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Abstract: CeO2, as a significant functional material, Has a widespread application
in many fields due to its excellent properties. In this review, we sum up a serious
of methods to prepare and differentiate nanostructured cerium oxide with various
morphologies based on dimensionality and its main applications in industry. We
mainly summary the different strategies to synthetic the CeO2 with 0-D, 1-D, 2-D
and 3-D and the key parameters which may affect the nanostructures. We hope
that this review helps researchers master can look up CeO2 related knowledge
more quickly upon the synthetic methods and comparing various morphologies
or fabricating ways to explore more convenient and economical procedures when
they embark on new research on synthesis cerium oxide.
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1 Introduction

As an important functional material, CeO2 has been widely investigated due to its excellent properties.
In the cell, Ce4+ is arranged in a face-centred cubic lattice, and O2– occupies all tetrahedral positions, so there
are 8 O2– around each Ce4+, and each O2– coordinates with 4 Ce4+. Because there are many cubic voids in the
structure, it can be called an open structure. The open structure is characterized by fast ionic conductors,
which allow ions to spread rapidly. After reduction at high temperature (T > 950°C), CeO2 was
transformed into CeO2-x oxide with oxygen vacancy and non-stoichiometric ratio (0 < x < 0.5), while at
low temperature (T < 450°C) CeO2 could form a series of compounds with different compositions. It is
worth noting that even lose lots of oxygen from the lattice, the formation of much oxygen vacancy,
CeO2-x can still keep the fluorite crystal structure, this kind of metastable oxides when exposed to the
oxidation environment and susceptible to oxidation of CeO2. Therefore, CeO2 has superior storage and
release oxygen function and redox reaction ability, CeO2 also has good chemical stability and high-
temperature oxygen vacancy diffusion ability, 970°C for oxygen vacancy diffusion coefficient of 10 to 5
cm2/s [1]. CeO2, as a significant rare earth oxide functional material, has been widely used in many
fields. Especially, nano cerium oxide has attracted for decades due to its novel physical and chemical
properties. Both the super-redox property and oxygen storage-release capacity make it, to a large extent,
suitable for wide applications. For instance, it is widely used in solar cells [2,3], three-way catalysts
(TWCs) [4,5], ultraviolet absorbers [6], solid oxide fuel cell electrolyte materials [7,8], optical coatings
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[9], glass polishing agents [10], magnetic materials [11], superhydrophobic coatings and so on. Among these
applications, the catalytic application is of vital significance to industrial production. Recently, morphology
engineering of catalyst nanoparticles appeared to be a successful strategy to tailor catalytic performance
without affecting catalyst composition. Accordingly, it is of vital importance to fabricate various morphologies
of CeO2 nanostructures. However, in recent materials research, it is still a great challenge to fabricate
nanocrystalline with desired dimensions and morphology for different application. Particularly, the synthesis of
2-D CeO2 nanostructure is more difficult than 1-D nanostructure, which mainly due to that when the crystal
growth in 2-D dimensions, it is difficult to realize directional control, especially in solution-phase. And the
reason why synthesis of nanosheet or nanoplates in the liquid-phase is difficult is that the CeO2 lacks of
intrinsic driving force in 2-D growth for its cubic crystal structure [12]. As well, it is still a challenge to
realize controlled organization from nanoscales units [13–15], some strategies should be taken to assemble
into ordered 3-D nanostructures in order to develop a nanodevice with high performance. Hitherto, a variety
of micro/nanostructure CeO2 with different morphologies have been successfully fabricated such as
nanoparticles, nanosphere, nanowires, nanorods, nanotube, nanoplates, nanosheets, nanocubes, nano hexagonal
prisms, nano-octahedrons, flower-like nanorod, etc. In this review, we mainly summarise different strategies to
synthetic the nanostructure CeO2 and explore the key parameters which greatly impact the nanostructure.
Finally, the development of its potential application based on controllable morphologies are illustrated.

2 Different Morphologies of CeO2

There are many methods to obtain CeO2 micro/nanocrystals. Based on the different states of raw
materials, the preparation methods are usually divided into three categories: gas-phase method, liquid-
phase method and solid-phase method. For gas-phase method, the defect is that the reactants are gaseous
and difficult to control, the reaction needs to be completed quickly at a high temperature, and the reaction
material molecules need to be mix equably in short time, which leads to expensive equipment, complex
operation, poor popularity. As for the solid-phase method, the synthetic crystal size is relatively large, the
morphology is irregular, and the purity is not high. So, the research of solid-phase method is not popular
than liquid-phase method. The liquid-phase method is widely used to synthesise nano powders for the
merits of simple device, without high vacuum, single crystal forms, low agglomeration and easy to
realize industrialization. The hydrothermal method is one of the important ways to synthesize nano-CeO2

in liquid-phase method and is widely used in preparing nano-materials with various morphologies. The
principle of hydrothermal method is to prepare oxide or compound powder under high temperature and
pressure in a sealed reaction kettle, usually in the condition of the water.

In the hydrothermal condition, water acts as a solvent and mineralization agent, which can participate in
the reaction as a chemical component and accelerate the occurrence of chemical reaction, and increase the
solubility of the substance as well. The synthesis and modification of inorganic compounds can be achieved
by controlling physical and chemical factors. Compared with other preparation methods, the hydrothermal
method has the unique advantages of low energy consumption, high purity, less agglomeration and
controllable morphology. Different morphologies can be obtained by adjusting experiment conditions, such
as the hydrothermal time, the hydrothermal temperature, the concentration of reactants, etc.

During past years, many efforts have been made to prepare CeO2 with different morphologies [16–19].
Up to today, a variety of CeO2 micro/nanostructure with different morphologies have been synthesised by
researchers, and it can be classified based on dimensionalities of nanostructures. Here, we sum up a series
of CeO2 with different morphologies from different dimensionalities (0-D, 1-D, 2-D and 3-D).

2.1 0-D Morphology
In physics, there is a zero-dimensional semiconductor structure called a quantum dot. Everything, no

matter how big or small, has a certain size, when the electrons are squeezed so tightly that there is no
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room to move, a zero-dimensional charge trap is formed, and the electrons trapped in this trap behave in
strange but useful way. Any energy injected into a quantum dot cannot be used to transfer electrons, but
can only be released as light, which makes quantum dots an efficient and low-power source. The zero
dimensional CeO2 is a particle of such a structure.

In the past decades, 0-D semiconductor quantum dots have aroused a wide concern and extensively used
in the field of photocatalysts, photovoltaic device, photodetectors and phototransistors [20,21]. Usually,
CeO2 quantum dots own good photocatalytic activity for the small-size effect, and the higher quantum
confinement can gain more opportunity to connect with other atoms in a heterostructure system, which
lead the two components forming a closely contacted interface. Generally speaking, 0-D CeO2 was
composed of aggregated particles of 5–130 nm and the Synthesis of 0-D CeO2 nanostructure can be
summarized in Tab. 1. (Abbreviation in the table: polyvinylpyrrolidone (PVP), ethylene glycol (EG))
Typically, the 0-D CeO2 nanoparticles mainly expose {111} planes which showed less activity for CO
oxidation than other active planes [22,23].

