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terized by a large number of surface-bound defects, which are primarily oxygen vacancies, as the surface
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Surface control active catalytic sites. Many efforts have therefore been made to control the surface defects and properties

CO oxidation of CeO, by various synthetic strategies and post-treatments. The present review provides a compre-
CO,, reduction hensive overview of recent progress in regulating the surface structure and composition of CeO, and its
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1. Introduction

In recent years, due to the unique properties, ceria (CeO3) is
finding prolific industrial applications [1—12]. For example, CeO,-
based materials have been widely explored as electrolytes in solid
oxide fuel cells since their oxygen ionic conductivity is exception-
ally high at the temperature range of 800—1100 K [13,14]. Fine CeO,
powders are often used as polishing agents in glass and screen
manufacturing [15,16] while CeO, materials are also served as an
ultraviolet absorbent because of its appropriate band gap of 3.2 eV
[17]. Among different utilizations, the most successful commercial
application of CeO, is considered as its use in three-way catalysts
(TWCs) for the elimination of toxic auto-exhaust gases, where CeO,
plays an important role as an oxygen storage material in order to
promote the catalytic performance of TWCs [2,18—20]. Regardless,
the widespread industrial applicability of CeO, is mainly originated
from its distinctive surface characteristics, which involves the
reversible Ce3*/Ce** redox pair as well as their surface acid-base
properties [21—23]. Pure stoichiometric CeO, typically presents a
fluorite structure with atoms arranged in a face-centered cubic unit
cell with a Fm3m space group. When CeO; is shrunk down to the
nanoscale, its formation energies of structural defects would be
considerably reduced, leading to the production of non-
stoichiometric CeO, nanomaterials [1]. These structural defects
are primarily oxygen vacancies accompanied with the generation of
Ce3* species. In this case, such unique surface properties induce the
intensive exploration on catalytic performances of CeO, as the
active component, promoter, and support.

Generally, heterogeneous catalysis involves (1) the adsorption of
at least one of the reactants on the less coordinated surface sites of
solid catalysts, (2) the activation of the adsorbed reactants, (3) the
subsequent formation of the intermediate species and the adsorbed
products through surface reactions catalyzed by the active sites,
and (4) the final release of the adsorbed products from catalyst
surfaces and the recovery of the surface active sites. Therefore, any

change in the surface properties of solid catalysts would substan-
tially affect the entire catalytic process, which dictates the corre-
sponding catalytic efficiency and chemoselectivity. For instance,
the structural defects of CeO,-based catalysts is observed to have a
significant effect on their intrinsic catalytic capabilities and activ-
ities for many desired reactions [4]. Inspired by the motivation to
modulate and optimize the surface properties of CeO,, the syn-
thesis of CeO, nanostructures with controllable chemical compo-
sitions, uniform sizes, and well-defined morphologies has become
one of the prime topics in the scientific community. It has been
found that the synthetic strategies by considering the pressure,
temperature, surfactants, and additives, etc. play essential roles in
determining the surface properties of as-synthesized CeO, nano-
structures. Moreover, the technological applications of CeO,
nanostructures have also been comprehensively discussed [4,24].
However, even though there are extensive efforts, including
chemical doping and various post-treatments, have been made to
regulate the structural defects of CeO,, there still remains a lack of
an effective approach to realize the controllable modulation of the
surface properties of CeO,.

Until now, the synthesis of CeO, nanostructures and their ap-
plications in catalysis and biology have been well summarized in
the literature [1,3—7,9—11,25—33]; nevertheless, the modulations of
surface physicochemical properties of CeO; have not been surveyed
in details. In this review, we present a comprehensive summary on
the approaches to regulate surface properties of nanoscaled CeO,
and their applications in advanced catalysis. Following an intro-
duction, a brief summary of the synthesis of CeO, nanostructures
and their effects on the surface properties of as-synthesized CeO,
are thoroughly discussed. It includes the conventional synthetic
methods as well as the recently developed novel synthetic ap-
proaches. Regulating the surface properties of CeO, by post-
treatments and chemical doping is also systematically described.
More importantly, the surface chemistry of CeO, nanomaterials
manipulated by various strategies for advanced catalysis, including

Fig. 1. (a) Ideal crystal structure of CeO,. (b) Crystal structure of CeO, in the presence of one oxygen vacancy accompanied with two generated Ce>* species.
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gas-solid, liquid-solid, and biometric reactions are as well carefully
reviewed. Based on all these discussion, the insightful summary
and perspective outlook are then presented at the end.

2. Crystal structures of CeO,

Typically, stoichiometric CeO, adopts a cubic fluorite structure
with a face-centered cubic unit cell (a = 0.5411 nm, JCPDS 34—394).
In this structure, each Ce*t ion has the coordination number of
eight and is centered in the cubic cell of eight 0%~ centers (Fig. 1a).
Each 0%~ ion is coordinated to four Ce** centers. Because of the
reversible surface Ce3*/Ce** redox pair, the nonstoichiometric
CeO, is generally formed by the release of oxygen and the subse-
quent formation of oxygen vacancy within the crystal structure can
be understood as shown in Equation (1).

2Cef. + 0F — Vg + 2Cele + 14 05(g) (1)

At the same time, Fig. 1b shows an illustration of the structural
defects of CeO,. With the formation of an oxygen vacancy in the
lattice, the removal of an oxygen atom would leave two electrons
localized in the two cerium cations and alters their oxidation states
from Ce** to Ce®*, accordingly. However, the precise spatial loca-
tions of the missing oxygen atom and the two cerium cations
cannot be easily identified [34—36]. The recent scanning tunneling
microscopy (STM) experiments and PBE + U theoretical calcula-
tions revealed that both Ce3* cations or at least one Ce>* ion is not
adjacent to the site of oxygen vacancy [34,35]. Since the size of Ce3*
is larger than that of Ce**, the formation of oxygen vacancy would
also induce certain lattice distortion, affecting the corresponding
charge distribution on the surface or in the bulk of CeO; [36].

Moreover, the formation of oxygen vacancy would become
extremely prominent when the size of CeO, crystals is shrunk
down to the nanoscale. The presence of surface defects that are
primarily oxygen vacancies can enrich the surface chemistry of
nanostructured CeO,. In addition to the reversible Ce>*/Ce** redox
pair, the surface of CeO, is also demonstrated with the multifunc-
tional behavior with the coexistence of surface acidic and basic
sites. The terminated OH groups are typically bases on the surface
while the Ce** jons have both Brensted and Lewis acidic charac-
teristics. Therefore, the multifunctionalized surface properties of
CeO, nanostructures can trigger numerous practical applications in
catalysis. Usually, the catalytic performance of CeO,-based catalysts
hinges upon how the CeO; surface may be effectively reduced and
how the oxygen be efficiently stored; in other words, the perfor-
mance is highly depended on the effectiveness of the material
repeatedly passing through Ce>*/Ce** redox cycles [37]. Also, the
ability of nanoceria to switch between different oxidation states is
largely determined by the ratio of Ce>*/Ce** and the concentration
of oxygen vacancies. As a result, many efforts have been made for
controlling the concentrations of surface Ce3* and oxygen va-
cancies by various synthetic strategies, chemical doping schemes,
and post-treatment methods of CeO, [2,4,38].

In this regard, many technologies have been developed and
devoted to understand the surface properties of CeO; and their
corresponding catalytic characteristics considering the single
crystal-based material with well-defined crystal structures as
model catalysts under ultra-high vacuum (UHV) conditions
[27,39—42]. These techniques include STM, X-ray photoelectron
spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR),
X-ray absorption spectroscopy (XAS), and calorimetry, etc, which
have been already well summarized in previous reviews [30,33,43].
The catalytic interaction between well-defined CeO, surfaces and
small molecules (e.g., CO, Hy, Ho0, CO,, NOy, and CH4) can also be
revealed by these characterization approaches [30,33,43,44]. All

these studies would provide important insights into the catalytic
mechanism and pave plausible approaches for the design of effi-
cient and robust catalysts. However, practical catalytic reactions
generally occur under high pressure with nanoscaled materials as
catalysts. Thus, these investigations often encounter the so-called
material gap and pressure gap [44]. The material gap is referred
to the size effect encountered when the catalyst is scaled to nano-
dimension, as compared with the two-dimensional (2D) planar
single crystal surface. For example, the active sites in the corners
and edges of the nanoscaled catalysts cannot be simulated precisely
along with the single crystal surface. Similarly, the pressure gap is
denoted as the surface reconstruction and adsorption configuration
of reactants on the catalyst surface under UHV and high pressure
conditions. Both gaps might induce very different electronic
structures of the catalytic sites, and even different catalytic active
sites and various adsorption configurations of reactants under the
practical and UHV conditions.

