a
higher-value product.[6] To cleanly and sus-
tainably realize the activation and efficient
conversion of the above energy molecules,
one prospective goal is to develop electro-
chemical and photochemical process. The
key to enable this vision is the development
of improved electrocatalysts and photocata-

lysts with high efficiency and selectivity for the energy molecules
transformations involved.[2] A number of catalysts have been
developed for the related reaction such as hydrogen evolution
reaction (HER),[7] hydrogen oxidation reaction,[8] oxygen evolu-
tion reaction (OER),[8] oxygen reduction reaction (ORR),[9] meth-
anol/ethanol oxidation reaction (M/EOR),[10] carbon dioxide
reduction reaction (CO2RR), and nitrogen reduction reaction
(NRR).[11] Currently, the IrO2, RuO2, and Pt/C are the bench-
marking electrocatalysts for these catalytic processes; however,
the scarcity and high cost of these materials limit its wide appli-
cations. Although various metal-based, metal oxide-based, and
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The activation and conversion of small molecules (H2, O2, H2O, CO2, N2,
CH3OH, and C2H5OH) in energy-related systems has attracted researchers’
attentions around the world. The conversion of these molecules plays a key role
in renewable energy storage and conversion systems, and for that, the elec-
trocatalysis and photocatalysis processes are considered as clean and efficient
strategies. Numerous materials are designed to promote the conversion process
to satisfy the different requirements for efficiency and selectivity. Due to the
flexible switching between Ce3þ and Ce4þ with rich oxygen defects, CeO2-based
materials display excellent performance in all the related reaction processes.
Herein, the CeO2-based electro(photo)catalysts according to different reactions
are summarized. Specifically, the influence of material compositions, morphol-
ogies, and structures on catalytic performance is discussed, and the significant
role of CeO2 is emphasized. Finally, several approaches are advocated to promote
the development of CeO2-based electro(photo)catalysis and accelerate their
industrial application.
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carbon-based catalysts have been extensively studied, there is still
room for further improvement in their activity, stability, and cost.
A number of photocatalysts also have been designed and
researched; however, the conversion efficiency of light to chemi-
cal energy and the selectivity for targeted products are far from
satisfactory hitherto. It is worth noting that, in the development
of high-efficient electrocatalysts and photocatalysts, CeO2 plays
an important role in enhancing the catalytic performance due
to its unique physical and chemical properties.[12–15]

CeO2, a rare earth oxide widely studied, has shined in thermo-
catalysis, electrocatalysis, and photocatalysis (Scheme 1). CeO2

nanocrystal has the fluorite crystal structure with space group
Fm3m and the cell parameters of 0.5411 nm (a¼ b¼ c). In the
CeO2 unit cell, each Ce4þ is coordinated with eight adjacent
O2� to form an octahedral interstitial, and each O2� is coordi-
nated with four adjacent Ce4þ to form a tetrahedral unit.[16]

The unfilled 4f orbital and abundant electronic energy levels
endow CeO2 to have a great potential in catalysis. The electronic
structure of Ce is [Xe] 4f15d16s2, where Ce3þ and Ce4þ are able to
exist steadily and convert to each other easily. The multivalence
property of CeO2 will offer the opportunity to generate strong
interactions with other components in catalysts and thereby
enhance the performance of electrocatalysts and photocata-
lysts.[17] In addition, the unique crystal structure and reversible
valence characteristics of CeO2 enable the formation of oxygen
vacancies to generate a defect-rich structure, which determines
the excellent catalytic performance. Oxygen vacancy, derived
from Ce4þ to Ce3þ reduction conversion or lattice oxygen migra-
tion, has a great influence on the electronic and chemical prop-
erties of CeO2. In the catalysts, oxygen vacancy not only anchors
active component nanoparticles or clusters but also regulates the
electronic structure of catalysts.[18] It also has impact on the
bandgap, light-harvesting, and electron–hole pair recombination
of catalysts, which closely related to photocatalytic activity.
Moreover, the high stability of CeO2 in both acidic and alkaline
environments is also favored to electrocatalytic process. Based on
the unique physical and chemical properties of CeO2, tuning the
size, structure, and exposed crystal planes is a promising strategy
to construct the high-efficient CeO2-based electrocatalysts and
photocatalysts. This field is developing rapidly and a timely
review on both electrocatalysts and photocatalysts in energy con-
version is great of meaningful.

2. CeO2-Based Electrocatalyst

2.1. Hydrogen Evolution Reaction

In response to the rapid depletion of fossil fuel and growing envi-
ronmental problem issues, researchers have turned their atten-
tion to the clean molecular hydrogen energy, which is usually
generated by the water splitting effectively and conveniently.
As a half reaction of water splitting, HER is a two-electron trans-
fer reaction and generally involves the Volmer–Tafel path or the
Volmer–Heyrovsky path. To achieve large-scale industrial hydro-
gen production, highly active catalysts are required to lower the
overpotential for HER. Due to the strong electronic interactions,
CeO2 usually has a strong electronic interaction with other mate-
rials and then regulate their electronic structure, so it often is
chosen to be support or other key component to fabricate
HER catalysts. Due to the poor conductivity of CeO2, the strategy
of compositing CeO2 with highly conductive materials is often
used to enhance the activity of CeO2-based electrocatalysts.

Liu et al. constructed 3D reduced graphene supported CeO2

hollow microspheres by a hydrothermal self-assembly method
to catalyze HER.[19] Enhanced activities with low onset overpoten-
tial of 192mV and overpotential of 340mV at a current density of
10mA cm�2 are achieved due to the highly conductive network
and rich porous structure on 3D reduced graphene. Novel metal
catalysts usually have high catalytic activity, and the activity will
be improved if combined with a suitable support. Gao et al. fab-
ricated sub-nanometer Pd clusters confined in porous CeO2 and
the electrochemical results of the obtained catalysts show nearly
100 times higher activity HER than Pt/C catalyst at low-potential
region.[20] The adsorption state of H* on the Pd cluster is effec-
tively modulated by the electron transfer between Pd and O
atoms, and then, the conjoint effect promotes the HER catalytic
activity.

Another work by Gao et al. reached similar conclusions, where
the electron transfer from Pd to CeO2 leads to oxidized Pd and
formation of Pd–O–Ce structure, which provides a new catalytic
active site for HER.[21] Rh0/CeO2 and Ru0/CeO2 catalysts were
also prepared for HER, which both have exceptional durability
in an acidic environment for over 10 000 scans.[22,23] These
results indicated that CeO2 not only plays as an activity enhancer
but also as a catalyst stabilizer. In addition to novel metal cata-
lysts, nonprecious metal-based catalysts such as 3d transition
metals Fe, Co, and Ni also have good catalytic performances
for HER. The 3D porous Ni/CeO2 nanosheet array supported
on Ti mesh was prepared by Sun et al. to boosting HER for both
high catalytic activity and good durability were achieved.[24] Xiao
et al. encapsulated different transition metals M (M¼ Fe, Co,
and Ni) in carbon nanotubes and then supported with CeO2 sup-
port (M@CNT/CeO2) to compare the catalytic activity of Fe, Co,
and Ni for HER.[25] The results showed that the Co has a much
higher activity for HER than Fe and Ni in M@CNT/CeO2, which
is consistent with density functional theory (DFT) calculation
results. Most recently, Kang et al. prepared Co-doped CeO2 nano-
sheets by a thermal decomposition exfoliationmethod. The intro-
duction of Co atoms doped into CeO2 crystal lattice generated
more oxygen vacancies, which enable the fast water dissociation.
As a result, the high surface, optimized hydrogen adsorption and