Table 1: Summary of the 1-D morphologies and the main synthetic process of CeO2 samples

Morphology and Reactants Main synthetic process Images Exposed
facet

Ref.

Nanosparticles
0.5 mmol (NH4)2Ce(NO3)6
1.5 mmol oleylamine
1.5 mmol Oleic acid
10 ml diphenyl ether
30 ml ethanol

1. Mixed under N2 with magnetic
stirring.

2. Heat to 180°C for 2 h.
3. Cooled down to room temperature,

add 30 ml ethanol
4. Centrifugation at 8000 rpm for 8 min.

(200)
(111)

[24]

Nanospheres
25 mmol (NH4)2Ce(NO3)6
0.16 mol PVP
30 ml EG

1. Dissolve
2. Heat under reflex: 197°C, 4 h
3. Centrifuge and wash: deionized water
and absolute ethanol

4. Dry: 80°C
5. Calcine: 600°C, 4 h

{111} [25]

Mesoporous spheres
2.3 mmol Ce(NO3)3·6H2O
1 ml H2O
1 ml C2H5COOH
30 ml glycol

1. Dissolve
2. Heat: 180°C 200 min

(111) [26]

Nanoparticles
1 mmol (NH4)2Ce(NO3)6
0.03 mol CO(NH2)2
20 ml H2O

1. Dissolve
2. Heat under stirring: 80°C, 27 h
3. Filtration and wash: deionized water
4. Dry: 100°C, 12 h
5. Calcine: 400°C, 5 h, air

{111} [27,28]

Nearly sphere
Ce powders (5 μm)
high-energy attritor ball mill

Ball to powder ration of 40:1
Angular speed: 400 rpm for 10 to 50 h in
dry medium

(001) [29]
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As shown in Tab. 1, CeO2 nanospheres, mesoporous spheres and nanoparticles can be prepared via a simple
solution route. Usually, it is hard to control homogeneity of the particle size when synthesised the quantum dots.
When Imagawa et al. [24] synthesised the 4 nm ceria nanoparticles, they use the oleylamine and Oleic acid as
surfactants, the binding between Oleic acid and Ce-ion might facilitate CeO2 nucleation in diphenyl ether, which
lead to form the smaller CeO2 nanoparticles [30,31]. What’s more, the suitable nucleation temperature can help to
develop more uniformed size and shape. Therefore, the reaction temperature needs to be controlled precisely.
Similarly, they also synthesised 6 nm CeO2 nanoparticles. The annealed CeO2 nanoparticles are active for
oxygen storage and release, the small nanoparticles show a high oxygen storage capacity [32–34]. The
mesoporous spheres are made up of lot of small particles with a crystallite size of 3–5 nm. Attractively, there
are voids with a diameter of 3–5 nm among these nanoparticles which help to improve the specific surface
area. In this way, it might be an excellent candidate applied in catalysis.

2.2 1-D Morphology
Compared with 0-D CeO2, the morphologies and structure of 1-D CeO2 are rather prolific. 1D CeO2 was

hexagonal rods that were 25–30 μm in width and more than 500 μm in length.

A serious of 1-D CeO2 nanostructure have been realized successfully till now. The synthesis of 1-D CeO2

can be summarized in Tab. 2. (Abbreviation in the table: polyvinylpyrrolidone (PVP), ethylene glycol (EG))

Table 2: Summary of the 1-D morphologies and the main synthetic process of CeO2 samples

Morphology and Reactants Main synthetic process Images Exposed
facet

Ref.

Nanowires
1.9 mmol Ce(NO3)3·6H2O
0.4 mol NaOH
80 ml H2O

1. Dissolve
2. Heat: 100°C, 14 h
3. Wash: hot water
4. Dry: 100°C, over night
5. Calcine: 400°C, 4 h, air

{110}
{100}

[28]

Nanowires
0.675 mmol CeCl3·7H2O
0.09 mol NaOH
8.9 mmol NaCl
15 ml H2O

1. Dissolve
2. Heat: 180°C, 24 h
3. Centrifuge and wash: deionized water
4. Dry: 200°C, overnight
5. Calcine: 600°C, 3 h

(110) [35]

Nanorods
1.8 mmol CeCl3·7H2O
0.27 mol NaOH
30 ml H2O

1. Dissolve
2. Heat: 140°C, 48 h
3. Centrifuge and wash: wash with

deionized water to neutrality, then
wash with ethanol several times.

4. Dry: 60°C, overnight, air

(111)
(110)
(100)

[37]

Nanorods
6.9 mmol Ce(NO3)3·6H2O
0.16 mol NaOH
80 ml H2O

1. Dissolve
2. Heat: 100°C, 14 h
3. Wash: hot water
4. Dry: 100°C, overnight
5. Calcine: 400°C, 4 h

(110) [28]
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As shown in Tab. 2, shape-controlled synthesis of the 1-D CeO2 nanostructure has been realized by our
researchers. Changing reaction conditions can synthesize various structures. As the table shown, we can get
nanowires, nanorods, nanotubes, nano hexagonal prisms and so on when under different heating, calcining or
drying temperature and duration. From another perspective, it is evident that discrepant reaction conditions
will synthesize the same nanostructure with different sizes. For instance, Tana et al. [28] and Ke et al. [35]
used different cerium precursor to synthesize CeO2 nanowires via a hydrothermal method, and the size of
nanowires fabricated by Ke et al. are larger, but both arrangement of the nanowires are chaotic.
Subsequently, the ordered ceria nanowire crystals were further arranged by La et al. [43] via an

Table 2 (continued).

Morphology and Reactants Main synthetic process Images Exposed
facet

Ref.

Nanorods array
3 mmol Ce(NO3)3·6H2O
0.15 mmol Na3PO4 ·6H2O
40 ml H2O

1. Dissolve
2. Heat: 220°C, 12 h
3. Centrifuge and wash: deionized water
and absolute ethanol

4. Dry: 60°C, air

(100) [37]

Nanotubes
Step 1:
3.9 mmol Ce(NO3)3·6H2O
0.06 mol CO(NH2)2
80 ml H2O
Step 2:
As-prepared Ce(OH)CO3

Adequate NaOH

Step 1: stirring hydrothermal process
1. Dissolve
2. Heat under stirring: 80°C, 24 h
3. Centrifuge and wash: distilled water
4. Dry: 60°C → obtain Ce(OH)CO3

Step 2: hydrothermal process
1. Dissolve
2. Heat: 120°C, 24 h
3. Wash: distilled water and ethanol
4. Dry: overnight, vacuum

(111) [38–40]