For characterizations of the surface properties of CeO, nano-
structured catalysts, the surface Ce>* fraction, concentration of
oxygen vacancy, and oxygen storage capacity (OSC) are commonly
used as important parameters in the field of catalysis. In this case,
the XPS technique is widely used to study the chemical states of
heterogeneous catalysts, which can provide a quantitative analysis
on the surface properties of a solid. For instance, by fitting the XPS
peak of Ce 3d core level and integrating all the respective peaks, the
surface Ce3* fraction of CeO; nanocrystals can be determined [45].
Also, the Raman spectrum of CeO; usually shows two characteristic
bands of CeO, at ~460 and ~600cm~'. The strong band at
~460 cm™! can be attributed to the Raman-active vibrational mode
(F2g) of the fluorite-type structure, while the band at ~ 600 cm ™! is
due to the existence of intrinsic oxygen vacancies [37,45]. Thus, the
ratios of integral areas of the two peaks can be qualitatively
compared with the concentrations of oxygen vacancies among
various CeO; catalysts. The concentration of surface oxygen va-
cancy (N in cm~3) can also be semi-quantitatively calculated from
the grain size of CeO, nanostructures, which can be obtained by
Raman spectroscopy, as shown in Equations (2)—(4) [46]:

2
L(nm) = \/ (ﬁ) [(dg —20)% + 42d§a] (3)
N = 3/4xL3 (4)

where I' (cm™1) is the half-width at half-maximum of the strong
Raman peak of CeO, at ~460 cm™ !, dg is the calculated grain size of
CeO; from the Raman spectrum, L is the calculated average distance
between two lattice defects, and « is the radius of CeO, unit
(0.34 nm).

In addition, the reversible Ce3*/Ce** redox pair suggests the
capability of CeO, to switch between releasing and storing of ox-
ygen. This surface property is defined as the OSC, which can be used
to quantitatively evaluate the capability of CeO, catalysts in
releasing and storing oxygen [47,48]. The temperature-
programmed reduction by reductants (e.g., CO, Hp, and hydrocar-
bon) and re-oxidation by oxidants (e.g., O,, and NO) can give the
0OSC values of CeO; at a specific temperature [49—54]. Notably, the
OSC parameter of CeO,-based materials is critical for TWCs in the
automobile converters, where a high value of OSC can promote the
oxidation of CO and hydrocarbon and the reduction of NOy
[47,55,56].
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Table 1
Summary of synthetic methods for CeO, catalysts.
# Method Solvent Reagent Stabilizer/ Conditions Production description Ref.
template
1 Hydrothermal Water NaOH, Ce(NO3)3-6H,0 — 100°C 24 h in a Pyrex Porous ceria nanorods, 8 x 60 nm [37]
bottle
160°C 12 h in autoclave
2 Hydrothermal Water Ce(NOs3)3-6H,0, ammonia, — 250 °C for different times, Nanoparticles, 10—15 nm [65]
hydrogen peroxide followed by heat
treatment at different
temperatures
3 Hydrothermal Water NaOH, Ce(NO3)3-6H,0 - 100, 140, 180 °C with Polyhedra, 11 + 1.8 nm [68]
different alkali Nanorods: (9.6 + 1.2) x (50—200) nm
concentrations for 24h  Nanocubes: 36.1 + 7.1 nm
4 Hydrothermal Water Ce(NO3)3-6H,0, urea — 160 °C for different times Nanooctahedra, 300 nm [69]
5 Hydrothermal Water Ce(NOs3)3-6H,0,NasPO,4-6H,0 — 170 °C for different times Nanooctahedra, 100—200 nm [70]
Nanorods, hundreds of nanometers
6 Hydrothermal Water Ce(NO3)3-6H50, urea CTAB 150°C for 16 h, followed triangular microplates: edge length of [72]
by annealing at 650 °C for 300 nm-1 um, thickness of 100—200 nm
7h
7 Hydrothermal Water Ce(NO3)3-6H,0, NaOH, — 150°C for different times Different morphology when different  [73]
CeCl3-7H,0, NaNOs3, NaBrOs, anions are added during the
NaBr, Nal, and Na,SO4 hydrothermal process, including
nanorods and nanocubes
8 Simultaneous polymerization- Water Ce(NOs3)3-6H,0, glucose, - 180°C for 72 h, followed Flowerlike microspheres with diameter [75]
precipitate reaction, metamorphic acrylamide, ammonia by annealing at 600 °C for of several micrometers
reconstruction, and hydrothermal 6h and 400°C for 4 h
process
9 Solvothermal Toluene Ce(NOs3)3-6H,0, tert- Oleic acid 180°C for 24h Nanocubes, 15.65 nm [76]
butylamine
10 Solvothermal Ethanol, Ce(NOs3)3-6H,0, TMAH PVP 200°C for 18 h Nanocubes, 9—17 nm [77]
water Truncated octahedra, 17 nm
11 Thermal decomposition Oleic acid, Cerium acetate hydrate, Oleic acid, 320-330°C for 30 min  Nanoplates, length of 151.6 nm and [78]
oleylamine, sodium oleate oleylamine, 1- width of 14.3 nm
1- octadecene
octadecene
12 Template-assisted synthesis Water CeCl3-7H,0, NaOH SBA-15 Annealing at 700 °C Mesoporous structure with pore-size  [79]
centered at 3.5 nm
13 Template-assisted synthesis Water Ce(NOs3);-6H,0, NaOH CTAB Annealing at 400°C for Mesoporous structure with pore-size  [80]
4h centered at 9.5 nm
14 Solution-precipitation Water Cerium acetate hydrate, Sodium bis(2- Precipitating at 67 °C for Nanowires with diameters of 30 [81]
ammonia ethylhexyl) 72 h, followed by —120 nm and lengths of 0.2—5 um
sulfosuccinate annealing at 400 °C for
4h
15 Potentiostatic electrochemical Ethyl CeCl3-7H,0 AAO —10V vs. SCE for Nanotubes with diameters of 210nm  [82]
deposition alcohol different times and lengths of 60 pm
16 Solution-precipitation Water Ce(NOs3)3-6H,0, oxalic acid  Anodic Precipitating for 3 h, Nanowires with diameters of 60 nm and [83]
alumina followed by annealing at lengths of 50 um
membranes  700°C for 10h
17 Solution-precipitation Water Ce(NOs3)3-6H,0, HMT PS Precipitating at 75 °C for Hollow microspheres with various shell [84]
microspheres 2 h, followed by thickness
annealing at 600 °C for
2h
18 Hydrothermal Water CeCl3-6H,0, ammonia Sodium oleate 180 °C for 48 h, followed Ultrathin nanosheets with thickness of [85]

by annealing at 400 °C for about 0.6 nm
2 min

3. Synthesis of CeO, catalysts

Nanosize effects on the catalysts' performance are generally
observed in heterogeneous catalysis. In particular, when the
dimension of catalytic materials decreases down to the range of
1—10 nm or even to subnanometers/single atom, strong size effects
are observed to impose on their catalytic activity, selectivity, and
stability because of the distinct changes in the surface physico-
chemical properties of catalysts as compared with their bulk
counterparts [57—63]. Although the origin of these nanosize effects
is still not thoroughly understood, many experimental studies have
witnessed the importance of size controllability on the catalysts for
various reactions. In principle, solid catalysts with the smaller sizes
offer the higher catalytic activity and/or the better chemo-
selectivity. The morphology of catalysts has also been found to have

an equal importance in the modulation of their surface chemistry
and the manipulation of electronic structures of their surface active
sites. As a result, considerable attentions have been paid on the
synthesis of nanocatalysts with tailorable sizes and shapes. In this
section, the synthetic strategies of CeO, nanocatalysts (Table 1) are
given and thoroughly discussed: (1) hydrothermal synthesis, (2)
solvothermal synthesis, and (3) template-assisted synthesis.

3.1. Hydrothermal synthesis

Hydrothermal synthesis is a facile and cost-effective method for
the preparation of crystalline CeO, powders. In the early studies,
ultrafine CeO, powders were prepared hydrothermally in the
presence of an excess amount of ammonia in a stainless steel
autoclave at temperatures of 150—200°C [64]. Nanocrystalline
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Fig. 2. Representative morphologies of CeO, synthesized by hydrothermal methods (a) TEM image of CeO, nanocrystalline particles, adapted with permission from Ref. [65].
Copyright © 2007, Elsevier B. V. All rights preserved. (b—d) TEM images of polyhedral CeO, nanoparticles, CeO, nanorods, and CeO, nanocubes, respectively, adapted with
permission from Ref. [68]. Copyright © 2005, American Chemical Society. (e) SEM image of CeO, octahedra, adapted with permission from Ref. [69]. Copyright © 2011, Elsevier B. V.
All rights preserved. (f) SEM image of CeO, triangular microplates, adapted with permission from Ref. [72]. Copyright © 2006, American Chemical Society. (g—h) TEM image of CeO,
nanocubes and CeO, truncated octahedra, adapted with permission from Ref. [73]. Copyright © 2008, American Chemical Society. (i) SEM image of monodisperse flowerlike CeO,
microspheres, adapted with permission from Ref. [74]. Copyright © 2006, American Chemical Society.

particles of CeO, (Fig. 2a) could also be obtained by a low-
temperature hydrothermal process at 250 °C, where cerium hy-
droxide and ceria acetate were used as precursors [65]. The entire
hydrothermal process has been recognized as the well-known
dissolution/recrystallization mechanism [66,67]. On the basis of
this growth mechanism, Yan et al. reported a template-free hy-
drothermal method to synthesize CeO, nanostructures with well-
controlled morphologies as shown in Fig. 2 [68]. Typically, the
hydrothermal temperatures and concentrations of bases play
important roles in controlling the morphologies of CeO, nano-
structures. In particular, anisotropic Ce(OH)s nuclei would be
formed once the Ce3* jon precursors are added into an aqueous
NaOH solution. At low concentrations of NaOH (e.g. < 1.0 M) and
low hydrothermal temperature (e.g. 100 °C), the chemical potential
driving force for the anisotropic growth of Ce(OH); nuclei is inad-
equate, thereby leading to the formation of polyhedral CeO,
nanoparticles enclosed with (111) and (100) facets (Fig. 2b). When
the NaOH concentration is increased, it accelerates the dissolution/
recrystallization rates and results in the anisotropic growth of
Ce(OH)3; nuclei. For the further increase in the concentration of
NaOH over 6.0 M, pure CeO; nanorods can be synthesized (Fig. 2c).