Scheme 1. Illustration of CeO2-based electro(photo)catalysts in energy-
related small molecules conversion.
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oxygen vacancies coordinatively contributed to the Co-doped
CeO2 as an efficient HER catalysts.[26]

Transition metal phosphides have been studied for HER cata-
lysts, and especially CoP has received the most attention. Xiong
et al. fabricated nanohybid CeO2–CoP–C catalyst by a co-ionic-
exchange and low-temperature phosphorization method.[27]

The CeO2–CoP–C catalyst displayed an obvious enhancement
in catalytic performance for HER compared to the CoP–C catalyst
due to the synergistic reaction between CeO2 and CoP. The syn-
ergistic reaction not only decreases the hydrogen absorption
energy to promote gas escape but also optimizes the electronic
structure of catalyst to more favorable for HER. In addition, a
CoP/CeO2 interface was built to promote HER and DFT indi-
cated that a lower water splitting energy barrier and more opti-
mized hydrogen adsorption free energy are achieved compared
to CoP by constructing CoP/CeO2 interface (Figure 1a–c).[28]

Similarly, the Ni2P–CeO2 interface was also fabricated and, as
expected, has an enhanced HER activity (Figure 1d–f ).[29]

Moreover, Ni3N and Ni–S alloys, etc., were composited to
CeO2 and both generate good electrocatalytic properties

(Figure 1g–i).[30–32] Therefore, the HER activity and stability of
different catalysts including novel metal, transition metals, tran-
sition metal phosphides, and transition metal nitrides catalysts
are enhanced by compositing CeO2 since it tends to regulate
and optimize the electronic structure of catalyst (Table 1). The
optimized hydrogen adsorption free energy caused by adjusting
the electronic structure of catalysts leads to a promoted HER
performance.

2.2. Hydrogen Oxidation Reaction

Compared to proton exchange membrane fuel cells (PEMFCs),
anion exchange membrane fuel cells (AEMFCs) catch more eyes
due to the development of platinum group metal-free electroca-
talysts. However, the sluggish kinetics of hydrogen oxidation
reaction (HOR) in alkaline media and poor stability have
impeded AEMFC development, so rational design and fabrica-
tion of highly active electrocatalysts to enhance HOR is of great
significance. Bellini et al. construct Pd–CeO2/C to replace Pt

Figure 1. a,b) Scanning electron microscope (SEM) images of CoP–CeO2/Ti and c) polarization curves of Ti mesh, CeO2/Ti, CoP/Ti, CoP–CeO2/Ti, and
Pt/C on Ti mesh for the HER at a scan rate of 2mV s�1 Reproduced with permission.[28] Copyright 2018, Royal Society of Chemistry. d,e) SEM and high-
resolution transmission electron microscopy (HRTEM) images of NiP–CeO2. f ) Polarization curves for HER on Pt/C loaded on TM, Ni2P–CeO2/TM, Ni2P/
TM, CeO2/TM, and bare TM. Reproduced with permission.[29] Copyright 2018, American Chemical Society. g,h) HRTEM images of H-CeO2-x/Ni@NC and
H-CeO2-x/Ni2P@NC. (i) Polarization curves of different catalysts tested in 1.0 M KOH. Reproduced with permission.[30] Copyright 2019, Elsevier.
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catalysts for promoting HOR.[33] A peak power density of
1.4W cm�2 was achieved due to the engineered Pd-to-CeO2

interfacial contact. Furthermore, the DFT calculations suggest
that the enhanced HOR activity is ascribed to a weakening of
hydrogen binding energy through the interaction of Pd with
the oxygen of CeO2, which is facilitated by the structure of
“oxidized Pd atom coordinated by four O atom on CeO2.”
Similarly, the Pd/CeO2 or Pd–CeO2/C catalysts that were
constructed by interface engineering,[34] surface doping,[35]

entrapping,[36] depositing,[37] and so on show promoted activity
for HOR.[38,39] Not only Pd-based electrocatalysts but also the
oxygen-vacancy-rich CeO2/Ni heterostructures were also
synthesized to enhance HOR.[8] The thermoneutral adsorption
free energies of H* caused by the electron transfer between
CeO2 and Ni combined with promoted OH* by abundant
oxygen vacancies lead to an excellent HOR performance
(0.038mA cmNi

�2 and 12.28mAmgNi
�1). Furthermore, the

Ir/CeO2–C also displayed an enhanced activity due to the
oxophilic effect caused by the higher oxygen storage–release
capacity of CeO2.

[40] To summarize, CeO2 is able to modulate
the coordination environment of active components or sites
to be more suitable for adsorbing H* and OH*, and so
promote HOR.

2.3. Oxygen Evolution Reaction

As the other half-reaction of water splitting, OER is a four-
electron transfer reaction, which is considered as the major
bottleneck for water splitting because of the sluggish kinetics.
Obviously, the OER is the key step to govern the overall
efficiency of water splitting so that developing the highly active
catalysts for OER is significant to improve the efficiency of
water spitting. The conventional adsorbate evolution mecha-
nism for HER is widely accepted and OH� adsorbs on the
surface oxygen vacancy site at the beginning.[41] Oxygen vacancy
in the catalysts that has been reported can affect the surface
charge distribution and further promote OER. Therefore,
the CeO2 in OER catalyst not only functions as a support but

also mediates the surface charge distribution and regulates
the adsorption/ desorption energy of reactants, products, and
intermediates. Yang et al. prepared two morphologies of
CeO2 (nanowires and nanospheres) by the hydrothermal
method and compared their OER activities. As a result, the
nanospheres possess a stronger catalytic ability than nanowires
due to the higher oxygen vacancy concentration in CeO2

nanosphere.[42]

Considering the poor conductivity of CeO2, the hybrid elec-
trocatalyst has been synthesized with a combination of different
materials. Recently, a CeO2 decorated reduced graphene oxide
was fabricated and it shows an enhanced HER activity, which
results from the synergistic effect of oxygen vacancies on CeO2

and electronic conductivity of reduced graphene oxide.[43] RuO2

is one of the most active catalysts for OER, and researchers
identified that the enhanced activity and stability in an alkaline
solution of Ru0/CeO2 and RuO2/CeO2 catalysts was attributed
to the highly oxidative oxygen species O2

2�/O� formed in the
oxygen vacancy of CeO2.