Spindle-like
0.025 mol(NH4)2Ce(NO3)6
0.16 mol PVP
30 ml EG

1. Dissolve
2. Heat under reflex: 197°C, 24 h
3. Centrifuge and wash: deionized water
and absolute ethanol

4. Dry: 80°C
5. Calcine: 600°C, 4 h

(111) [25]

Shuttle-like
2 mmol Ce(NO3)3·6H2O
4 mmol CO(NH2)2
40 ml H2O

1. Dissolve
2. Heat: 150°C, 24 h
3. Centrifuge and wash: distilled water

and ethanol
4. Dry: 70°C, 12 h
5. Calcine: 600°C, 4 h

(111) [41]

Nano hexagonal prisms
1.15 mmol Ce(Ac)3·nH2O
10 mol NaOH
20 ml H2O

1. Dissolve
2. Heat: 200°C, 24 h
3. Wash: distilled water
4. Dry: 70°C, 8 h

(220)
(111)

[42]
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electrochemical method. Furthermore, different structures can even be transformed under certain conditions,
like the 0-D to 1-D. In conclusion, by changing reaction reactants or parameters can synthesize the same
structure with different size or different kinds of the nanostructure.

The CeO2 nanotubes was reported by Li et al. [38] They synthesised the CeO2 nanotubes in two steps
[39]. The first step is based on the work finished by Chen et al. [40], which through a series of chemical
reactions to obtain the Ce(OH)CO3 precursor. Then the second step was a hydrothermal treatment of as-
prepared Ce(OH)CO3 precursor and NaOH solution. Finally, the CeO2 nanotubes was successfully
fabricated. What is more, CeO2 nanotubes can be successfully prepared by one-step process as well.
Gonzalez-Rovira et al. [44] used the electrodeposition method to manufacture triumphant CeO2

nanotubes via a single-step process.

The method of synthesizing CeO2 spindle-like nanostructure is similar to the method used by Ho et al. [25]
to prepare CeO2 nanospheres. As shown in Tabs. 1 and 2, the only difference is that they prolong the reflux time
to 24 h. Accordingly, the CeO2 nanospheres were gradually evolved into the spindle-like nanostructure. The
formed spindle-like particles are hundreds of nanometers wide, and aspect ratio is about 4–8. The detail
synthesize parameters of shuttle-like structure and nano hexagonal prisms can be seen in Tab. 2.

2.3 2-D Morphology
2-D nanomaterials are particularly attractive in recent years for their high surface-to-volume ratio, high

crystallinity, potential quantum size effects and explicit chemical composition as well as extremely high
anisotropy with an ultrathin thickness [45–49]. Based on these benefits, there is great potential for
development in the field of modern high technology, like automobile emission purification, high-
temperature photosensitive materials, etc. However, the synthesis of 2-D CeO2 structure is rarely reported
for lack of intrinsic driving force for 2-D anisotropic growth. in this way, it is much more difficult to
control the crystal growth in two dimensions. Here, we summarize the Synthesis route of 2-D CeO2 in Tab. 3.

Table 3: Summary of the 2-D morphologies and the main synthetic process of CeO2 samples

Morphology and Reactants Main synthetic process Images Exposed
facet

Ref.

Nanoplates
(cubic)
3 mmol Ce(NO3)3·6H2O
2 mmol CTAB
4 ml NH3·H2O

1. Dissolve
2. Heat: 100°C, 24 h
3. Wash: deionized water
4. Dry: 80°C, 24 h

(100) [50]

Nanoplates
(irregular)
3 mmol Ce(NO3)3·6H2O
2 mmol CTAB
4 ml NH3·H2O

1. Dissolve
2. Heat: 120°C, 24 h
3. Wash: deionized water
4. Dry: 80°C, 24 h

(100) [35]

Nanoplates
(rhombic and hexagonal)
3 mmol Ce(NO3)3·6H2O
2 mmol CTAB
4 ml NH3·H2O

1. Dissolve
2. Heat: 160°C, 24 h
3. Wash: deionized water
1. Dry: 80°C, 24 h

(111) [35]
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CeO2 nanoplates was reported by Ke et al. [35] for the first time via a hydrothermal condition which was
assisted by CTAB and the brief synthesis route is shown in Tab. 3. Besides, when adjusting the hydrothermal
temperature, a series of nanoplate morphologies will be produced. This is because the face-centered cubic
ceria crystal mainly exposed facet (100) and (111) [52,53]. When the hydrothermal temperature is low,
the CTAB may absorb on the exposed facet (100) of ceria crystal and limits to grow which lead the
crystal shape to become cubic. However, when improved the hydrothermal temperature, the shape of the
crystal self-assembled by plane (111) is rhombic or hexagonal. To be specific, the nanoplate is mostly
cubic at 100°C, however, it takes on an irregular shape at 120°C. As the temperature increases to 140°C,
the ratio of irregular plates correspondingly decreases; nevertheless, the trend of the rhombic and
hexagonal plates are going in the same direction with the temperature. Until up to 160°C, the rhombic

Table 3 (continued).

Morphology and Reactants Main synthetic process Images Exposed
facet

Ref.

Nanosheets
(disk-like polygonal)
4 mmol CeCl3·7H2O
0.04 mol NH4HCO3

10 ml C2H8N2

25 H2O

1. Dissolve
2. Heat: 160°C, 48 h
3. Wash: deionized water and ethanol
4. Dry: 60°C, 12 h
5. Calcine: 500°C, 5 h, air

{111} [51]

Nanosheets
(hexagonal)
4 mmol CeCl3·7H2O
0.04 mol NH4HCO3

10 ml C2H8N2

25 H2O

1. Dissolve
2. Heat: 180°C, 48 h
3. Wash: deionized water and ethanol
4. Dry: 60°C, 12 h
5. Calcine: 500°C, 5 h, air

{111} [36]

Nanosheets
(triangular outline)
4 mmol CeCl3·7H2O
0.04 mol NH4HCO3

10 ml C2H8N2

25 H2O

1. Dissolve
2. Heat: 190°C, 48 h
3. Wash: deionized water and ethanol
4. Dry: 60°C, 12 h
5. Calcine: 500°C, 5 h, air

{111} [36]

Nanosheets
(regular triangular)
4 mmol CeCl3·7H2O
0.04 mol NH4HCO3

10 ml C2H8N2

25 H2O

1. Dissolve
2. Heat: 200°C, 48 h
3. Wash: deionized water and ethanol
4. Dry: 60°C, 12 h
5. Calcine: 500°C, 5 h, air

{111} [36]

Nanosheets
(perfect triangular)
4 mmol CeCl3·7H2O
0.04 mol NH4HCO3

10 ml C2H8N2

25 H2O

1. Dissolve
2. Heat: 220°C, 48 h
3. Wash: deionized water and ethanol
4. Dry: 60°C, 12 h
5. Calcine: 500°C, 5 h, air

{111} [36]
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and hexagonal plates predominate in the products, with few irregular plates. On the other hand, the size of
nanoplates increases firstly and then decreases with the temperature rising after the peak. It is worth
mentioning that the parameters at the vertex depend on the reaction conditions and the type of reactant.