Notably, at a hydrothermal temperature of 180 °C, Ce(OH)3 nuclei
would become unstable in which they can be readily oxidized to
CeO;. In this case, CeO, nanocubes can be produced at a high
concentration of NaOH (6.0 M, Fig. 2d). On the other hand, CeO,
octahedra can be made using a similar process, where urea is used
during the synthesis (Fig. 2e) [69]. They can also synthesized using
Ce(NOs)s as the cerium source and Na3PO4 as the mineralizer by a
hydrothermal process at 170°C [70,71].

Later, CeO, nanostructures with controllable sizes and mor-
phologies, and tailorable surface properties can be synthesized by
modified hydrothermal methods in the presence of surfactants or
with optimized hydrothermal parameters (e.g., temperature, pres-
sure). For example, single-crystal Ce(OH)COs triangular microplates
were successfully made in the presence of the surfactant cetyl-
trimethyl ammonium bromide (CTAB) during the hydrothermal
process [72]. Thermal treatments on the obtained Ce(OH)CO3 pre-
cursor could further produce CeO, triangular microplates with
single-crystal structures (Fig. 2f). Small inorganic anions could also
be used to control the growth of CeO, nanocrystals. In this manner,
NO3 was observed to be effective in the synthesis of nanocubes,
while halides and SO~ were found to induce the assembly of CeO;
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2oom S
Non-porcus

Ce(OH),/Ce0,

Fig. 3. Schematic illustration of the synthesis of PN-CeO, at low pressure. Its morphological evolution was revealed from TEM images. Adapted with permission from Ref. [37].

Copyright © 2014, Royal Society of Chemistry.

Fig. 4. Representative morphologies of CeO, synthesized by solvothermal methods (a) TEM image of CeO, nanocubes, adapted with permission from Ref. [76]. Copyright © 2006,
American Chemical Society. (b) TEM image of CeO, nanocubes, adapted with permission from Ref. [77]. Copyright © 2012, Royal Society of Chemistry. (c) TEM image of CeO,
truncated octahedra, adapted with permission from Ref. [77]. Copyright © 2012, Royal Society of Chemistry. (d—f) TEM images of square CeO, nanoplates, elongated CeO, nano-
plates, and round CeO, nanoplates, respectively, adapted with permission from Ref. [78]. Copyright © 2012, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

nanorods (Fig. 2g and h) [73]. Recently, nanostructured ceria could
be hydrothermally prepared using the green deep eutectic solvent
reline in the presence of SDS surfactants, which allows the facile
morphology and porosity control in one of the less energy-
intensive routes reported to date [75]. In the absence of water,
only CeO; nanoparticles were obtained under any synthetic

temperatures. In contrast, the increased amount of water drove a
morphological change of the as-synthesized CeO; nanostructures
from nanoparticles to nanowires, suggesting that water was func-
tioned as the directing agent [75]. Monodispersed flowerlike CeO,
microspheres (Fig. 2i) could also be synthesized by the simulta-
neous polymerization-precipitation reaction, metamorphic
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reconstruction, and mineralization under hydrothermal conditions
followed by calcination [74]. The obtained CeO, microspheres
usually consisted of 20- to 30-nm-thick nanosheets as the petals.
Importantly, they were found to have the open three-dimensional
(3D) porous and hollow structure, exhibiting the large surface
area, large pore volume, and good thermal stability.

Recently, there is a surfactant-free hydrothermal method oper-
ated at low pressures which has been successfully developed to
synthesize porous nanorods of CeO; (PN—CeO;) [37]. The prepa-
ration involves a two-step hydrothermal process (Fig. 3). In the first
step, a low pressure of ~1.2 atm is critical for the formation of a
Ce(OH)3/CeO, nanorod precursor. Then, a subsequent hydrother-
mal step at a higher temperature (e.g. > 160 °C) would lead to the
complete dehydration and oxidation of Ce(OH)s in the precursor
nanorods and induce formation of porous nanorods successively.
The unaltered rod-like morphology may be attributed to the
robustness of precursor nanorods surviving through the dehydra-
tion, oxidation, and accompanied structure reorganization in the
hydrothermal treatment.

3.2. Solvothermal synthesis in the presence of capping agents

Despite the simplification of the hydrothermal method, its
controllability on the geometries and morphologies of CeO;
nanostructures is still insufficient for practical utilizations. Thus,
the solvothermal synthesis in the presence of various capping
agents has been developed in order to realize this purpose. For
example, a shape- and size-controllable synthesis of CeO;

nanocubes enclosed by six (200) planes was achieved by a ratio-
nally designed one-pot approach (Fig. 4a) [76]. The 2D and 3D self-
assembly of CeO, nanocubes was formed by the oriented
aggregation-mediated precursor growth on the substrates. Both the
shape and size of CeO; nanostructures could then be tuned
conveniently by adjusting the concentrations of reactants and
stabilizing agents (i.e. oleic acid) as well as the water/toluene molar
ratios. Also, Wang et al. was able to synthesize CeO, nanocubes and
CeO, truncated octahedra in the presence of various capping agents
in an alkaline environment [77]. These nanocubes were made in the
presence of oleic acid as the capping agent and using Ce(N-
03)3-6H,0 as the Ce source in an alkaline solution of tetramethy-
lammonium hydroxide (TMAH) (Fig. 4b). The side lengths of the as-
synthesized nanocubes enclosed with six (100) facets are in the
range of 9—17 nm. Similarly, CeO, truncated octahedra were pre-
pared using polyvinyl pyrrolidone (PVP) as the capping agent in the
reaction system (Fig. 4c). The size of CeO, truncated octahedra
surrounded with eight (111) and six (100) facets was ~17 nm. Also,
ultrathin 2D CeO, nanoplates were successfully prepared by the
thermal decomposition of cerium acetate at 320—330°C in the
presence of oleic acid and oleylamine as the capping agent and the
surfactant, respectively (Fig. 4d—f) [59]. The morphology of nano-
plates can be easily controlled by the reaction parameters (e.g.,
precursor ratio, reaction time, and temperature).

3.3. Template-assisted synthesis

The size, surface area, and shape of CeO; nanostructures can also

Fig. 5. Representative morphologies of CeO, synthesized by template methods (a) TEM image of the template-free CeO, samples, adapted with permission from Ref. [79]. Copyright
©2003, Royal Society of Chemistry. (b) SEM image of CeO, nanotubes, adapted with permission from Ref. [82]. Copyright © 2009, American Chemical Society. (c) SEM image of CeO,
nanowire arrays, adapted with permission from Ref. [83]. Copyright © 2004, Elsevier B. V. All rights preserved. (d) TEM image of porous hollow CeO, microspheres, adapted with

permission from Ref. [84]. Copyright © 2012, Springer International Publishing AG.
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Table 2

Summary of surface control methods.
# Method Conditions Effect on surface structure application Ref.
1 High temperature annealing Annealing in vacuum at different temperatures Increasing lattice defect and oxygen storage capacity (OSC) — [86]

under vacuum

2 Hydrogen treatment

nitrogen and hydrogen for 2 h, respectively

3 Thermal activation in a gas
mixture of nitrogen and
oxygen

4 In situ and ex situ thermal
annealing treatments

under vacuum of 0.1 Torr

Annealing at 375 and 800 °C in an oxidizing
environment

w

EB irradiation
s in water at room temperature and atmospheric
pressure.