[44,45] Transition metal-based catalysts
are also reported as the low-cost and highly active catalyst
solution for the OER, which have been widely studied as an
alternative to replace the precious metal catalysts. CeO2

decorated Ni(OH)2 catalysts were fabricated and their catalytic
performance for OER was studied (Figure 2a–e).[46,47] As a
result, the introduction of CeO2 nanoparticles not only creates
more active species of Ni3þ/4þ but also accelerates the charge
transfer efficiency, which significantly promotes the OER
(Figure 2f,g). Wu et al. reported a Ni3S2–CeO2 hybrid nano-
structure by an electrodeposition method. The interfacial inter-
action between Ni3S2 and CeO2 improves the electron transfer
and enhances OER activity by increasing the binding strength
of the reaction intermediates at the interface.[48] The bimetal
alloy and hydroxide were also composited with CeO2 to enhance
the OER activity.[49–53] Chen et al. constructed FexNiy/CeO2/NC
catalyst and attributed its enhanced OER activity to the high
oxygen-storage capacity of CeO2, which enabled the immediate
adsorption of the generated O2 during OER process.[51]

Transition metal oxide was considered as an important type
of OER catalyst due to the remarkable redox capability and
mixed valences. Therefore, transition metal oxide was fabri-
cated as a special structure compositing with CeO2 to promote
OER. Hollow Co3O4/CeO2 heterostructures embedded in
N-doped carbon nanofibers were prepared by the electrospin-
ning technique. The synergistic effects between Co3O4 and
CeO2 benefit the OER (Figure 2h–j).[43] More recently, Qiu
et al. combined CeO2 and Co3O4 by built-in pn heterojunction
to promote OER.[54] The strongly coupled pn heterojunction
interface leads to a rapid interfacial charge transfer from
CeO2 to Co3O4 and the resulting high concentration of oxygen
vacancies and Co2þ octahedral sites enhances the OER
activity. FeCoO4/CeO2 interface and 3D self-supporting porous
network NiCeOx@NiFeOx structure were also fabricated to
enhance OER activity and the increased oxygen vacancy due
to Ce3þ/Ce4þ was proved to promote the intrinsic OER activity
of catalysts.[52,53] A quinary metal oxide Ni0.3Fe0.07Co0.2Ce0.43Ox

was prepared by Haber et al. to promote OER.[55] Subsequently,
a similar (Ni–Fe–Co–Ce)Ox was prepared by Favaro et al. and
studied under the operando conditions to expand the funda-
mental understanding of the active site. It turns out that the

Table 1. Summary of the HER catalytic property of various CeO2-based
electrocatalysts.

Electrocatalyst Overpotential
@10mA cm�2 [mV]

Tafel slope
[mV dec�1]

Electrolyte Ref.

3D–rGO–CeO2 340 112.8 1 M KOH [19]

Pd/CeO2/C 109 75 1 M KOH [21]

Ru0/CeO2 47 41 0.5 M H2SO4 [22]

Rh0/CeO2 42 34 0.5 M H2SO4 [23]

Ni–CeO2/Ti mesh 67 111 1 M KOH [24]

Co@CNT/CeO2 181 90 1 M KOH [25]

CeO2–CoP–C 71 53 0.5 M H2SO4 [27]

CoP/CeO2 43 45 1 M KOH [28]

Ni2P/CeO2 84 [20 mA cm�2] 113 1 M KOH [29]

Ni–S/CeO2 180 158 1 M NaOH [31]

CeO2-x/Ni2P@NC 123 60 1 M KOH [30]

Ni3N–CeO2 80 122 1 M KOH [32]
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CeO2 can affect the redox process of transition metals, which
boosts the OER activity at low overpotential.[56] Furthermore,
several Co-based catalysts like Co, CoOx, CoP, CoSe2, and
NiCo2S4 were combined with CeO2 to enhance OER activ-
ity.[57–61] CeO2 not only enhances catalytic activity but also sta-
bilizes the catalysts. Obata et al. coated CeOx layer on NiFeOx to
prevent the loss of Fe species during the OER process and
achieved a highly stable performance.[62] The CeOx layer does
not affect the OER activity of NiFeOx because it selectively
allows the permeation of OH� and O2 through but prevents
the diffusion of redox ions through the layer. Conclusively,
on the one hand, the oxygen vacancy on CeO2 can promote
the adsorption of OH�, a step that occurs in OER. On the other
hand, the oxygen vacancy often interacts with active compo-
nents to produce special electronic structure that is conductive
to the progress of OER, so, the rich oxygen vacancy in CeO2

makes it a robust cocatalyst to enhance the catalytic activity
of novel metal, transition metal, transition metal (hydro)oxides,

transition metal phosphides, and bimetal alloy for OER
(Table 2).

Based on the attractive catalytic performance for HER and
OER of CeO2-based catalysts, the related materials were also
designed for overall water splitting. Tang et al. prepared hollow
CeOx/CoP heterostructures supported on nickel foam through
co-based metal-organic frameworks template. The potential
toward water splitting at 10mA cm�2 was only 1.63 V and the
catalyst performed excellent stability within 60 h.[63] Most
recently, Du et al. synthesized superhydrophilic Co4N–CeO2

hybrid nanosheet array on a graphite plate for overall water split-
ting. The cell voltage to drive 10mA cm�2 was 1.54 V and long-
term durability at 500mA cm�2 for 50 h. Doping CeO2 into Co4N
not only promotes the dissociation of H2O and adsorption of
hydrogen but also improves the compositional stability, which
boosting both OER and HER.[64] Therefore, CeO2-based materi-
als have great potential for water splitting, and more reasonable
components and structures need to be explored and designed.

Figure 2. a) Carbon foam derived from a piece of melamine. b–d) SEM images and XRD pattern of Ni(OH)2 nanosheets grown on NOSCF. e) HRTEM
image of Ni(OH)2 at the edge of the Ni(OH)2/NOSCF. f ) Polarization curves of different catalysts. g) The corresponding onset potential and Tafel curves
for the catalysts derived from (f ). Reproduced with permission.[46] Copyright 2017, Royal Society of Chemistry. (h) Schematic diagram of hollow Co3O4/
CeO2 embedded in N-doped carbon nanofibers. i) SEM of h-Co3O4/CeO2@N–CNFs. Reproduced with permission.[43] 2019, American Chemical Society.
j) Linear sweep voltammetry polarization curves of different catalysts in O2-saturated 0.1 M KOH.
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2.4. Oxygen Reduction Reaction

Fuel cell is considered as one of the most promising energy-
conversion devices due to its environmental friendliness, high
efficiency, and reliability. Among them, the low-temperature
PEMFCs attract wide attention due to their promising future
in practical applications. However, the commercialization of
PEMFCs has been limited by the sluggish ORR and the high cost
of commercial catalyst Pt. Meanwhile, ORR is also an important
cathodic half-reaction in rechargeable metal–air batteries and its
slow kinetics severely restricts the power output. Although the
Pt-based catalysts are state-of-art for ORR, the scarcity and high
price of Pt promote us to develop low-cost and highly active cata-
lysts. Recently, The CeO2 nanomaterials and CeO2 containing
materials were designed to promote ORR in which the abundant
oxygen vacancies on CeO2 are able to regulate electronic struc-
tures of catalysts (Figure 3). Considering the poor conductivity
of CeO2, researchers combine the CeO2 with functional carbon
materials to enhance the conductivity of the composite catalysts.
Peng et al. grew CeO2 nanoparticles in situ on reduced graphene
oxide (rGO) and found that the combinations of the high conduc-
tivity of rGO and sufficient active sites on CeO2 enable the nano-
composite to become an efficient electrocatalyst for ORR.[65]