CeO2 nanosheets have been successfully synthesized by Gong et al. [51] via a facile hydrothermal
treatment. They used CeCl3·7H2O as Cerium source to synthesize the CeO2 nanosheets, and the brief
synthesis process is covered in Tab. 3. According to the table above, we can find that by changing
different hydrothermal temperature, a serious of different morphologies of CeO2 nanosheets can be
obtained and they mainly exposed {111} crystal plane with the temperature improving, the shape of
nanosheets becomes more and more regular and finally becomes perfect triangular. Meanwhile, the
thickness of the nanosheets goes up steadily and the size of nanosheets decreases initially but increases
subsequently after the peak, there is an inflection point in the whole trend.

2.4 3-D Morphology
Three dimensions, by definition, have length measures in three directions. 3-D CeO2 mainly contains

nano-cubes, nano-octahedrons and flower-like structures. In addition to the above mentioned, there are
others that apply to specific structures in specific situations, also attracting much attention because of
their unique properties and potential applications [54–56]. The synthesis of 3-D CeO2 can be summarized
in Tab. 4. (Abbreviation in the table: tetrabutylammonium bromide (TBAB), ethylene glycol (EG)).

Table 4: Summary of the 3-D morphologies and the main synthetic process of CeO2 samples

Morphology and reactants Main synthetic process Images Exposed
facet

Ref.

Nano-cubes
1.8 mmol Ce(NO3)3·6H2O
0.27 mol NaOH
30 ml H2O

1. Dissolve
2. Heat: 140°C, 48 h
3. Centrifuge and wash: wash with

deionized water to neutrality, then
wash with ethanol several times.

4. Dry: 60°C, overnight, air

{100} [36]

Nano-cubes
1.8 mmol CeCl3·7H2O
0.27 mol NaOH
30 ml H2O
5.4 mmol NaNO3

1. Dissolve
2. Heat: 140°C, 48 h
3. Centrifuge and wash: water and

ethanol
4. Dry: 60°C, overnight
5. Calcine: 400°C, 4 h

{100} [36]

Nano-cubes
2 mmol Ce(NO3)3·6H2O
0.24 mol NaOH
40 ml H2O

1. Dissolve
2. Heat: 100°C, 24 h
3. Centrifuge and wash: water and

ethanol
4. Dry: 60°C, overnight
5. Calcine: 400°C, 4 h

(100)
(110)

[57]

Nano-octahedrons
1 mmol Ce(NO3)3·6H2O
0.01 mmol Na3PO4·6H2O
40 ml H2O

1. Dissolve
2. Heat: 170°C, 12 h
3. Centrifuge and wash: deionized water
and ethanol

4. Dry: 60°C, 24 h

{111} [58]
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As shown in Tab. 4, Wu et al. [36] used Ce(NO3)3·6H2O as the cerium source to synthesize CeO2

nanocubes, which synthetic procedure was similar to nanorods. What we should pay attention is that they
used CeCl3·7H2O as the cerium source and adding a certain amount of NaNO3 into the hydrothermal
solution, which is also the attraction in this experiment. Accordingly, CeO2 nanocubes could also be
synthesized by a similar synthetic route. Lee et al. [57] and He et al. [42] also synthesized CeO2

nanocubes via an analogous method as Wu et al. But the difference is that He et al. increased the size of
nano-cubes to several hundred nm. Cubic cerium oxide owns fabulous catalytic activity in most of the
chemical reaction, owning to its intrinsic properties, such as the high mobility and oxygen storage
capacity within the lattice and the valence state of cerium can easily changes between Ce3+ and Ce4+ [60,61].

The synthetic route of CeO2 nano-octahedrons, flowerlike structure and flowerlike nanorods can be
observed in this table as well. Yu et al. [37] use an akin hydrothermal method to synthesize ceria flower-
like nanorods as they used to synthesize nanorods arrays. The only change is that they improved the
concentration of Ce(NO3)3·6H2O to a suitable value. In this way, ceria flower-like nanorods were
successfully fabricated. The flower-like nanostructure manufactured is composed of lots of nanorods, and
the diameter of each nanorod is about 20–40 nm while the length is about 1–2 μm.

Besides, apart from the kind of 3-D structure is more abundant, and the size of that is larger, we can
discover that the heat temperature 3-D needed is higher when compared with other CeO2 nanostructures.
To account for this phenomenon, we believe that this is related to the temperature required for the grain
to grow to higher dimensions.

Until now, the preparation methods mainly include precipitation method, sol-gel method, combustion
method and hydrothermal method. Among the different synthesis methods, precipitation method is the
relatively popular one with researchers on account of its simple equipment and controllable process.
Recently, combustion method has gained much more attention compared with other methods. However,
the combustion method also has some drawbacks. The reaction is that it is carried out under high
temperature and high pressure, which requires strict requirements on experimental equipment and requires
large investment. Sol-gel method is a common method for preparing nano-metal oxide particles at low
temperature, with the merit of high in purity and good dispersity. Whereas, using this method, the
reaction time is long, the sample is easy to agglomerate and the raw material cost is high.

3 Effect of Reaction Conditions on CeO2 with Different Morphologies

According to the experiments and corresponding analyses finished by researchers in this field, some
interesting conclusions can be summed up when synthesizing the CeO2 nanostructure via a solution route.

Table 4 (continued).

Morphology and reactants Main synthetic process Images Exposed
facet

Ref.

Flowerlike structure
4 mmol CeCl3·6H2O
0.037 CO(NH2)2
0.019 TBAB
150 ml EG

1. Dissolve
2. Heat under stirring: 170°C, 30 min
3. Centrifuge and wash: ethanol
4. Calcine: 450°C, 2 h

(111) [59]

Flowerlike nanorods
7.5 mol Ce(NO3)3·6H2O
0.37 mmol Na3PO4·6H2O
40 ml H2O

1. Dissolve
2. Heat: 220°C, 12 h
3. Centrifuge and wash : deionized water
and absolute ethanol

4. Dry: 60°C, air

(200) [37]
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3.1 The Concentration of Reactants
The concentration of reactants plays an important part in the formation and growth of CeO2 grains. For

instance, Yu et al. [37] used Ce(NO3)3·6H2O and Na3PO4·6H2O (the molar ratio of PO4
3– to Ce3+ was kept at

5%) as reactants to synthesize CeO2 nanostructure. To be specific, when the concentration of Ce
(NO3)3·6H2O is set as 0.025 M, the morphologies are nano-octahedrons and nanorods. When they
improved the concentration to 0.05 M, only obtained nanorods morphology. What’s more attractive is that
the verticality aligned nanorods were successfully obtained when they increase the concentration to 0.1
M, at the same time, the diameter of nanorods gets a little bigger. Finally, when the concentration is
increased to 0.25 M, the flower-like nanorods were obtained. Fig. 1 shows the FE-SEM images of CeO2

nanostructure fabricated by hydrothermal treatment with different cerium ion concentration. It is
interesting to see that the morphology of CeO2 changed with the increase of Ce3+ concentration.