6 Wet chemical redox etching Treating with ascorbic acid and hydrogen peroxide

alternatively for different cycles

7 Pressure control

nitrogen ratios

Annealing at 700, 800 and 900 °C with mixture gas of Increased surface Ce>* content and concentrations of

Hydrothermal under different pressures and oxygen/

Up- and down- [87]

oxygen vacancy, modulated optical property conversion

Annealing at 400 °C with nitrogen-oxygen mixture gas Changes in the surface Ce>* fractions of the nanostructured CO oxidation [88]

CeO; and in the coordination numbers of the surface

cerium atoms

Disordered small oxygen defects and small vacancy — [89]
clusters, increased lattice strain and expansion, formation

of polyhedral nanocavities

EB energy of 0.7 MeV and an initial EB current of 2 mA/ More surface Ce>* species and increased the concentration Photocatalysis  [90]

of surface defects

Larger surface area, more surface Ce>" fraction, higher
concentration of oxygen vacancy

Controllable length/diameter ratio, surface area, surface
Ce>* fraction and OSC value

CO oxidation [92]

CO oxidation [93]
and nitrile
hydrolysis

be modulated by using templates during the synthesis such as
organic macromolecules, surfactants, nanometer-sized granules of
silica, polycarbonate membranes, and anodic alumina (AAO)
membranes. Among all, mesoporous silica templates have been
successfully employed to fabricate the highly ordered mesoporous
CeO, with uniform mesopore sizes [79]. The synthesis involves the
incorporation of cerium precursors into a mesoporous silica

CeO,,
nanorods

As-synthesized

template, subsequent conversion of precursors into CeO,, and final
removal of the silica template. The morphology of obtained mes-
oporous CeO; is very similar to that of silica templates (Fig. 5a).
Importantly, these mesoporous CeO, are found to exhibit the
remarkable thermal stability at 973 K. Also, nanoscaled CeO, with a
large surface area of 200m?g~! could be prepared using cetyl-
trimethyl ammonium bromide (CTAB) as the templating agent [80],

Fig. 6. Surface properties of CeO, modulated by the thermal activation method in a gas mixture of nitrogen and oxygen at various pressures. (a—c) TEM images of the as-
synthesized CeO, nanorods; (e—g) TEM images of the thermally activated CeO, nanorods at atmospheric pressure; and (i—k) TEM images of the thermally activated CeO, nano-
rods at low pressure (0.1 Torr). The left column shows the typical TEM images of CeO, nanorods. Squares in the figures show approximate zoomed-in area of interest for adjacent
figures in the right column. The middle column shows HRTEM images of individual nanorods. The right column illustrates the approximate locations of some oxygen vacancy
defects: point oxygen vacancies (circles) and linear oxygen vacancies (ovals). Adapted with permission from Ref. [87]. Copyright © 2011, American Chemical Society.
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(a)

Table 3

Parameters of the local structure around Ce atoms of low pressure-activated ceria
nanorods, nanoparticles, and bulk samples obtained from the curve fitting of Ce L;-
edge EXAFS. Adapted with permission from Ref. [88]. Copyright © 2011, American
Chemical Society.

Ce0,.x sample neighboring atom N R(A)
theoretical 0] 8 2.34
Ce 12 3.83
(o] 24 4.48
nanorod (0] 6.3+0.1 2.294 +0.005
Ce 7.4+04 3.815+0.005
0] 147+1.2 4.515 £ 0.005
nanoparticle 0 6.5+0.1 2.299 + 0.005
Ce 65+0.3 3.841 +£0.005
0] 155+1.3 4.464 + 0.005
bulk [0} 8+0.1 2.316 +0.005
Ce 12+03 3.82+0.005
0] 24+1.2 4.48 +0.005

AN is the coordination number. R is the average interatomic distance between Ce and
its neighboring atoms. Uncertainties were estimated by the double-minimum res-
idue 2%? method.

while polycrystalline CeO, nanowires were synthesized via a
solution-phase route with sodium bis(2-ethylhexyl) sulfosuccinate
as the templating agent [81]. It is noted that the as-synthesized
nanowires were composed of many tiny grains at different orien-
tations. At the same time, CeO, nanotube arrays (Fig. 5b) could as
well be successfully fabricated by a potentiostatic electrochemical
deposition from a cerium nitride solution, where the AAO mem-
branes were served as the hard templates [82]. As expected, these
Ce0; nanotubes showed a polycrystalline structure with a thin wall
of 6 nm and uniform diameter. In addition, using the similar AAO
membranes as templates, ordered CeO, nanowire arrays (Fig. 5¢)
could also be prepared [83]. During the deposition process, Ce3*
and C,05~ species conversely migrated into the hexagonally or-
dered nanochannels of AAO membranes and reacted inside the
channels to form Cey(C;04)3 precursors configured into the one-
dimensional nanowire geometry along the axial direction. The
subsequent thermal annealing of Cey(C204)3/AAO would result in
the formation of CeO, nanowires confined in the pores of AAO
templates. On the other hand, porous hollow CeO, microspheres
(Fig. 5d) with the good monodispersion and uniformity in size were
synthesized, in which the negatively charged polystyrene (PS) mi-
crospheres were used as the hard templates [84], whereas ultrathin
CeO; sheets were also synthesized from the hard template of ul-
trathin CeCO30H sheet precursors by a well-controllable thermal
annealing process in air [85]. All these examples demonstrate the
versatility of different template-assisted methods for the synthesis
of various CeO, nanostructures.

4. Surface control on CeO, nanomaterials

In general, the synthetic method would dictate the surface
properties of obtained CeO, nanostructures, including their specific
surface area, surface Ce3* fraction, and oxygen vacancy concen-
tration. During the formation of CeO, and their related precursors,
various strategies of doping foreign elements as well as controlling
the morphologies and the exposed facets of these nanostructures
are also extensively studied. For example, different post-synthesis
treatments, including the high-temperature annealing processes
under selected temperatures, gas atmospheres and pressures, and
electron beams (EBs) and chemical based modifications have been
widely developed in order to regulate the surface properties of the
nanostructures [86—88]. Table 2 summarizes the recent efforts on
regulating the surface properties of CeO,.

Mamontov et al. demonstrated the dependence of lattice defect

Fig. 7. Surface control on CeO, nanorods by thermal annealing. Ex situ annealing:
HRTEM images showing various amounts of imperfect crystallinity (image pairs with
zoom-in of black rectangles): (a) As-synthesized CeO, nanorods: Rod direction <110>.
(b) CeO, nanorods annealed at 325 °C in air. (c) CeO, nanorods annealed at 800 °C: rod
direction for (b, c) is <211>. The viewing directions for (a—c) are of <110> type.
Adapted with permission from Ref. [89]. Copyright © 2015, Royal Society of Chemistry.

formation and OSC on the annealing temperature under vacuum,
suggesting that the structural defect concentration is maximized at
medium annealing temperatures of 300—600°C [86]. Also,
hydrogen treatments on the erbium-doped CeO, nanoparticles
were observed to lead to the chemical reduction of Ce*" as well as
the increase in the surface Ce** content and the concentration of
oxygen vacancy [87]. Thus, they exhibited enhanced optical prop-
erties with the higher up-conversion and down-conversion effi-
ciencies. The manipulation on the oxygen vacancies of CeO;
nanoparticles and nanorods could also be realized by the thermal
activation method in a gas mixture of nitrogen and oxygen at a low
pressure of 0.1 Torr and atmospheric pressure, respectively (Fig. 6).
All these activations would lead to the changes in surface Ce>*
fractions of the nanostructured CeO, and in coordination numbers
of the surface cerium atoms (Table 3) [88]. Moreover, the process
pressure was known to considerably affect the surface properties of
fabricated CeQ,. Low-pressure treatments produced CeO, with a
higher surface Ce>* fraction, while those under atmospheric pres-
sure resulted in a relatively lower surface Ce>* fraction but still
higher than that of the untreated CeO,. Thus, the enhanced cata-
lytic activity for CO oxidation reaction was observed for the CeO,
based catalysts treated at various pressures, which may be attrib-
uted to the increase in surface defects in terms of higher surface
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Fig. 8. Surface properties of CeO, controlled by EB irradiation. (a) Schematic model illustrating the change in crystalline structure of CeO, due to the formation of Ce(IIl) and oxygen
vacancy after EB irradiation. (b) [F(R)hw]'/? versus hv plot of p-CeO,, 30 kGy-CeO,, and 90 kGy-CeO, nanostructures. (Inset) UV—vis diffuse reflectance spectra. (c) PL spectra of p-
Ce0,, 30 kGy-Ce0,, and 90 kGy-CeO, nanostructures. Adapted with permission from Ref. [90]. Copyright © 2014, American Chemical Society.

Fig. 9. Surface control by wet chemical redox etching. TEM images of CeO, nanorods.
(a) As-synthesized CeO, nanorods (inset: HRTEM image of CeO, nanorods). (b) CeO,
nanorods after one cycle, (c) four cycles, and (d) eight cycles of oxidation/reduction
treatment. Adapted with permission from Ref. [92]. Copyright © 2015, Royal Society of
Chemistry.

Ce3* fractions.

Recently, the tailorable structures and surface properties of CeO,
nanorods were also achieved by the in situ and ex situ thermal
annealing treatments (Fig. 7) [89]. Two different types of oxygen-
related defects were found under TEM observations: (1) the
disordered oxygen defects and (2) the vacancy clusters. Both types
of defects would increase the lattice strain and the expansion of as-
synthesized CeO, nanorods. In addition, the thermal treatments
would lead to the formation of polyhedral nanocavities within the
nanorods due to the oxygen migration within the surface defect
clusters. Molecular dynamic simulation also confirmed the
agglomeration of oxygen vacancies within the as-prepared nano-
rods, which was ascribed to the evolution of nanocavities on the
surface of CeO, nanorods.