Similar work has proved that the CeO2/rGO nanocomposite is
efficient not only for ORR but also for OER.[66] In addition to
rGO, the C3N4 was chosen to composite with CeO2 to enhance
ORR catalytic activity since the pyridinic nitrogen in C3N4

functions as a promoter.[67] Most recently, Pi et al. fabricated
CeO2-encapsulated nitrogen-doped biochars for ORR in Zn/air
batteries with remarkable performance.[68] Experiment com-
bined with DFT illustrates that the Lewis base sites, produced

by pyri-N and oxygen vacancy on CeO2, remarkably promote
the chemisorption of O2 molecules. It is well known that Pt
and Pd locate near the peak of the ORR volcano plot; however,
the high expense and scarcity hinders the utilization in large-
scale fuel cells.[69] Constructing the noble metal /CeO2 catalyst
can not only further enhance the catalytic activity and stability
of the catalyst but also significantly reduce the loading of noble
metal with improved utilization efficiency. Pinheiro et al.
reported a hybrid electrocatalyst constructed by Pt nanoparticles
and CeO2 nanorods supported on carbon black for ORR with the
aim of application in fuel cells.[70] As a result, the electrocatalyst
shows an improved current and power density than the commer-
cial Pt-based electrocatalysts. Li et al. obtained a similar result
and attribute the enhanced performance to that the interaction
between CeO2 and Pt nanoparticles, which prevents surface Pt
nanoparticles from aggregation.[71] Moreover, Du et al. consider
that the CeO2 modifies the electronic density of Pt, which enhan-
ces the interactions between Pt and C at the Pt–CeO2 interface.

[72]

In addition, Pt and Pd were also used to fabricate the ORR elec-
trocatalyst by combining CeO2 and N-doped graphene.[73,74]

Transition metal (oxides) is a kind of low-cost but high active
electrocatalyst. Researchers have devoted efforts to build various
nanostructures to improve their catalytic activity. A hierarchical
CeO2@MnO2 core–shell composite and multiple hollow CeO2

sphere decorated MnO2 microflower were constructed by
Yang et al. to catalyze ORR.[75–78] The enhanced catalytic perfor-
mance was simply ascribed to the synergetic effect of CeO2 and
MnO2. Also, porous hexagonal FeCo2O4/CeO2 heterostructures
were prepared. Depending on the abundant interfaces between
FeCo2O4 and CeO2, the high ORR catalytic activity is realized.[53]

Doping strategy was considered as an efficient method to
improve the performances of electrocatalysts. For both Co-doped

Table 2. Summary of the OER catalytic property of various CeO2-based
electrocatalysts.

Electrocatalyst Overpotential
@ 10mA
[cm�2 mV]

Tafel slop
[mV dec�1]

Electrolyte Ref.

Ru0/CeO2 420 122.0 0.5 M KOH [44]

Ni(OH)2/CeO2 320 [100mA cm�2] 126.0 1 M KOH [47]

3D CeO2/Ni(OH)2/C – 57.0 1 M KOH [46]

FexNiy/CeO2/NC 240 85.0 1 M KOH [51]

Ni90Fe10/CeO2 369 70.7 1 M KOH [50]

NiFe–LDH/CeO2@CeNC 235 128.8 1 M KOH [49]

Co3O4/CeO2 310 89.0 0.1 M KOH [43]

NiCeOx@NiFeOx/Ni foam 254 [100mA cm�2] 59.9 1 M KOH [52]

FeCo2O4/CeO2 – 63.0 0.1 M KOH [53]

V-CoP@CeO2 225 58.0 1 M KOH [57]

CeO2/Co@NC 474 – 0.1 M KOH [58]

CeOx/CoOx 331 66.0 1 M NaOH [61]

CeO2/CoSe2 288 44.0 0.1 M KOH [59]

CeOx/NiCo2S4/CC 270 126 1 M KOH [60]

Cu@CeO2@Ni–Fe–Cr hydroxide 230.8 32.7 1 M KOH [141]

CeOx/NiFe–OH/Nickel foam 280 [100mA cm�2] 43.2 1 M KOH [144]

Figure 3. The onset potential and half-wave potential of CeO2/NC[68],
CeO2/CePO4@NPC,[80] CeO2@MnO2,[75] CeO2/MnO2,

[76] FeCo2O4/
CeO2,

[53] Co2P–NPC–CeO2,
[81] Co–NC–CeO2,

[77] CeO2/Co@NC,[58] and
CeO2@Fe,S,N-C[82] for ORR.
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CeO2 or Co-doped carbon, the ORR catalytic activities of catalysts
are significantly improved.[77,78] Similarly, Sivanantham et al.
constructed CeO2 supported Co in N-doped carbon nanorods
and ascribed the improved ORR activity to the synergistic effect
of Co and coexistence of Ce3þ and Ce4þ in CeO2.

[79] Although Yu
et al. considered the similar performance that originates from the
synergistic effect between CeO2 nanoparticles and N-doped
carbon.[58] Furthermore, Co2P and CePO4 were also chosen to
combine with CeO2 and P, N co-doped carbon to make high
performance catalysts for the ORR.[80–83] Therefore, CeO2 not
only possesses ORR active sites but also it can stabilize noble
metals and improve the catalytic performance though electronic
interactions. Moreover, the combination of CeO2 and transition
metal is an efficient alternative to develop low-cost and high
activity ORR electrocatalysts.

2.5. Methanol/Ethanol Oxidation Reaction

Main direct alcohol fuel cells (DAFCs) have been considered as
an attractive fuel device due to their volumetric energy density,
environmentally friendliness, and abundant source of methanol
or ethanol. The rate of M/EOR on the anode of DAFCs restricts
the output power so that it is of great significance to develop effi-
cient electrocatalysts for M/EOR. Similar to ORR, Pt is still the
most effective electrocatalyst for M/EOR. However, compared to
impressive progress in novel electrocatalysts for ORR, non-Pt
catalysts seldom show the desired activity for M/EOR. For the
application of Pt-based catalyst, suitable supports will have a
key impact on the performance of catalysts and the utilization
efficiency of Pt. The interface between active metal and support
usually functions as the catalytic active sites due to the special

Figure 4. a,b) TEM and aberration-corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF–STEM) images of Pt/
CeO2-P. c) The illustration graph of Pt on oxygen vacancy rich CeO2. Reproduced with permission.[84] Copyright 2018, Elsevier. d,e) SEM and TEM image
of Pt/CeO2/PANI hollow nanorods arrays. f ) Schematic diagram of Pt/CeO2/PANI three-layered hollow nanorod arrays. Reproduced with permission.[90]

Copyright 2016, American Chemical Society. g–i) The HRTEM of Au core, Au@CeO2 core–shell and Au@CeO2@Pt nanocatalyst. j) The plausible mechanism
of the Au@CeO2@Pt/C electrocatalyst toward methanol oxidation reaction. Reproduced with permission.[94] Copyright 2019, Royal Society of Chemistry.
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lattice and electronic structure. Wang et al. constructed the
interface between Pt nanoparticles and CeO2 rods for MOR
(Figure 4a,b).[84] They discovered that the oxygen vacancy on
CeO2 can supply electrons, which will increase the electron den-
sity of Pt by promoting the electron transfer from CeO2 to Pt, and
then, the enhanced catalytic activity and durability of Pt/CeO2-
rod are expected (Figure 4c). Chen et al. synthesized a Ce-modi-
fied Pt nanoparticle for MOR and high electrocatalytic activity
was achieved (1470mAmgPt

�1 and 8670mAmgPt
�1 in acidic

and alkaline media, respectively).[85] DFT calculations indicated
that the modification of Ce deforms the Pt surface, which
strengthens CO*þOH* bind. The stronger anchoring of
OH* removed CO* more easily in the potential determining
step, which avoids the CO-poisoning effect easily. Paulo et al.
reported that catalytic performances of unsupported Pt nanopar-
ticles for EOR in the acid medium are promoted by adding small
amounts of CeO2 nanoparticles.[86]