It is natural to find that if we keep other parameters the same and change the concentration of reactants,
the morphology will change correspondingly. When the concentration of Ce3+ is low, increasing the
concentration of Ce3+ can improve the supersaturation of solution, which assists the nucleation of the
crystal. The supersaturation will vanish before the nucleus growing up, so the size of obtained CeO2

nanostructure is small. When the concentration of Ce3+ is too high, the thermodynamic factors will
become the lead factor which will appear self-aggregation for the reason that the Gibbs free energy is less
than zero in the sedimentation process.

Figure 1: FE-SEM images of CeO2 nanostructure obtained by hydrothermal treatment with cerium ion
concentration of (a) 0.025 M; (b) 0.05 M; (c) 0.1 M; (d) 0.25 M at 220°C. Adopted from Yu et al. [37],
Copyright 2008 American Chemical Society
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Yan et al. [58] use the same reactants to synthesize CeO2 nanostructure, they also found that the
concentration of PO4

3– was a dominant factor to form the CeO2 nanostructure. When the concentration of
PO4

3– was less than 1 × 10–4 M, only a large amount of mixed morphology of octahedron and rod-like
structure could be obtained rather than uniform nano-octahedron and nanorods. Only make the phosphate
ions concentration within bounds can obtain the uniform nano-octahedron and nanorods.

Based on the experiments and analysis, Yu et al. [37] found that there is a correlation between the effect
of phosphate and cerium ion concentration on the morphology of CeO2. But how does the phosphate group
control CeO2 morphologies? After a series of research, they find that the phosphate group may affect the
surface electrostatic potential and energy of nanorods, and further control the CeO2 morphologies. When
the Ce3+ concentration is low, the low CeO2 yield lead to the morphology control effect of phosphate
groups was inconspicuous, and the growth of CeO2 crystal had a lower orientation. And when the Ce3+

concentration of was increased to a range value, the nanorods would rearrange into vertically well-aligned
nanorods hierarchical architectures which assist by the high electrostatic potential and surface energy on
CeO2 surface. Finally, when the concentration of Ce3+ increasing to a certain value, the surface energy of
CeO2 would decrease, which lead the nanorods arise self-aggregation to form the flower-like nanorods.
Other researchers also proved that the concentration of reactants have an important impact on the
formation of CeO2 nanostructure, not go into detail here.

3.2 The Hydrothermal Temperature
What’s more, the hydrothermal temperature has a significant impact on the formation of the CeO2 micro/

nano structure. Yu et al. [37] have studied the effect of hydrothermal temperature on morphology as well.
When they use Ce(NO3)3·6H2O and Na3PO4·6H2O to synthesize CeO2 nanostructure, the hydrothermal
temperature was set as the only variable and keep other factors the same. The concentration of Ce3+ is set
as 0.1 M and reaction time is 12 h, only change the temperature. As shown in Fig. 2, a mixed
morphology of nanoparticles and nanorods were obtained at 140°C. when increasing the temperature to
170°C, 1-D nanorods morphology can be obtained. Further increasing the hydrothermal temperature to
220°C can form the vertical nanorods arrays. So, we can see that a higher temperature can assist the
formation of 1-D morphology and further increase the temperature to a suitable value can form ordered
nanorods arrays.

Pan et al. [62] use Ce(NO3)3·6H2O and NaOH as reactants to fabricate CeO2 nanostructure and find that
hydrothermal temperature can assist CeO2 form different morphologies. They set reaction temperature at
110°C, 120°C, 140°C, 160°C, 180°C, keep other parameters the same (the detail condition is covered in
reference), an attractive morphologies conversion can be realized. as shown in Fig. 3, with the
temperature gradually increasing, nanowires convert into nano-cubes, and the size of nano-cubes get

Figure 2: FE-SEM images of CeO2 nanostructure obtained by hydrothermal treatment for 12 h with cerium
ion concentration of 0.1 M at (a) 140°C; (b) 170°C; (c) 220°C. Adopted from Yu et al. [37], Copyright 2008
American Chemical Society
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larger gradually. So, we can conclude that the hydrothermal temperature may affect the recrystallisation and
grain growth of CeO2 nanostructure, the different temperature may offer suitable growth condition to form
different morphologies.

3.3 The Hydrothermal Time
The hydrothermal time can influence the formation of CeO2 nanostructure as well. Yan et al. [58] find that

prolong the hydrothermal time can assist the nano-octahedrons convert into nanorods, as shown in Fig. 4.When
reaction time prolongs to 24 h, the 1-D nanorods began to grow up out of the octahedrons surface and became
more and more longer. Finally, when increasing time to 144 h, almost all the nano-octahedrons convert into
nanorods. They use a nucleation-dissolution-recrystallization mechanism [63] to express the formation of
multiple nano-structures and morphology evolution from nano-octahedron to nanorods, as shown in Fig. 5.
In the beginning, the irregular shapes of the CeO2 nanocrystals were formed in the solution via a
homogeneous nucleation process. After that, the as-obtained nanoparticles begin to agglomerate and then
self-assemble to form nano-octahedrons. When further increased hydrothermal time, it was observed that
there were many small protuberances on the surface of the nano-octahedrons, which provided many high-
energy sites for nanocrystal growth [64]. Thus, the small protuberances may provide the active site for the
nucleation of dissolved CeO2 in the solution, which lead the CeO2 grow along the 1-D direction and
recrystallize into nanorods until the CeO2 nano-octahedrons completely dissolved.

Pan et al. [50] also find that change the hydrothermal time can influence the formation of the CeO2

nanostructure. As shown in Tab. 3, the morphologies of CeO2 nanoplates changed with changing the
reaction time. Other experiments data will not mention in detail here.

Figure 3: TEM images of CeO2 nanostructure obtained by hydrothermal treatment for 24 h with cerium ion
concentration of 0.4 M at (a) 110°C; (b) 120°C; (c) 140°C; (d) 160°C; (e) 180°C; (f) 180°C. Adopted from
Pan et al. [62], Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.4 The Cerium Precursor
Finally, it can be concluded that different cerium precursor can influence the morphologies of CeO2

nanostructure for the reason that anions may influence its nucleation and growth. Based on summarizing
a large amount of literature, we find that the anions Cl– and Ac– helps to synthesize nanowire, nanorods
and nano hexagonal prisms while the oxidizing anions NO3

– accelerate the formation of nano-cubic. As
Fig. 6 shows, different anions can assist the formation of different CeO2 nanostructure. It is also found
that the counter-anions of the cerium source were significant to the shape of the resulting products. And it
is proved that nanorods could be fabricated when the counter-anions are Cl– Br– I– SO4

2– ions, and
irregular nanoparticles are produced when the counter-anions is BrO3

– ions.