However, the commonly used high-temperature treatment
approach, somehow, is destructive because of the fragile CeO,
nanostructures at high temperatures, which leads to the apparent
sintering and consequent loss of specific surface areas as well as
shielding/blocking of the surface active sites. Several novel strate-
gies, including various physical and chemical methods, were then
successfully developed to regulate the surface properties of CeO,
with the aim to modulate its catalytic activity and selectivity.

The EB irradiation method was then developed to create more
surface defects on the CeO, surface [90]. Various doses of EB irra-
diation received on CeO, nanoparticles could change their surface
chemical states and compositions. A high dose generated more
surface Ce>* species and increased the concentration of the surface
defects (Fig. 8). The defect-engineered CeO, nanoparticles would
then facilitate their photocatalytic activity under visible light by
enhancing the electron transfer and suppressing the recombination



Y. Ma et al. / Surface Science Reports 73 (2018) 1-36 1

(a) (b)..130
CeO, NRs-8 =
—_ E120
a ©
> CeO, NRs-4 §110
= ®
c Q
. £
- CeO, NRs-1 3 100
M M o T Y
20 40 60 Ce02 CeOz CeO, CeO,
Two theta (degree) nanorods NRs-1 NRs-4 NRs-8
(G) Ceoz nanorods
——CeO, NRs-1
Cooz NRs-4

CeO, NRs-8

Intensity (a.u.)

400 500 600
Raman shift (cm”)

G.ogm"
T o= hy

S Mlm"

700

Intensity (a.u.)

i o~ i i

880 888 896 904 912 920

Binding energy (eV)

AgeelAsss

0.08
(d)
0.06 |
r
0.04}
* ]

CeO; CeO; CeO; CeO,
nanorods NRs-1 NRs-4 NRs-8
® |
25}
£ 20
c
]
© 15
E
&, 10
(8]
5
CeO, CeO, CeO, CeO,
NRs-0 NRs-1 NRs-4 NRs-8

Fig. 10. Surface properties of CeO, nanorods treated with various cycles of the wet chemical etching. (a) XRD patterns, (b) Specific surface areas, and (c) Raman spectra of the as-

synthesized CeO, nanorods and the treated CeO, nanorods with various cycles (1, 4, and 8) of the chemical reduction/oxidation. (d) Area ratio of Raman peaks at 455 and 600 cm

1

for all CeO, nanorods derived from their Raman spectroscopic profiles, as shown in (c). (e) XPS spectra of Ce 3d core level regions, and (f) Surface Ce>* fractions of the as-synthesized
Ce0, nanorods and the etched CeO, nanorods with 1, 4, and 8 reduction/oxidation cycles. Adapted with permission from Ref. [92]. Copyright © 2015, Royal Society of Chemistry.

of photogenerated holes and electrons.

Also, the post-treatment induced modulation of surface prop-
erties of CeO, and their morphology modification could be realized
by the wet chemical redox etching approach [91]. Recently, our
group demonstrated a facile wet chemical method to engineer the
surface properties of CeO nanorods [92]. In this work, ascorbic acid
(AA) and hydrogen peroxide (H»O,) were functioned as the
reducing agent and oxidizing agent, respectively, to react with the
surface Ce>* and Ce** species of CeO, nanorods. The processed
CeO, nanorods using AA and H,O; alternatively for various redox
etching cycles could not only deliver the morphology evolution
from a smooth surfaced to a rough surfaced structure but also give
the controllable surface properties there (Fig. 9).

After the chemical etching process, the fluorite crystal structure
and the rod-like morphology of CeO, nanorods were preserved,

similar to that of the as-synthesized CeO, nanorods (Fig. 10a).
Importantly, the surface properties of CeO, can be effectively
controlled by the number of chemical etching cycles. The specific
surface areas of etched nanorods were increased to 115.1,126.4, and
128.3m?g ! after 1, 4, and 8 cycles of the treatments (Fig. 10b),
respectively. Raman spectra also illustrated that a higher number of
chemical reduction/oxidation cycles would lead to an increase in
concentration of surface oxygen vacancies (Fig. 10c and d). The
surface Ce3* fractions of the processed CeO, nanorods was found to
increase steadily with the increasing number of chemical redox
cycles (Fig. 10e), which was consistent with the morphological
changes observed under TEM and the evolutions of the measured
peaks in their Raman spectra (Fig. 10f). Hence, the chemical etching
process is known to be a facile approach to manipulate the
controllable surface properties of CeO, for the desired applications.
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Table 4
Structural characteristics of CeO, nanorods synthesized at various pressures.
Adapted with permission from Ref. [93]. Copyright © 2016, American Chemical
Society.

Pressure (atm) cet (%) BET (m? g™ 1) 0SC (mmol O per g)
19 17.6 934 167.9
3 215 106.2 211.9
5 234 105.6 280.8
6 223 98.9 238.1
9 17.7 96.8 183.9
135 16.4 92.7 181.2

Another effective strategy to controllably adjust the surface
properties of CeO;, nanorods is to regulate the synthetic pressures
and the partial pressure of oxygen in reaction vessels during the
hydrothermal processes [37,93]. Neither the air pressures nor the
oxygen partial pressures would alter the rod-like morphology of
CeO; except the different length/diameter ratio (Fig. 11). However,
their surface properties, including the surface Ce3* fractions, sur-
face areas, and OSC values, could be effectively modulated by the
total pressure and partial pressure of oxygen as summarized in

Table 4. An optimized pressure of 5.0 atm with a relatively low
oxygen partial pressure was observed to produce CeO, nanorods
with the highest concentration of oxygen vacancy, highest surface
fraction of Ce3* species, and largest value of OSC [92]. Generally, the
growth mechanism of CeO, nanorods is considered as the forma-
tion of anisotropic rod-like Ce(OH)3 nuclei followed by the subse-
quent dissolution/recrystallization process of the nuclei [70,71].
Thus, the dissolution/recrystallization rate of Ce(OH)s; and the sol-
ubility of O, in the solution under various pressures essentially
determine the surface properties of CeO, nanorods. These two
factors would make CeO; nanorods reaching their maximum con-
centration of the surface defects at 5.0 atm. Therefore, the pressure
is believed to play a considerable role in tailoring the surface Ce3*
fraction and the surface-bound defects of CeO, nanorods.

When the synthetic pressure was inversely reduced to ~1.2 atm,
the hydrothermal approach would produce the rod-like precursor,
composed of 41.5% Ce(OH)3; and 58.5% cubic fluorite CeO,, with a
diameter of ~8 nm and a length of ~60 nm, as illustrated in Fig. 12.
The second hydrothermal treatment over 160 °C would then lead to
a new form of PN-CeO,, which has a very large surface area of
144 m?/g and a high surface Ce3* fraction of 32.8%. Impressively,
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Table 5
Structural characteristics of nanoceria synthesized at various conditions. Adapted
with permission from Ref. [37]. Copyright © 2014, Royal Society of Chemistry.

Sample Ce>* fraction (%) BET(m?g ') 0SC (mmol O, per g)
PN-Ceria-120 19.1 109 —

PN-Ceria-140 243 120 -

PN-Ceria-160 30.8 141 900.2
PN-Ceria-R-160 21.6 137 831.2

Nonporous nanorods 14.5 107 167.9

Nanocubes 16.7 12.2 84.2

Nanooctahedra 19.0 8.4 152.7

PN-CeO, also delivers an extremely large OSC value up to
~900 pmol O,/g, being over four times higher than the values re-
ported for any other nanostructured forms of ceria (Table 5).
Furthermore, the surface properties of PN-CeO, can also be regu-
lated by the hydrothermal temperatures at the second step. Its
morphological features can as well be well preserved. These porous
nanorods could reach the similar surface areas of 141, 131, and
122 m?/g for the catalysts synthesized at 160, 180, and 200 °C,
respectively. The surface Ce>* fractions and the concentrations of
oxygen vacancy would generally decrease with the increasing

hydrothermal temperature during the reaction.

5. Catalytic performance
5.1. CO oxidation

Removal of carbon monoxide (CO) from a specific gas atmo-
sphere is of great importance in daily life and industrial applica-
tions. For example, CO in the exhaust gas emission from vehicles
due to the incomplete combustion of gasoline pollutes the envi-
ronment and threatens the human health directly. Also, industrial
production of hydrogen is usually done by the thermal reformation
of coal, hydrocarbons or alcohols via the following reaction:
fuels + Oy + HoO — COx + Hy. This reforming process always
produces CO and CO. The water-gas shift (WGS) reaction
(CO + H0 — COy + Hy) is then used to remove most of the
accompanied CO [94]. However, ~1% of CO remains in the typical
WGS effluent gas, which is a negative factor for any further catalytic
applications. The CO residue can poison majority of the metal-
based catalysts. Thus, it is necessary and important to remove CO
to a trace level below 10 ppm. In this regard, CeO; is considered as a
promising candidate for CO oxidation as both additive and catalytic
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active component because of its reversible redox chemistry, large
OSC value, and good thermal durability. Although many studies
have demonstrated the excellent catalytic properties of CeO»-
incooperated noble metals (Pt, Au, and Pd, etc.), metal oxides (CuO,
and Co30y4, etc.), CeO; and transition metal doped CeO- catalysts for
CO oxidation as well as preferential CO oxidation in the presence of
excessive H, have been rarely studied [32,94—103]. Herein, we
emphasize on the relationship between CO oxidation activity and
surface properties of pure CeO, catalysts.