In addition to the influences on the electronic structures,
CeO2 nanoparticles are also able to generate microstrain on
the surface Pt, which governs the electrochemical surface area
for EOR. Obviously, the size and morphology of CeO2 have a cru-
cial effect on the catalytic properties of Pt/CeO2 catalyst. Feng
et al. prepared CeO2 nanoparticles with well-defined morpholo-
gies (nanooctaherda, nanosphere, and nanocube) in which the
Pt/CeO2 nanosphere shows the highest catalytic activity for
MOR.[87] Meanwhile, Chen et al. pointed out that the CeO2

rod exposing (100)/(110) facets are responsible for the higher cat-
alytic activity for MOR than CeO2 plates and cubes in Pt/CeO2

catalyst.[88] The higher Pt nanocrystals trapping ability and metal-
support interaction were considered to be responsible for the
enhanced performance of Pt/CeO2 rod. More interestingly, there
is also physical interaction between Pt and CeO2, which allows Pt
nanoparticles to highly disperse on CeO2. Although CeO2 per-
forms well in Pt/CeO2 catalysts, the poor conductivity still limits
its application. To overcome this issue, researchers composite
Pt/CeO2 with highly conductive multiwalled carbon nanotube
(MWCT),[89] rGO, and polyaniline[90,91] (Figure 4d–f ). In addi-
tion, the modification of CeO2 is also a strategy to develop highly
efficient supported Pt-based catalysts. Xie et al. used the Cu-
doped CeO2 as a good support to fabricate Pt/C-Ce0.8Cu0.2O2-δ
catalyst and the introduction of Cu increases both the amount
of oxygen vacancy and electric conductivity of CeO2.

[92] ZnO
was also doped to Pt/CeO2 nanofibers to promote surface reac-
tion sites, reactive oxygen species, and the interactions between
Pt and CeO2 for MOR.[93] Dao et al. constructed Au@CeO2

core–shell supported Pt catalyst for MOR (Figure 4g–i).[94] The
catalyst showed not only a good catalytic activity but also high
CO tolerance because that Au@CeO2 core–shell structure pro-
motes the oxidation of CO (Figure 4j). In addition to modifying
the support, alloying Pt with another transition metal is another
efficient method to improve the catalytic performance for
M/EOR.[95–97] Although CeO2 is often used to construct Pt-based
catalysts, the applications of it in non-Pt catalyst are also effective.
Chai et al. prepare the Ir3Sn–CeO2/C catalyst for EOR and the
catalyst was proved to be more active and stable than comparison
Pt/C.[98] Most recently, NiO and rGO were used to composite
with CeO2 aiming at promoting MOR, and enhanced catalytic
performance was achieved.[99,100] Therefore, the introduction
of CeO2 to electrocatalyst stabilizes the active metal to achieve

the well dispersion as well as regulates the electronic of active
metals. Since CeO2 plays a key role in improving the catalytic
performance of Pt-based catalysts, introducing CeO2 into
non-Pt catalyst with the aim of enhancing catalytic activity is
worth doing.

2.6. CO2 Reduction Reaction

Electroreduction of CO2 is another important energy conversion
reaction to generate liquid fuels and value-added chemicals.
CO2RR is a multielectron reaction involving different reaction
intermediates and a vast number of possible final products
(carbon monoxide, formate, formaldehyde, methane, methanol,
methanol, and C2þ hydrocarbons and oxygenates). Due to the
wide variety of reaction products, developing catalysts with high
activity and selectivity is the most crucial task, which has attracted
the intensive interest of researchers. The active metals of CO2RR
catalyst were classified according to their selectivity: carbon mon-
oxide (Au, Ag, etc.), formate (Pb, Sn, etc.), hydrocarbons (Cu,
etc.), and hydrogen (Pt, Ni, etc.). Researchers recently discovered
that CeO2 as an active component or support is beneficial to the
CO2 adsorption and activation. Valenti et al. combined CeO2

nanoparticles with conductive MWCTs for direct electrocatalytic
reduction of CO2 to formic acid.[101] Nonstoichiometric Ce4þ/

3þO2�x reduced sites were proved as essential for the selective
CO2RR. Gao et al. constructed Au–CeOx interface to enhance
CO2RR (Figure 5a–c).[17] Experiment combined DFT calculations
indicated that Au–CeOx interface was the active site for CO2 acti-
vation and reduction by promoting the stability of key carboxyl
intermediate (*COOH) (Figure 5b,c). Similarly, Zhu et al. manip-
ulated the interface of small-size Au and CeO2 nanoparticles
through adjusting the surface charge of Au and CeO2, which
leads to the utmost utilization of Au and enhancement of
CO2 adsorption.[102] Varandili et al. synthesized Cu/CeO2–x

nanocrystalline heterodimers by a colloidal seeded-growth tech-
nique for CO2RR (Figure 5 d-g).[103] The Cu/CeO2-x hetero-
dimers exhibit high selectivity (�80%) toward the CO2RR
against the competitive HER and a high Faradaic efficiency
for methane (�54%) (Figure 5 h). The catalytic performance
was attributed to the formation of sufficient active sites at the
interface, which strengthens the stabilization of intermediates
CHO* through bidentate adsorption at Cu and oxygen vacancy
on CeO2-x site simultaneously. The interface effect not only
promotes the CO2RR but also strongly inhibits the competitive
HER process. To further study the interaction between Cu and
CeO2 support, Wang et al. predicted through theoretical calcula-
tions that the single atomic Cu substitution in CeO2 (110) surface
generates three oxygen vacancies around Cu site, which are
highly active catalytic sites for the initial CO2 adsorption and
subsequent activation.[18] Cu-doped mesoporous nanorods,
which partially expose the (110) plane, were targetedly synthe-
sized and its catalytic performance was consistent with the
theoretical calculations.

Wu et al. reported CeO2 doped with Cuþ for CO2RR and it
shows the high faradaic efficiency for ethylene (47.6%) with
long-term durability.[104] Furthermore, the methane selectivity
is improved by comparing with 0D Cu. In this catalyst, CeO2

function as the stabilizer for Cuþ. So, for Cu-based
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electrocatalysts, the CeO2 can not only enhance the activity but
also improve the selectivity of methane. In addition to Cu, tran-
sitionmetal oxides are also used as active components of catalysts
for CO2RR. Zhang et al. constructed Co3O4–CeO2/low graphitic
carbon, which can efficiently reduce CO2 to formate at only
�0.31 V versus reversible hydrogen electrode (RHE).[105] They
indicate that the oxygen vacancies enriched by the addition of
Co3O4 are the key reason for the inhibited HER, enhanced activ-
ity, and stable formate selectivity. In summary, for electrocata-
lytic CO2 reduction, CeO2 not only enhances the activity but
also has a certain impact on the selectivity of CO2RR and it
depends on the specific active components. Therefore, based
on these results, CeO2 is the ideal component to fabricate
CO2RR catalysts through the combination with other transition
metal based materials.