Figure 4: FE-SEM images of CeO2 nanostructure hydrothermal treated at 170°C for (a) 12, (b) 24, (c) 48,
(d) 144 h. Adopted from Yan et al. [58], Copyright 2008 American Chemical Society

Figure 5: Schematic illustration for the multiple nano-structures evolution of CeO2. Adopted from Yan et al.
[58], Copyright 2008 American Chemical Society
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In conclusion, these factors play crucial parts in the formation of different CeO2 nanostructure, and there
are some other factors that may influence the shapes of CeO2 as well. Sometimes one specific shape can be
obtained by adjusting different factors. Because this specific shape is a combination of various factors, it is
hard to clear the influence of a specific factor.

4 Applications

CeO2 has become one of the most important rare earth materials because of CeO2 is widely used in redox
reactions due to its superior oxygen storage function and high temperature and rapid oxygen vacancy
diffusion capacity [65]. What is more important is that the unique chemical, mechanical, electrical and
optical properties of Cerium dioxide nanoparticles have attracted wide-spread attention, especially when
the size of it is on the nanoscale [66]. The structure dominates properties, thus, it is necessary to
synthesize cerium dioxide with controllable morphologies for expressing excellent properties which is
also the main technical problem. Hitherto, a variety of cerium dioxide with different micro/nano
morphologies have been synthesized by researchers and it can be used to many fields according to
different structure. However, the control of nanostructures remains the most important challenge we face.
In other words, effective control both technically and economically of particles can help us achieve the
aim of widespread use.

4.1 Application in Superhydrophobic Coatings
Fabricating a superhydrophobic surface is one of the effective means to protect or prevent the metal out

of corrosion [67–69]. According to relevant research, it is proved that the main factor to generate the super
hydrophobicity are chemical compositions which decide the surface free energy and the geometric structure
at microscopic level which controls the surface roughness [70–74]. Superhydrophobic surface nanostructure
dominates the wettability of solid/liquid contact mode and therefore plays an important role in meeting the
desired water repellence. What’s more attractive is that the high thermal stability and large robust nature
which make the cerium dioxide be an ideal candidate for highly stable superhydrophobic material.
Therefore, researchers focus much eyesight on fabricating superhydrophobic CeO2 coatings on the metal
or metal alloys surface.

Figure 6: Schematic diagram for the formation process of the different CeO2 nanostructure. Adopted from
He et al. [42], Copyright 2016 Elsevier Ltd. and Techna Group S.r.l
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A case in point is that Ishizaki et al. [75] fabricated superhydrophobic CeO2 films on magnesium alloy in
NaCl aqueous solution. The surface prepared by them showed excellent corrosion-resistant performance and
durability. What’s more, the superhydrophobic CeO2 nanotube film was fabricated by Li et al. [38] showed
that the water contact angle is about 157 ± 0.6°C and generated a strong adhesion between the water droplet
and the film, as shown in Fig. 7a. The possible reason for high water adhesion is illustrated in Fig. 7b.
Correspondingly, they proved that the film of CeO2 nanotubes can resist high temperature up to 450°C
and owns long-term durability in the chemical environment, as shown in Figs. 7c and 7d.

The properties they have tested behaved excellently, which are very significant in practical application.
Attractively, Nanorods arrays, nano-octahedron, flower-like nanorods and flowerlike structure are promising
nanostructure to apply to superhydrophobic coatings for their excellent surface roughness if they can grow in
metal substrate. In conclusion, CeO2 nanostructure with different morphologies has very promising
application in superhydrophobic coatings.

Figure 7: (a) The optical photographs for the water droplets on the newly prepared CeO2 nanotube film under
different tilt angles: (a) 0°, (b) 90°, (c) 180°. (b) Schematic illustration regulation of water adhesion over the film
of CeO2 nanotubes. (c) Effect of the temperature of heat treatment on the CA and maximum adhesion volume
of water for the film of CeO2 nanotubes. The periods of time for heat treatment at various temperatures are all
2 h. (d) Variations in the CA andmaximum adhesion volume of water for the film of CeO2 nanotubes immersed
in the aqueous solutions with various pH values for 7 d. The pH value was adjusted by using diluted NaOH or
HCl. Adopted from Li et al. [38], Copyright 2018 John Wiley & Sons, Inc.
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4.2 Application in Catalysis
Catalysis is of major socioeconomic importance for our society, it helps to solve the future problems

connected with limited resources and energy. Recently, morphology engineering of catalyst
nanoparticles makes it possible to tailor catalytic performance without affecting catalyst composition.
What’s more attractive is that well-defined particles morphologies could facilitate to establish the
structure-performance relationship. The previous studies proved that the redox property of CeO2

mainly depends on different exposed facets on the surface of the nanocrystalline [76–80]. Generally,
three low-index lattice planed exist on the surface of CeO2 nanocrystal: (100), (110) and (111), the
unit cell and three low-index surface of CeO2 structure as shown in Figs. 8a–8d, Other surfaces, such
as (211), (221) and (310) are less stable and would severe reconstruction [81–84]. The property that CeO2

easily releases and takes up oxygen makes the oxide attractive for catalytic application in which oxygen
transfer reactions are involved [85–89]. It is proved that the exposure of more reactive (100) facet, followed
by (100) facet, should accelerate the formation of oxygen vacancies. Thus, the nanowires, nanaorods arrays,
nanoplates, nanocubes and flower-like nanorods owns favorable oxygen storage capacity. Fig. 8e shows the
cubic fluorite structure of CeO2 along with oxygen vacancy and Ce3+ in the lattice site [90]. They proved that
adjusting the formation of the oxygen vacancy in CeO2 is necessary to make it more efficient for application
in catalysis. González-Rovira et al. [91] used a single-step process to prepare CeO2 nanotubes with improved
catalytic activity. Fig. 8f shows the light-off curve of CeO2 nanotubes and powder CeO2. it is found that the
CeO2 nanotubes with exposed {100} facets Showed a favorable catalytic activity in CO oxidation, which is
approximately 400 times higher than powdered CeO2 at 200°C. Liang et al. [26] have studied the catalytic
performance of CeO2 in CO oxidation reaction as well. The conversion profiles of CO versus temperature
reveals the excellent catalytic performance of the CeO2 mesosphere. In addition, Tana et al. [28] have studied
the catalytic activities of CeO2 nanowires, nanorods and nanoparticles for CO oxidation, the CO conversion
curve is showed in Fig. 8g. It shows that CeO2 nanowires are more active than the CeO2 nanorods and
nanoparticles, whereas, both CeO2 nanowires and nanorods mainly expose the {110} and {100} planes, the
reason why the CeO2 nanowires behave more active is that the nanowire expose most of these active planes
on the surface. The CeO2 nanoparticles mainly expose the less reactive {111} plane which lead to the CeO2

nanoparticles shows a rather low catalytic activity relative to CeO2 nanowires and nanorods [92]. Theoretical
calculation also proved that the reactivity of CO oxidation on the CeO2 surface planes follows the order of
(100) > (110) > (111) [93–95].