CO oxidation reaction over CeO, usually precedes the Mars-van
Krevelen mechanism, including the adsorption of CO on the top of
surface Ce3*, the activation of CO by the lattice oxygen to form the
intermediate COO*, the removal of CO, accompanied by the for-
mation of oxygen vacancies, and the consequent annihilation of
oxygen vacancies by gas phase oxygen [104]. Thus, the catalytic
activity of CeO, for CO oxidation is well determined by its surface
properties. In general, surface properties, such as the specific sur-
face areas, surface Ce>" fractions, surface planes, and oxygen va-
cancies are considered as the main factors to affect the performance
of CeO; towards CO oxidation. CeO; catalysts with the features of
high surface area, large concentration of surface defects, high
mobility of lattice oxygen and low formation energy of oxygen
vacancy can benefit CO oxidation. In this case, many efforts have
been focused on the surface control of CeO».

Recently, several individual groups reported the significant ef-
fect of the exposed crystal planes of differently shaped CeO; cata-
lysts on their CO oxidation activity, such as nanowires, nanorods,
nanocubes, nanooctahedra, nanospindles, nanospheres, and
nanotubes [37,104—107] Overbury et al. studied the shape-activity
relationships of various CeO; nanostructures for CO oxidation by
using in situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) techniques (Fig. 13) [104]. The reactivity for CO
oxidation is strongly surface dependent with the following trend:

nanorods > nanocubes > octahedral. The difference among surface
oxygen vacancy formation energy, amount of low coordination sites
and defects sites in various crystal planes of the differently shaped
CeO, catalysts are recognized as the driving force of the surface-
dependent catalytic behaviors for CO oxidation. The low oxygen
vacancy formation energy and high mobility of lattice oxygen in
Ce0O; (110) crystal plane (i.e. the dominated plane of CeO; nano-
rods) as well as the nature and amount of defects and low coordi-
nation sites of CeO, nanorods would enable the highest catalytic
activity of CeO; nanorods for CO oxidation [102]. For the same
reason, the similar surface-dependent catalytic phenomenon for
Deacon process (i.e. a gas phase oxidation for converting HCl into
Cly) catalyzed by CeO, was also observed [108—110]. Among CeO
catalysts with various morphologies, CeO, nanorods could deliver
the highest catalytic activity and the best stability for Deacon
oxidation [110].

To date, our group reported a new type of surface defect-
abundant CeO; nanorods (PN—CeO,) fabricated by a two-step hy-
drothermal method, which showed a very high catalytic activity for
CO oxidation [37]. As shown in the catalytic light-off curve (Fig. 14),
these PN-CeO; nanorods delivered the significantly improved CO
oxidation activity and durability as compared with other CeO,
catalysts. This improved CO oxidation performance of PN-CeO, can
be attributed to the richer surface defects and the larger OSC value
of the catalysts with abundant surface Ce3* species as well as ox-
ygen vacancies. PN-CeO, also showed a catalytic activity-
temperature hysteresis between the light-off measurement span-
ning from low to high temperatures and the subsequent mea-
surement covering from high to low temperatures (Fig. 14c). Such
hysteresis can be rationalized in terms of the “overheating of active
sites of the catalysts when decreasing the temperature of the
reactor chamber.” The broad width (25 °C) of the hysteresis at 50%
of CO conversion catalyzed by PN-CeO, was much larger than that
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Fig. 14. CO oxidation performance of CeO, nanostructures. (a) CO oxidation catalyzed by various CeO, catalysts. (b) Temperature hysteresis of CO conversion on PN-CeO5. (c)
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120-h stream-on-line running. Adapted with permission from Ref. [37]. Copyright © 2014, Royal Society of Chemistry. (e) CO oxidation catalyzed by CeO, nanorods with various
chemical etching cycles. Adapted with permission from Ref. [92]. Copyright © 2015, Royal Society of Chemistry. (f) CO oxidation catalyzed by CeO, nanorods prepared under various
pressures. Adapted with permission from Ref. [93]. Copyright © 2016, American Chemical Society.

(4 °C) by nonporous CeO, nanorods, reflecting the high CO oxida-
tion activity of PN-CeO, with a larger width being associated with a
more active catalyst. A similar catalytic performance of the surface-
engineered CeO, for CO oxidation was also observed in the
pressure-regulated CeO, nanorods. All results presented here
indicate the strong correlation among the high surface area, large
number of structural defects, and high faction of Ce3* of CeO,
catalysts and their catalytic performance for CO oxidation.
Furthermore, the catalytic performance of CeO, nanorods
regulated by the redox chemical etching methods [92] or pressure
control [93] was also observed with the same tendency. As shown
in Fig. 14e, the processed CeO, nanorods with the increased etching
cycles would induce a steady increase in their surface areas, oxygen
vacancies and surface Ce3* fractions, which delivered the higher
catalytic activity for CO oxidation. By optimizing the synthetic
pressures, the CeO, nanorods prepared at 5.0 atm would present

the enhanced surface Ce>* fractions and the larger concentration of
oxygen vacancy, leading to the superior catalytic performance for
CO oxidation (Fig. 14f).

Lately, atomically thin CeO, nanosheets with the abundant
surface pits were exhibited with a very high catalytic activity for CO
oxidation (Fig. 15). These ultrathin catalysts displayed the structural
features of the existence of many pits (Fig. 15a). X-ray absorption
spectroscopy revealed the fine structure of the nanosheets, in
which there were many pits surrounding surface Ce sites with a
very low average coordination number of 4.6. Fine structural
characterizations showed that the coordination numbers of cerium
species surrounded by the pits were mainly 4, 5, and 6 (Fig. 15d).
These sites are widely recognized as the catalytically active sites for
CO oxidation [85]. In this unique configuration, the CO molecules
are preferentially adsorbed on top of the four-coordinated pits
surrounding Ce sites, while the O, molecules yield a strong
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and (e) Calculated activation energies for O, dissociation on adjacent Ce sites of ultrathin CeO, sheets with numerous pits; the coordination numbers of Py, P, P3, Sy, So, and S3 are 5,
4, 6, 6, 6, and 6, respectively. (f) Overhead and (g) Top views of schematic structures for the three-atom-thick CeO, sheets with a pit size of 0.90 nm x 0.82 nm; the CO molecules
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2013, Rights Managed by Nature Publishing Group.
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adsorption at the five-coordinated pits surrounding Ce species
(Fig. 15¢). Such configuration of the catalytic centers can avoid the
catalyst poison and promote the catalytic activity for CO oxidation
(Fig. 15d—f). DFT calculations also showed that the dissociation of
0, is the rate-determining step in CO oxidation. The lowest energy
barrier for the activation of O, is occurred at the two adjacent five-
coordinated pits surrounding Ce species (Fig. 15d). Subsequently,
the surface-activated oxygen species at the five-coordinated Ce
sites can diffuse to the four-coordinated Ce sites and then oxidize
the adsorbed CO. Desorption of the generated CO, is found to
recover the catalytic active phase for the oxidation of next CO
molecules. In addition, the highly coordination-unsaturated pits
surrounding Ce sites would lead to the increase in the hole carrier
density and hence assured the rapid CO diffusion along the 2D
conducting channel of the surface pits. Importantly, these pit-rich
Ce0O; nanosheets delivered a much higher catalytic activity for CO
oxidation with a low activation energy of only 61.7 kJ/mol, being
much smaller than those of bulk CeO, and pit-free CeO, nanosheets
(Fig. 15h—i).

Besides the recently developed synthetic methods for the
optimization of surface properties of CeO [111,112], post-synthesis
treatments can also modulate their surface properties in order to
promote CO oxidation. Cheung et al. reported the enhanced cata-
lytic activity of nanostructured CeO, with various morphologies for
CO oxidation by using the defect engineering under a low-pressure
thermal activation process [88]. Chemical redox etching would
induce the morphological evolution of CeO, nanorods from a
smooth to a rough surfaced configuration accompanied with the
increased specific surface areas, larger surface Ce>* fraction, and
higher concentration of oxygen vacancies, thus resulting in the
significantly enhanced CO oxidation activity [92]. Therefore, the
controlling the surface properties of CeO, is demonstrated with
great potentials to tailor their fine structures, to construct the
rationally designed catalytic active sites, and to promote their
catalytic activity for CO oxidation.