2.7. N2 Reduction Reaction

NH3 is considered as one of the most important industrial chem-
icals and it is mainly synthesized fromN2 through harsh reaction
conditions (Haber–Bosch process), which shows a tedious reac-
tion process and high cost. Electroreduction of N2 realizes the
reaction in the facile environment. The N2 reduction reaction
(NRR) involves a six-electron transfer process and multiple inter-
mediates due to the different reaction mechanisms. Similar to
the CO2RR, HER is also the main competing reaction, which
makes selectivity a great challenge. CeO2 itself is selected to
be the catalysts for NRR. Xu et al. performed NRR on CeO2 nano-
rods without any modification and discovered that CeO2 with
oxygen vacancy is catalytic active for NRR.[106] Meanwhile, Xie
et al. also anchored ultrasmall CeO2 on rGo to improve the

Figure 5. a) HRTEM image of Au–CeOx/C catalyst. b,c) DFT calculation of CO2RR at 0 V versus RHE on Au (111) surfaces. Reproduced with
permission.[17] Copyright 2017, American Chemical Society. d,e) Bright-field TEM image of Cu/CeO2-x heterodimers formed by injection of 0.1 and
0.2mmol of CuOAc. f,g) HAADF–STEM image with the corresponding energy dispersive X-ray elemental maps of Cu and Ce in Cu (24 nm)/
CeO2-x heterodimers. h) Faradaic efficiencies and CO2RR partial current-densities for Cu/CeO2-x heterodimers, Cu–CeO2-i mix, Cu nanocrystals,
and CeO2-i nanocrystals. Reproduced with permission.[103] Copyright 2019, American Chemical Society.
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conductivity of CeO2.
[107] Many reports point that the electroca-

talytic activity of the reported electrocatalyst is related to the
abundant oxygen vacancies in CeO2. Zhang et al. synthesized
Cu-doped CeO2 nanorods and found that Cu doping can effec-
tively enrich the concentration of multiple oxygen vacancies,
which significantly enhances NRR activity.[108] Similarly, Xie
et al. prepared Cr-doped CeO2 to increase the oxygen vacancies
for NRR and an enhanced activity was achieved at �0.7 V versus
RHE[109] Amorphous materials are more catalytically active to
some degree because they usually exhibit “dangling bonds”.
CeOx has been applied to induce the amorphization of Au nano-
particles on rGO by Li et al.[110] The amorphous Au shows strong
structural distortion with more active sites for NRR, which shows
higher ammonia yield (8.3 μg h�1 mg�1

cat) and Faradaic
efficiency (10.10%) at �0.2 V versus RHE than the crystalline
counterpart. Similarly, Lv et al. prepared an amorphous
Bi4V2O11/CeO2 hybrid through a spinneret electrospinning
method. The CeO2 functions as a trigger to induce the amor-
phous phase and promotes the interfacial charge transfer by
build band alignment with Bi4V2O11.

[111] In addition, CeO2

supported single metal atoms become potential electrocatalysts
for NRR. To prove it, Qi et al. conducted DFT calculations
on transition metal atomic catalysts supported by stepped
CeO2.

[112] The screening results showed that Nb, V, Ru, Mo,
W, and Os atoms supported on CeO2 are possible NRR catalysts.
Therefore, both experimental and theoretical calculations indi-
cate that CeO2 plays a key role to enhance the catalytic activity
for NRR, and CeO2-based NRR catalyst deserves more attention
in the future due to their potential.

3. CeO2-Based Photocatalyst

3.1. Hydrogen Evolution Reaction

In addition to the electrically driven water splitting reaction, the
photocatalytic HER is another promising approach to produce H2

by an environment-friendly way. Semiconductor photocatalysis
for efficient water splitting has attracted lots of research in which
the narrow bandgap and imperative photoredox behavior are fun-
damental required properties. Because of the easy conversion
between Ce3þ and Ce4þ and rich oxygen vacancies, nanostruc-
tured CeO2 often was used as support or composite material
to enhance photocatalytic activity.[113,114] Dong et al. prepared
CeO2 nanorods and found that the bare CeO2 without composit-
ing any other active component shows photocatalytic activity.[115]

The H2 production rate of 5.02 μmol g�1 h�1 under solar light
irradiation was achieved, and the photocatalytic activity was
related to the conversion of Ce3þ/Ce4þ and oxygen vacancies.
Krishnan et al. reduced the bandgap of CeO2 to 2.5 by adding
Fe2O3, which endows CeO2 absorption in the visible region,
enhanced charge separation, and low rate of electron–hole pair
recombination.[116] CdS is an extensively studied photocatalyst
due to its appropriate bandgap (�2.4 eV) and superior sensitizing
properties. Compositing CdS with CeO2 is an approach to further
improve the photocatalytic activity. Zheng et al. fabricated
ultrathin CdS shell-sensitized S-doped CeO2 hollow spheres,
which exhibits remarkably enhanced photocatalytic activity for
HER (1147.2 μmolg�1 h�1) under visible light illumination

(Figure 6a,b).[117] The oxygen vacancies in S-doped CeO2 reduced
bandgap of catalysts and the CdS sensitization effect promotes
the interface carrier separation and transfer, which results in
superior photocatalytic performance (Figure 6c). CdS quantum
dot (QD) is a promising material for photocatalyst due to its
unique small size (<10 nm), short effective charge transfer
length, suitable bandgap, and extensive light-harvesting. Ma
et al. constructed 0D/1D CdS QDs/CeO2 nanorod heterojunction
and noted the enhanced photocatalytic performance.[118] The 0D/
1D CdS QDs/CeO2 heterojunctions provide stronger electronic
conductivity, improved light-harvesting, and enhanced photores-
ponse, which was beneficial for photocatalysts. Z-scheme heter-
ojunction was widely studied because it enhances the separation
efficiency of photogenerated electron–hole pairs and the reduc-
tion capacity of electrons participating in HER. The Z-scheme
between CdS QDs and CeO2 nanorods was a key factor in the
increased photocatalytic performance. Moreover, Sultana synthe-
sized ternary nanoheterostructure, CeO2 nanosheets supported
CdSQDs and Au nanoparticles.[119] The Au nanoparticle incorpo-
rated into the interface between CeO2 and CdS QDs is a media-
tor, which injects hot electrons through the LSPR (light-induced
surface plasmon resonance) effect, which is responsible for the
enhancement in photocatalytic performance. Compared with
CeO2 supported QDs materials, CeO2 QD embedded in porous
carbon nanotubes (CNTs) by a versatile biotemplate method is
also achieved.[120] In addition, Qian et al. synthesized in situ
CeO2–CuO QDs heterojunction on graphene and the p-type
CuO/n-type CeO2 heterojunction show a superior photocatalytic
performance (H2 evolution rate, 2481 μmolg�1 h�1).[121] The pn
heterojunctions in semiconductor-based photocatalysts is essen-
tial in promoting H2 production. Swain et al. constructed p-
MoS2/n-CeO2 heterojunction toward solar hydrogen produc-
tion.[122] They found that the pn heterojunction provides an inter-
nal electric field to promote the photogenerated charge
separation and transfer. A quaternary Cu2ZnSnS4 nanoparticle
decorated CeO2 pn heterojunction was reported by Sridharan
et al., which reaches hydrogen production efficiency of
2930 μmolg�1 h�1.[123] CeO2 coupled Cu2ZnSnS4 induces the
visible light absorption and separation, the transmission of pho-
toinduced charge carriers, as well as impedes the rapid electron–
hole pair recombinations. Wang et al. designed 0D/2D
Mn0.2Cd0.8S/CeO2 directed Z-scheme and photocatalytic H2 pro-
duction rate of 8.73mmolg�1 h�1 was obtained in Na2S/Na2SO3

aqueous solution.[124] CeO2/CeVO4/V2O5 was prepared to
induce Z-scheme-charge-transfer and drive photocatalytic degra-
dation coupled with H2 generation.