What’s more, recent application of CeO2 for dephosphorylation reaction has also raise great
concern, particularly in biological fields and waste treatment [96–100]. A case in point is that the
decomposition of organophosphates. As vxshown in Fig. 8h, when Nitrophenyl disodium
orthophosphate (p-NPP) was hydrolyzed to para-nitrophenol (p-NP) catalyzed by ceria, nano
octahedron gives the highest yield of p-NP (89%) by 8 h followed by the nanorod (71%) and the
nano cubic (9%). In addition, the different CeO2 morphologies can show different catalytic
performance when catalyze H2O2 reduction, and it can be evaluated in the presence of the dye
molecule, tetramethylbenzidine (TMB). As shown in Fig. 8i, under certain reaction conditions, the
presence of CeO2 nano cubic can highly accelerate the conversion of H2O2, the nanorods and nano
octahedron behave a little bit worse than nanocubes [101].

Except for pure CeO2, various CeO2-based hybrids own excellent catalytic performance as well. For
instance, CeO2 can exhibit high activity for CO removal by catalytic oxidation with high durability and shows
attractive photodegradation properties as well. Also, it makes CeO2 as a component of the modern automotive
three-way catalysts to reduce the emission of gas engines [102]. Furthermore, it has been considered in fluid-
cracking catalysts, oxidation catalysts and hydrocarbon reforming catalysts [103]. A summary of CO
oxidation or photodegradation properties towards various CeO2-based hybrids are shown in Tab. 5.
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Figure 8: (a) Unit cell of the CeO2 structure. (b–d) the (100) [or (200)], (110) and (111) plans of the CeO2

structure. Adopted from Wang et al. [81], Copyright © 2003 American Chemical Society. (e) Schematic
representation of CeO2 cubic fluorite structure along with oxygen vacancy and Ce3+ in the lattice site.
Adopted from Choudhury et al. [90], Copyright 2011 Elsevier B.V. (f) light-off curve corresponding to
CeO2 nanotubes and powder. Adopted from González-Rovira et al. [91], Copyright © 2009 American
Chemical Society. (g) CO conversions over the CeO2 nanomaterials. Adopted from Tana et al. [28],
Copyright © 2009 Elsevier B.V. (h,i) Time-dependent activity of CeO2 morphologies. Adopted from Tan
et al. [101], Copyright © 2020 American Chemical Society

Table 5: Brief summary of catalytic efficiency of CeO2 and various CeO2-based hybrids

Catalysts Specific application Catalytic
efficiency

Ref.

CeO2(nanosphere) CO conversion 100% at 380°C [104]

CeO2(sphere) CO conversion 90% at 330°C [26]

CeO2(nanorods) CO conversion 50% at 265°C [25]

CeO2(spindle-like) CO conversion 50% at 250°C [25]

CeO2(nanoplates) CO conversion 90% at 315°C [105]

Ag/CeO2 CO conversion 96.5% at 70°C [26]
(Continued)

JRM, 2020, vol.8, no.11 1459



4.3 Application in Solid Oxide Fuel Cell Electrolyte Materials
Solid oxide fuel cells (SOFC) is attractive for its environmentally friendly properties. A solid oxide fuel

cell is a structure of solid components that converts chemical energy into electrical energy. The core of a
solid oxide fuel cell is an electrolyte made of ceramic materials that conduct by oxygen ions. Nano-ceria
have unsurmountable advantages in fuel cells [118–121]. Meanwhile, nanometer CeO2 can easily form
high-density ceramic isolation layer after sheet pressing, sintering and other molding processes. The
concentration of oxygen ion vacancy in nano-CeO2 doped with bivalent or trivalent ions will be greatly
increased, and higher ionic conductivity can be obtained at a relatively low operating temperature.
Furthermore, the ceria-based anode was reported to be effective in preventing carbon formation and also to
show good tolerance to sulfur [122,123]. Nanometer CeO2-based electrolyte materials gradually replace the
traditional ZrO2-based electrolyte due to their excellent ionic conductivity and low activation energy.

Usually, CeO2 is used in SOFC in three places: (1) doped-CeO2 is used as an electrolyte in some designs.
(2) CeO2 is used as a barrier layer for cathodes to prevent reaction with the YSZ (yttria-stabilized zirconia)
electrolyte, and (3) CeO2 is sometimes added as a catalyst in both cathodes and anodes [124,125].

Li et al. [126] have proved that CeO2 nanocubic used as electrolyte in SOFC can exhibit remarkable
performance. The mechanism of the ionic transporting in CeO2 nanocubes SOFCs are illustrated in Fig. 9a,
and this design realized the higher power output with lower activation energy, at the same time, it owns
good ionic conductivity. It is advisable to focus much eyesight on the morphology of catalyst during the
electrode assembly stage. For instance, Pd@CeO2 core-shell systems are found to be valid anodic catalysts
with H2 and CH4 as fuels, and the core-shell structure can provide extra stabilization. The synthetic design
included a salinization step of the YSZ so as to make a well-proportioned coverage of the electrode with
the Pd@CeO2 nanoparticles, as shown in Fig. 9b. The catalyst activities were maintained at high
temperature during oxidative and operative reduction conditions [127]. Development of an anode material
for a solid oxide fuel cell that is widely recognized to be an important technical objective.

Table 5 (continued).

Catalysts Specific application Catalytic
efficiency

Ref.

CdS/CeO2 Degradation of Rhodamine B(RhB) 97% in 48 min [106]

CeO2/Ce2O3 Degradation of methylene bule (MB) 24 in 120 min [107]

CeO2/ZnO Degradation of direct blue-15 95% in 120 min [108]

CeO2/RGAs Degradation of RhB 85% in 120 min [109]

CeO2/Tb2O3 Degradation of MB 93% in 75 min [110]

CeO2/Co3O4 Degradation of MB/methyl red (MR) 99.65%/99.51% in 60 min [111]

CeO2/V2O5 Degradation of MB 64.2% in 210 min [112]

CeO2/CuO Degradation of MB 70.1% in 210 min [112]

CeO2/FACs Degradation of MB 60% in 300 min [113]

rGO-CeO2 Degradation of MB 72% in 50 min [114]

CeO2-SnO2 Degradation of Direct Black 38 ~60% in 240 min [115]

CeO2/alumina Degradation of Congo red (CR) 90% in 120 min [116]

CeO2/Nylon Degradation of MO 94.32% in 60 min [117]
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4.4 Application in UV-Resistant Coatings
CeO2 Oxides are potential materials for ultraviolet (UV) absorbent, because the absorption at 400 nm is

the strongest for any oxide [128]. Usually, the mode that nanoparticles protect fibers from UV irradiation by
absorbing UV. CeO2 can strongly absorb ultraviolet light whose wavelength is less than 400 nm, so it is
widely used in the field of ultraviolet shielding coating. Correspondingly, UV absorbance is becoming a
significant indicator to evaluate the absorption properties of nanoparticles. As shown in Figs. 10a and
10b, the CeO2 or CeO2 heterostructure express strong absorption of ultraviolet [129,130]. The main factor
of absorption of ultraviolet light by CeO2 is the charge transfer between the internal O2p state and Ce4f
state [131]. CeO2, owing to the quantum size effect of nanomaterials, compared with bulk materials (400
nm), ultraviolet absorption has a greater blue shift [132], so it has a broad potential application in the
field of anti-ultraviolet coating.