5.2. CO, conversion

At the same time, physical/chemical capture and catalytically
converting CO; into other chemicals, including useful hydrocarbon
fuels and polymers, represent the practical and promising ap-
proaches to reduce CO, emission as well as to realize its re-
utilization [113—118]. However, the use of CO; as the C1 building
block still faces many fundamental and technological challenges
because of its chemically inert nature and very high bond energy. In
this case, many homogeneous and heterogeneous catalysts have
been designed to activate CO, at mild conditions. Particularly, CeO;
catalysts with unique reversible chemical redox oxidation states
between Ce>* and Ce** can efficiently trap CO, molecules on top of
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Scheme 1. Transformation of CO, to cyclic carbonates, cyclic carbamates, and cyclic
ureas from diols, aminoalcohols, and diamines, respectively. Adapted with permission
from Ref. [119]. Copyright © 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

the surface basic sites, activate them, and promote the catalytic
process in converting CO, into useful chemicals by various tech-
niques, such as high-temperature gaseous phase reactions, liquid
phase heterogeneous reactions, and photocatalysis. Generally, CeO,
catalysts with the abundant surface defects can potentially enhance
their catalytic performance for CO, conversion.

5.2.1. Catalytic synthesis of carbonates by CeO, catalysts

Because of the surface bifunctional acid-base properties of CeO,,
the efficient adsorption of amino groups, hydroxyl groups, and CO,
would lead to the remarkable catalytic activity and selectivity in
production of cyclic carbonates, cyclic carbamates, and cyclic ureas
from diols, aminoalcohols, and diamines, respectively, with CO; as
compared with other transitional metal oxides (ZrO,, CaO, MgO,
TiOy, etc.) based catalysts [119]. The reaction mechanism catalyzed
over Ce0O; is proposed in Scheme 1 [119]. Considering the formation
of cyclic ureas as an example, four fundamental steps were
involved, as demonstrated in Scheme 2: (1) the co-adsorption of
one ethylenediamine molecule and two CO; molecules at the cat-
alytic active site and the successive formation of the carbamate
species on CeO, surfaces through the surface reaction between
ethylenediamine and CO,, (2) the transformation of the carbamate
species into the surface-adsorbed amine with the release of one
CO, molecule, (3) the nucleophilic addition of the amine group to
the carbamate moiety on CeO; and the subsequent formation of the
adsorbed 2-imidazolidinone, and (4) the desorption of 2-
imidazolidinone and the regeneration of CeO, for further reac-
tion. The third step is usually recognized as the rate-determining
step.

For the synthesis of organic carbonates, especially dimethyl
carbonate (DMC), from methanol and CO,, the poor conversion
efficiency (<10%) and the low chemoselectivity (60—90%) are
generally observed even under high temperatures and pressures
due to the thermodynamic limitation [120]. Various dehydrating
agents are then added to remove the generated water, while a flow
apparatus is generally used for the removal of the produced DMC to
overcome the abovementioned problems.

For instance, the catalytic activity of CeO, for the direct syn-
thesis of DMC in the presence of dehydrating agents was system-
atically investigated by Tomishige's group [122—124]. A
carboxylation/hydration cascade reaction was then realized to
synthesize cyclic propylene carbonate, which was catalyzed by
CeO, with 2-cyanopyridine (Scheme 3a). CeOs, as a cascade cata-
lyst, could not only catalytically convert diols into cyclic carbonates
but also promoted the removal of water by the hydrolysis of nitrile
into amide [121]. In specific, the catalytic mechanism was proposed
as the following: (1) the adsorption of diol onto the CeO, surface
through the interaction between hydroxyl group and Lewis acidic
cerium sites, and the subsequent formation of the surface cerium
alkoxide species; (2) the insertion of CO, into the Ce—O bond to
form the surface alkyl carbonate species; (3) the nucleophilic attack
of other hydroxyl groups on the carbonyl carbon in carbonate
species to generate the products and water, and then consequently
recover the surface active sites; and (4) the removal of water by
dehydrating chemicals from CeO, surfaces (Scheme 3b) [97].

In addition, continuous flowing systems were also developed to
further improve the conversion of methanol and the selective
transformation of methanol into DMC. In this catalytic system, CeO,
nanoparticles and 2-cyanopyridine were chosen as the catalyst and
the recyclable dehydrating agent, respectively [125]. Controllable
CO, feeding and stoichiometric amount of methanol and 2-
cyanopyridine mixture under various pressures would lead to the
high methanol conversion efficiency (>95%) and DMC selectivity
(>99%) under the optimized reaction conditions (Fig. 16).

In any case, as efficient heterogeneous catalysts for the direct
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alcohol conversion with CO,, the catalytic structure-function rela-
tionship has been dedicated with efforts to illustrate the effects of
surface properties of CeO, on both catalytic activity and selectivity.
The yields of DMC were proportional to the specific surface area of
catalysts. Stable crystal planes, such as CeO; (111), could provide
the active catalytic sites [126]. The relationships between the DMC
yields and the morphologies of CeO, catalysts are then revealed in
Fig. 17, which established the consistent correlation among
morphology, crystal planes, acid-base sites, and activity of CeO,.
Also, spindle-like nanosized CeO, catalysts, with the large specific
surface area, abundant exposed active (111) planes and substantial

amount of acid-base sites, would deliver the highest DMC yield,
followed by nanorods, nanocubes, and nanooctahedra with the
decreasing yield [127].

The efficient synthesis of DMC could also be achieved by the
transesterification method from ethylene carbonate, which was
catalyzed by mesoporous CeO; catalysts with the high surface area
[128]. The surface basic hydroxyl (Ce—O—H) species were per-
formed as catalytic active sites for the adsorption and subsequent
activation of CH3OH molecules in order to produce the highly active
CH30™ intermediates. CeO; has as well been employed in synthe-
sizing other organic carbonates, such as diethyl carbonate (DEC)
from CO; and ethanol [102,103]. Typically, the amount of surface
basic sites and the specific surface areas of CeO, were crucial for the
adsorption of intermediates. Murzin et al. investigated systemati-
cally the effects of surface properties of CeO, catalysts synthesized
by various methods on their catalytic performances. The DEC yield
was observed to be positively related to the amounts of their sur-
face basic sites and their specific surface areas of CeO; [129,130].

5.2.2. Reduction of CO;

Another effective approach to recycle the heavily discharged
CO; is to catalytically reduce CO, into hydrocarbon fuels (e.g.
methane, methanol, and CO) through thermochemical and photo-
catalytic reactions. In terms of catalysts, as compared with other
metal oxides, CeO, consists of the advantage of oxygen non-
stoichiometry, high rates of oxygen chemical diffusivity, facile-
regulated crystal planes and controllable band gaps, in which all
these are demonstrated with potentials for the chemical reduction
of CO; [131,132]. Moreover, surface control on CeO,, by creating
more defects, can enhance the visible light absorption, obviously
benefiting the corresponding photocatalysis. However, introducing
too many defects might lower the photocatalytic efficiency due to
the fact that these defects can also acted as the trapping centers of
subsequently photogenerated charges. Thus, the optimized surface
properties of CeO, are beneficial for the enhanced catalytic con-
version of CO,.

Furthermore, the samarium-doped CeO> catalysts have also be
demonstrated to thermochemically reduced CO, with water into
hydrogen and CO at high temperatures (over 800 °C) [133]. By using
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this approach, the rapid thermal conversion of CO, into useful fuel
feedstocks of hydrogen, CO, syngas, or methane could be realized.
However, the thermochemical reduction at high temperatures is
unfavorable for practical applications because of the poor chemo-
selectivity, high energy consumption at the endothermic step, and
thermal collapse of the catalysts. In this case, the solar-thermal
reduction technique was hence considered as the more effective
and practical methodology here. Later, a solar cavity-receiver
reactor was designed to achieve the high-flux solar-driven ther-
mochemical dissociation of CO, and H,O with the utilization of
nonstoichiometric CeO, catalysts [134]. As shown in Fig. 18, a solar
reactor was constructed to include a cavity receiver with a
windowed aperture in which the concentrated solar radiation
could pass through. Porous CeO, was then functioned as a catalyst
for promoting the dissociation of CO, and H,O to generate syngas
(Hz and CO) and O, simultaneously.

The thermochemical H,O—CO,-splitting cycle over a non-
stoichiometric oxide can be described by the following reactions
(Equations (5)—(9)) [134]:

Higher temperature, Ty: 1/8 MOy — 1/3 MOy5 + 1/2 03 (g) (5)
Lower temperature, Tp: HO (g) + 1/3 MO2.5 — 1/3 MO, + Ha (g)(6)
Lower temperature, Tr: CO, (g) + 1/8 MOy — 1/3 MO, + CO (g)(7)
Net H,0 dissociation: H,0 (g) — 1/2 03 (g) + Hz (g) (8)
Net CO, dissociation: CO; (g) — 1/2 03 (g) + CO (g) 9)

where M represents Ce or the combination of Ce and a dopant
element. When the local temperature was over 900°C, CO,
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dissociation was initiated. Then, a selectivity of 100% towards CO
production without any detectable amount of carbonaceous species
was obtained. Also, the high catalytic stability of porous ceria cat-
alysts could be maintained even after 500 thermochemical cycles
such that these catalysts were suitable for practical applications.
Typically, the capability of the solar-driven system with a fluidized
bed reactor for CO,/H,0 conversions was analyzed based on the
second law of thermodynamics and the catalytic mechanism of
CeO5 [135]. With the assistance of CeO; catalysts and the recapture
of waste heat, an increase in the temperature of the carrier gas and
the concentration ratio of CO3/H,0 would further promote the
conversion efficiency of solar to chemical energy up to 43.2%.