[125] The CeVO4 nanoparticles
function as a conductive channel to transfer photogenerated car-
riers, as redox centers to facilitate the transfer of photogenerated
electrons and enhance the separation efficiency of electron–hole
pair. Graphitic carbon nitride (g-C3N4) was considered as a prom-
ising candidate material for photocatalyst due to its medium
bandgap (�2.7 eV) and excellent photocatalytic stability. A new
strategy that combines g-C3N4 with CeO2 has been constructed
for efficient water splitting. Liu et al. prepared g-C3N4 supported
CeO2 nanocomposites for photocatalytic HER and the hydrogen
generation rate is 0.83mmolg�1 h�1 under visible light illumina-
tion, which was ascribed to the interfacial effects caused more
visible light absorbance and enhanced electron transfer.[126]

Waqas et al. fabricated N-bonded CeO2-x/g-C3N4 hollow structure
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by incorporating cyanamide molecules.[127] In this photocatalyst,
hollow structure enhanced light-harvesting ability; Ce3þ func-
tioned as optically active sites; inorganic/organic interfaces
boosted the separation efficient of minority carrier. To further
improve the photocatalytic activity for the water splitting, a ter-
nary composite, CeO2 nanocrystal-modified layered MoS2/g-
C3N4 was constructed.[128] The well-matched energy-level posi-
tion and efficient charge separation caused by electron transfer
processes between Ce4þ/Ce3þ pairs and heterostructures were
responsible for the superior. Moreover, the interfacial electronic
interaction and Ce3þ species promotes adsorption capacity and
decreases energy barrier for reactant H2O adsorption, which is
beneficial for the water splitting. Similarly, CeO2@Ni4S3/g-C3N4

synthesized by Yu et al. exhibits an enhanced photocatalytic
activity under the visible light.[129] Therefore, the CeO2 sup-
ported QDs materials, constructed pn heterojunction, and the
Z-Scheme, etc. have exhibited superior photocatalytic perfor-
mance due to the improved light harvesting, enhanced

charge separation, and impeding the rapid electron–hole pair
recombination. In conclusion,CeO2 can not only play the role
of active sites for photocatalytic HER but also more importantly,
it can regulate the bandgap, enhance light harvesting, and
impede the rapid electron–hole pair recombination of catalysts,
which closely related to photocatalytic HER activity (Table 3).

3.2. CO2 Reduction Reaction

Recently, photocatalytic CO2RR has caught the researchers’ eyes
because it can produce value-added chemicals and energy-rich
fuel while mitigating CO2 emission. Many strategies have been
applied to fabricate nanomaterials for CO2RR, and compositing
CeO2 with traditional photocatalytic material is an effective
method to promote CO2 conversion.[101] Li et al. designed and
synthesized mesostructured CeO2/g-C3N4 to promote CO2 pho-
toreduction and the main product is CO and CH4.

[130] The

Figure 6. a,b) TEM and HRTEM images of CeO2-xSx@CdS composite. c) Schematic diagram of the proposed charge carrier transfer and H2 evolution
mechanism over the CeO2–xSx@CdS photocatalyst under visible light irradiation. Reproduced with permission.[117] Copyright 2019, Royal Society of
Chemistry. d,e) TEM and HRTEM images of g-C3N4@CeO2. f ) Schematic illustration of band structure diagram and photoinduced carriers transfer
of g-C3N4@CeO2 under visible light irradiation. Reproduced with permission.[132] Copyright 2019, Elsevier. g) Scheme of possible mechanism of
CO2 reduction on Cu/CeO2-x. Reproduced with permission.[133] Copyright 2019, American Chemical Society.
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enhanced photocatalytic performance is ascribed to the syner-
getic effect of mutual activations in CeO2 and g-C3N4. Han et al.
prepared a series of CeO2-modified C3N4 and their band struc-
tures have been carefully revealed by both theoretical calculations
and experimental characterizations.[131] It is noted that the CeO2-
modified C3N4 matches the energy, enhances the absorption in
the visible region, and promotes the separation of photogener-
ated electron–hole pair, which improves the photocatalytic
performance. Liang et al. synthesized the g-C3N4@CeO2 photo-
catalyst with hollow heterostructures and rich oxygen vacancies.
CO2 has been selectively converted to CH4, CH3OH, and CO
(Figure 6d–f ).[132] The oxygen vacancies can facilitate charge sep-
aration and transfer. Meanwhile, the hollow frame improves the
light efficiency due to the multiple reflections in the chamber.
Wang et al. enriched and stabilized oxygen vacancies on CeO2

by introducing Cu and as expected, the Cu/CeO2-x showed the
enhanced photocatalytic activity for CO yield.[133] The oxygen
vacancies not only promote the separation and transfer of photo-
generated charge carriers but also enhance the visible light
absorption (Figure 6 g). Ag is a catalytically active metal for
CO2 reduction whether in electrocatalysis or photocatalysis.
Wang et al. synthesized order mesoporous CeO2 and constructed
g-C3N4/Ag/CeO2 composite. The ordered mesostructure is a
merit for the CO2 adsorption and migrations, where the
g-C3N4 nanosheets can protect the Ag nanoparticles from photo-
corrosion to further boost the CO2 photoreduction.

[134] TiO2 pos-
sesses many advantages such as high stability, nontoxicity, and
low cost as a photocatalyst. Seeharaj et al. fabricated TiO2/rGo/
CeO2 heterojunction with a modified surface to convert CO2 to
CH3OH and C2H5OH.[135] The strong connection and high inter-
facial contact area between TiO2 nanosheets, rGO, and CeO2 pro-
mote the photogenerated charge carriers to react with adsorbed
species, and the heterojunction effectively hindered electron–
hole recombination. The rod-like attapulgite was used to modify
spindle-structured CeO2 to enhance photocatalytic performance
for the CO2 reduction.[136] The accumulation of CeO2 was

inhibited by the introduction of attapulgite and thereby the active
sites for CO2 conversion were increased. Moreover, a ternary
photocatalyst consists of In2O3, CeO2, and HCl treated attapul-
gite also present high activity for CO and CH4 yields.[137]

Doping is also an effective approach to enhance the photocata-
lytic activity of CeO2 by extending the spectral response range
and improving electronic conductivity.[138] In summary, oxygen
vacancies not only promote the separation and transfer of photo-
generated charge carriers but also enhance visible light absorp-
tions. Therefore, abundant oxygen vacancies on CeO2 and the
formed heterostructure with other traditional photocatalytic
materials results in the CeO2-based photocatalyst high efficiency
for CO2 conversion.

4. Theoretical Explorations of CeO2-Based
Catalysts

In recent years, the significant contribution of CeO2 in catalysis
has been proved by many experiments. In the meantime, the the-
oretical calculations have also been applied in these electrocata-
lysts to supply more insights into improved performance.
The intrinsic electroactivity of CeO2 and the contribution to
the electrocatalysis as catalyst support have been revealed by
theoretical calculations in recent years.