Figure 9: (a) The mechanism of the ionic transporting in CeO2 nanocubes SOFCs. Adopted from Li et al.
[126] Hydrogen Energy Publications LLC. Copyright 2018 Elsevier Ltd. (b) SEM images with schematic
representations of (A) bare YSZ, (B) Pd@CeO2 nanoparticles deposited on a clean YSZ porous electrode,
(C) Pd@CeO2 nanoparticles deposited on silanated YSZ porous electrode and (D) Uncoated Pd
nanoparticles deposited on silanated YSZ porous electrode. YSZ (yttria-stabilized zirconia) Adopted from
Adijanto et al. [127], Copyright 2013 American Chemical Society

Figure 10: (a) UV-vis absorption spectra of CeO2 and Ce0.8Ca0.2O1.8. Adopted from Zhu et al. [129],
Copyright 2014 The Royal Society of Chemistry. (b) UV-Vis absorption spectra of the ZnO/CeO2

heterostructured nanocomposites with different atom molar ratios of Ce to Zn. Adopted from He et al.
[130], Copyright © 2014 Elsevier B.V
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4.5 Application in Chemical Mechanical Polishing
With the rapid development of optical technology and integrated circuit technology, the requirement for

precision and ultra-precision polishing of optical components and chemical mechanical polishing technology
of integrated circuits are increasingly high. CeO2 polishing powder has many advantages, such as strong
cutting ability, fast polishing rate, high smoothness, high levelling quality, good working conditions,
small pollution, long service life, etc. therefore, it occupies an important and irreplaceable position in the
fields of optical precision polishing and chemical mechanical polishing [133]. As the second-generation
polishing fluid for grinding particles, CeO2 overcomes the shortcomings of traditional silicon forming
butterfly defect at the isolation of shallow grooves in large integrated circuits through the joint action of
physical and chemical properties [134–136], thus it becomes one of the significant product types at present.

For instance, Deng et al. [137] use CeO2 slurry to polish single-crystal SiC by electro-chemical
mechanical polishing (ECMP). The experimental setup of ceria-slurry they used is shown in Fig. 11a.
They compared three SiC substrates surface treated by different means. Fig. 11b shows SEM image of the
diamond-abrasive polishing surface, on which many scratches can be observed. Fig. 11c shows the SEM
image of the area outside the ECMP-processed area. The distinct anodic oxidation occurred on the
surface due to the whole surface of the sample was immersed in CeO2 slurry. Fig. 11d shows the SEM
image of the ECMP-processed area. A smooth and scratch-free surface can be obtained. The results
manifest that ceria-slurry-based ECMP is very effective for the flattening of SiC. In conclusion, CeO2

play an important role in chemical mechanical polishing.

Figure 11: (a) Experimental setup of ceria-slurry-based ECMP. (b) SEM images of diamond-abrasive-
polished SiC surfaces. (c) SEM images of anodically oxidized SiC surfaces. (d) SEM images of ECMP-
processed SiC surface. Adopted from Deng et al. [137], Copyright 2015 Elsevier B.V
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4.6 Other Applications
Except for the applications motioned above, the excellent properties also make the CeO2 apply to many

other fields. Such as sensor technologies [138,139], magnetic materials [140], optical materials [141],
supercapacitors [142], water treatment and so on. To be specific, nano ceria also shows tremendous
potentialities in biomedical application [143,144]. It is proved that nano-ceria could protect primary cells
from the pernicious effects of radiation therapy [145] and to restrain retinal degeneration caused by
intracellular peroxides [146]. What’s more, nanoceria has been served as a novel therapy for chronic
inflammation [147]. Some emerging application also plays an important role in ceria nanomaterials. It can
be used to catalyze steam, dry and autothermal reforming of hydrocarbons or oxygenated compounds
[148–150]. Oxidation of volatile organic compounds [151,152], dehalogenation [153,154] and so forth.

5 Summary and Outlook

This review highlights a series of CeO2 micro/nanostructure with different morphologies and its main
applications. we introduced the detailed synthesis process of each micro/nano morphology from different
dimensionality, respectively. therein, it is much more difficult to control the crystal growth in two
dimensions for its cubic crystal structure has no intrinsic driving force. Simultaneously, the main exposed
crystalline planes of different morphologies are introduced as well. The main influencing factors of
forming different morphologies were further discussed when synthesize CeO2 micro/nanostructure via
liquid-phase method. Interestingly, it is easy to find that the various micro/nano morphologies can be
delicately controlled by changing the synthesis methods or adjusting the reaction parameters.
Simultaneously, it is attractive that one morphology can convert into another by adjusting hydrothermal
parameters. It is well known that functionality of CeO2 nanomaterials, to a large extent, depends on the
morphologies and size of the nanocrystals. Thus, it is significant to synthesis CeO2 with controllable
micro/nano morphologies. Correspondingly, it can be applied to corresponding fields according to its
structure and properties.

Although plenty of attention has been paid to synthesis of ceria nanomaterials over the past few years,
and future research is supposed to focus more on a better understanding of how synthetic techniques,
composition, size, and morphology affect the properties of materials. It is attractive that theoretical
calculation can provide a guidance on the rational design of highly reactive CeO2-based catalysts. The
valence and defect structure of CeO2 was proved to play a significant part in its application. For example,
by controlling the density and nature of the oxygen vacancies could tailor the reactivity of ceria-based
catalysts. In this way, better activity and selectivity for a specific catalytic reaction can be realized when
designing the catalysts, especially, for the metal-ceria interface. The reaction mechanism can be clarified
by combination of first-principle calculation and new characterization approaches. Meanwhile, simulation
prediction and first-principle calculation are useful in identification or design of appropriate CeO2-based
nanomaterials [155,156].

Hitherto, some encouraging result has been achieved, liquid-phase is a promising method for preparing
nanostructure materials. Great challenge still exists to synthesize the small size and regular morphology
nanostructure CeO2 via solid-phase method. As for gas-phase method, the primary problem which need
to be solved is to cut down the high price of the reaction equipment and make the reaction easy to
operate. In addition, CeO2 is considered an ideal candidate in superhydrophobic coatings for its large
robust nature and high thermal stability. It has great potential application value in preservation industry.
In the future, CeO2-based nanomaterials will occupy an important position in energy conversion (fuel cell
or the renewable production of fuels from solar energy), energy storage (lithium-air batteries),
environment protection and so forth.
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