The flexible switching between Ce3þ and Ce4þ due to the for-
mation of oxygen vacancy formation is usually considered as the
key reason for the high intrinsic electroactivity. In previous
works, Huang et al. have studied the native defect formation
in CeO2 based on the DFTwith repulsive potential (DFTþU)
method.[139] To reduce the calculation error induced by overlaps
of valence-core charge density, they have selected the nonlinear
core correction (NLCC) method for 4f levels in lanthanides. They
have confirmed the low energy barrier of 0.39 eV for the forma-
tion of an oxygen vacancy. The identified negative U of oxygen
vacancy further supports the excellent photocatalytic perfor-
mance. Later in another work by Zhu et al, the high mobility
of Ce with the formation of CeO2 nanoclusters has been identi-
fied by the atomic-resolution electron energy-loss spectroscopic
mapping.[140] The oxygen-exchange mechanism further sup-
ports the ability of mobile Ce4þ to carry oxygen or create oxygen
vacancies to enhance oxygen transport. These preliminary
works have supplied insightful information on the intrinsic
activity of CeO2. On the other side, CeO2 plays a different role
in catalysts for different material systems. In our previous
works, we have successfully constructed the CeO2-based com-
posite electrocatalysts for OER.[141] Within such an interfacial
structure, CeO2 supplies the abundant 4f orbitals in a wide
range as the “electron transfer expressway” to facilitate the elec-
tron transfer based on the d–f couplings between CeO2 and
NiFeLDH. This electronic environment is highly beneficial
for high-speed charge transfer to promote the OER. Mean-
while, CeO2 also plays as a good atomic catalyst support for
Rh single atomic catalyst.[142] CeO2 shows a good coupling
effect with the anchoring Rh atoms to stabilize the surface
atom, which also further optimizes the binding strength of
CH4 to achieve the oxidation process. In recent years, the the-
oretical investigation of CeO2 is usually based on the transition

Table 3. Summary of the HER catalytic property of various CeO2-based
photocatalysts.

Photocatalyst H2 evolution rate [μmol h�1 g�1] Ref.

CdS QDs/CeO2 101 [118]

Pt/CeO2 19 700 [113]

CeO2 QDs/C 582 [120]

Cu2ZnSnS4/CeO2 2930 [123]

N-CeO2-x/g-C3N4 43 [127]

CeO2-xSx@CdS 1147 [117]

Mn0.2Cd0.8S/CeO2 8730 [124]

CeO2–CuO QDs/graphene 2481 [121]

CeO2–Au–CdS QDs 12 475 [119]

CeO2 5 [115]

CeO2/g-C3N4 830 [126]

CeO2@Ni4S3/g-C3N4 3740 [129]

CeO2–Fe2O3 584 [μmol h�1] [116]

p-MoS2/n-CeO2 721 [μA cm�2] [122]
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metal modification. For example, Wang et al. have reported the
formation of oxygen vacancies in Fe, Co, and Ni-doped CeO2 as
well as their electroactivity for CH4 activation.[143] They have
systematically revealed the oxygen vacancy formation in
(111) and (110) surfaces of the doped-CeO2 surfaces. They also
compared the CH4 adsorption and C–H dissociation process
based on the activation energy barriers. They concluded that
the formation of oxygen vacancies is facilitated by the substitu-
tion of transition metals in the CeO2, which is more energeti-
cally preferred than the adsorption and insertions of transition
metals.

Although explorations on the CeO2-based catalysts have been
reported, the in-depth discussions from theoretical perspectives,
especially for the photocatalytic performance, are still lacking.
This is attributed to the challenge of accurate calculation in
electronic structures of rare earth metal materials. Meanwhile,
different combinations between CeO2 and other material systems
also supply significant references to the understanding of catalytic
mechanisms. In the future, more efforts in the theoretical inves-
tigations of CeO2-based catalysts are still highly needed.

5. Conclusion, Opportunities, and Outlook

This review systematically summarizes the application of CeO2-
based materials in the electrocatalytic and photocatalytic energy
conversion-related reactions (HER, OER, ORR, M/EOR, CO2RR,
and NRR). CeO2 was extensively used to composite with other
catalytically active components to construct the special structure
with enhanced electro(photo)catalytic performance. CeO2 mainly
disperse and anchor active component nanoparticles to increase
the number of active sites, which demonstrates a strong elec-
tronic interaction with active components to achieve the regula-
tion of their electronic structures, aiming to improve the intrinsic
activity. The two important features of CeO2, abundant oxygen
vacancies and flexible transitions between Ce3þ and Ce4þ, play
a key role to improve the electro(photo)catalytic activity of cata-
lysts. Furthermore, we discussed the role of CeO2 in different
electro(photo)catalysts in detail. The activity and stability of dif-
ferent catalysts including novel metal, transition metals, transi-
tion metal phosphides, and transition metal nitrides catalysts are
enhanced by compositing CeO2 since it tends to regulate and opti-
mize the electronic structure of the catalyst. The optimized reac-
tant, intermediate, and product adsorption/desorption energy
caused by modulating the electronic structure of catalysts leads
to a promoted electrocatalytic performance. CeO2 can not only
play the role of active sites for photocatalysts but also more impor-
tantly, it can regulate the bandgap, enhance light harvesting, and
impede the rapid electron–hole pair recombination of catalysts,
which is closely related to the photocatalytic activity. However,
there are still several challenges in the understanding and com-
mercial application of CeO2-based electro(photo)catalysts.

Therefore, to further rationally design and develop more effi-
cient CeO2-based electro(photo)catalysts with better perfor-
mance, we believe the following aspects should be focused on:
1) further study the effect of oxygen vacancy and Ce3þ/Ce4þ ratio
on catalytic activity combining theoretical calculations and in situ
technologies. Most of the current works only qualitatively reveal
that oxygen vacancy and Ce3þ are beneficial to catalytic activity,

the direct evidence by advanced in situ technology, and theoreti-
cal calculations are still needed. A more accurate and in-depth
understanding of this structure-activity relationship is of great
significance for researchers to design and fabricate highly effec-
tive electro(photo)catalysts; 2) precise synthesis of CeO2 with a
controlled amount of oxygen vacancies and the ratio of Ce3þ/
Ce4þ. Precise synthesis is the goal pursued in the field of mate-
rial synthesis. It is not only vital to enhance catalytic performance
but also to provide valuable references for our research on cata-
lytic mechanisms; 3) based on the understanding of the effect of
structure on catalytic performance, efficiently synthesized CeO2-
based materials with the specific structure are critical to the
catalytic reaction. We should aim to conversely design and build
specific nanostructures like hydrophilic/hydrophobic surface,
array, core–shell, porous, and hollow structures, etc. to create
more active sites and enhance the mass transfer for specific reac-
tions; and 4) improve the conductivity of CeO2-based materials to
promote the transfer of electrons in the reaction by doping strat-
egies, compositing highly conductive materials, and directly
growing active materials on the conductive substrates (carbon
cloth, metal foam, etc.).

In summary, although CeO2-based catalysts have shown good
performances in electro(photo)catalysis, there is still untapped
potential for the improvement of properties and commercial
applications. With the continuous efforts devoted by researchers
and engineers, we believe that CeO2-based catalysts will activate
and convert energy-related small molecules more efficiently and
be applied in industrial productions in the future.
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