In addition, the photocatalytic conversion of CO, into useful
hydrocarbons under mild conditions is also a promising approach
[136—142]. In order to suppress the energy barrier for producing
CO, the formation of bent CO%" intermediates on a semiconductor
surface through the efficient activation of CO, is considered the
most important step, followed by the reductive dissociation of the
C—O bond. Similar to that in the synthesis of DMC, the catalytic
surface properties, including oxygen vacancies and acidity-basicity
of Ce0O,, are of great importance in the CO, adsorption, diffusion,
and electron-facilitated redox chemistry over the catalysts [137].
The defect-enriched CeO; nanorods showed the excellent capa-
bility of photochemical conversion of CO, to CO with a high
selectivity under ambient conditions [137]. Experimental results
also demonstrated that the elimination of surface oxygen vacancies
and the enhanced electrophilic species would weaken the CO,
activation, suppressing the migration of the energetic electrons and

terminating the photoreduction of CO, (Fig. 19). Thus, the surface
oxygen vacancies and the defect-induced local strain accommo-
dated in the defective nanorods were expected to facilitate the
activation of CO,, to lower the energy barrier, and to provide
abundant catalytic sites for the reduction of CO,. However, the high
concentration of surface defects might inevitably reduce the
diffusion of photogenerated charges because of the charge trapping
nature of the surface defects.

The photocatalytic activity of CeO, for CO, reduction is also
highly depended on the crystal orientation of the catalysts. For
example, a CeO, homojunction, consisting of the hexahedron
prism-anchored octahedra with the exposed prism surfaces of
{100} facets and the exposed octahedral surfaces of {111} facets,
could be constructed by the solution-based crystallographic-ori-
ented epitaxial growth (Fig. 20a—d) [140]. Strong structure-activity
relationships for the photocatalytic CO, conversion were then
observed, where Pt was used as the cocatalyst (Fig. 20e—f). This
homojunctioned structure were known to contribute to the
following three crucial factors: (1) the efficient transfer of photo-
generated electrons and holes to the octahedral and prism surfaces,
respectively, where this efficient spatial charge separation could
promote the separation and duration of photogenerated charges;
(2) the CeO; hexahedron prism arms as the fast pathways for
photogenerated carrier transportation within the homojunction;
(3) the different effective mass of electrons and holes on {100} and
{111} facets equipped with the higher charge carrier mobility and
more facilitated charge separation [113]. As a result, by the rational
design of CeO; arms, the optimized properties towards methane
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generation could then be obtained (Fig. 20).

However, the corresponding light adsorption is only limited to
the range of ultraviolet and blue region with the wavelength
smaller than 360 nm due to the relatively large band gap of CeO,
(~3.2 eV). In this case, CeO, is usually hindered from photocatalysis
because of its inappropriate band gap, in which it can only be
functioned as the co-catalyst/additive to promote the electron-hole
separation and oxygen mobility due to its recyclable Ce3*/Ce*" pair
and OSC [5,90]. As discussed, increasing the surface defect con-
centration of CeO, by controlling the morphology, doping foreign
ions, and different post-treatments can apparently narrow down its
band gap to broaden the light adsorption as well as to generate
more active sites for CO, adsorption. Future investigations on the
control of surface properties of ceria can further enhance its cata-
lytic activity towards photochemical reduction of CO,.

5.3. Organic transformation

As a multi-functional oxide materials, CeO, has attracted
considerable attentions in the organic catalytic reactions, such as
hydrolysis, dehydration, reduction, oxidation, addition, substitu-
tion, ring opening, and coupling reactions [6,143—145]. Both the
surface-versatile acid-base features and the reversible redox
properties of CeO, trigger its highly catalytic performances for
numerous organic transformations. In general, the surface Ce>* and
oxygen vacancy have been reported as the active catalytic sites for
hydrolysis and oxidation reactions [6]. The surface Lewis basic sites
and oxygen vacancy can mediate the electron transfer and modu-
late the electronic density of the surface active centers, which can

further affect their catalytic capabilities for the reduction and
coupling reactions. A wide range of organic reactions catalyzed by
CeO, have been well summarized by Vivier et al. in 2010 and ref-
erences therein [6]. Herein, we discuss the recent progress on the
catalytic performance of CeO, for various organic reactions with
the special emphasis on correlations between the surface proper-
ties and the catalytic performance.

5.3.1. Hydrolysis and dehydration reactions

Hydrolysis and dehydration reactions, which are of great
importance for organic synthesis and industrial production, can be
generally catalyzed by various homogeneous Lewis acid catalysts. It
is well known that the controllability on the amount and strength
of the surface Lewis acid/base is important for these two reactions.
For heterogeneous Lewis acid catalysts, the Lewis acid sites will be
easily malfunctioned by the chemical dissociation of water on the
surface of heterogeneous catalysts during hydrolysis. This irre-
versible process would lead to the rapid decline of the catalysts’
activity. Recent studies demonstrated that CeO, synthesized by a
specific method was belonged to a type of catalyst that is water
tolerant during hydrolysis [146]. In this work, CeO, catalysts
showed the exceptionally high activity with a turnover number of
up to 260 and a good recyclability for the hydrolysis of 4-methyl-
1,3-dioxane to 1,3-butanediol (Fig. 21a and b). The general inter-
action between water and CeO; forms the proton- and hydroxide-
covered surface of CeO, under hydrothermal conditions or at high
temperatures. This irreversible process completely changes the
surface acid-base properties of the catalysts. Importantly, the
analysis of temperature-programmed desorption of water on the
specific CeO, catalysts indicated that the water molecules were
associatively adsorbed as weak protons and hydroxides on the
catalyst surface (type 3 in the profile, Fig. 21c), in which this
reversible process was confirmed by the FTIR and nuclear magnetic
resonance (NMR) measurements on the acidity of freshly prepared
catalysts and water-treated ones. As a result, the CeO, catalysts
reported in this study are illustrated as water resistant.

The catalytic mechanism for hydrolysis by CeO, is also proposed
in Fig. 21d. In specific, the associatively adsorbed water located on
top of the Lewis acidic sites of CeO, catalysts can protonate 4-
methyl-1,3-dioxane, leading to the formation of surface adsorbed
acetal and leaving the active site for the associate adsorption of the
second water molecule. The second water molecule is then acti-
vated at the surface Lewis acidic site of CeO, catalysts and subse-
quently hydrolyzes the surface acetal into 1,3-butanediol as the
product. Simultaneously, the surface active phase, the Lewis acidic
site, is available again for the next hydrolysis process. It is noted
that the (111) surface of CeO, was confirmed to be the catalytically
active crystalline facet for hydrolysis. The surface property-
dependent catalytic activity of CeO, nanorods was also evaluated
for the hydrolysis of 4-methyl-1,3-dioxane, in which the catalysts
with the highest concentration of surface defects would yield the
highest catalytic activity.

At the same time, hydration of nitriles to amides is another
important hydrolysis reaction. In general, this transformation is
catalyzed by strong acids or bases. However, these catalysts always
induce the over-hydrolysis of amides into carboxylic acids and the
formation of salts after the neutralization of catalysts [147]. Simi-
larly, the metal-based homogeneous and heterogeneous catalysts
also suffer from restricted reaction conditions, high cost, and dif-
ficulties in the separation of product from the reaction systems. In
contrast, the surface-engineered CeO, could deliver a catalytically
selective hydration of 2-cyanopyridine, thereby being capable to
produce the corresponding amide at low temperatures
(30—100°C). The surface low-coordinated Ce species or oxygen
vacancies of CeO; are recognized as the catalytic active phases for
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the reaction [148]. As shown in the proposed catalytic mechanism
(Fig. 22a), the hydrolysis reaction starts with the dissociation of
water molecule on the surface oxygen vacancy sites of CeO, to
produce H% and OH®~. Nitrile is then adsorbed on the surface of
CeO5 through the weak interaction between N atom in the ring and
surface Lewis acidic cerium sites, forming a nitrile-CeO, complex.
Subsequently, the adsorbed complex undergoes an addition of
OH®" to become a nitrile carbon atom, yielding the final amide. This
step is typically considered as the rate-determining step. The final
desorption of the products always accompanies with the

regeneration of the surface active sites. Based on the catalytic
mechanism, one would expect that the post-treatment on CeO,
catalysts creating more surface defects can further promote the
corresponding catalytic activity for hydrolysis of nitriles. When
nitriles have a heteroatom (N or O) adjacent to the a-C of CN group,
the rate of hydrolysis reaction is considerably higher than that of
other common nitriles (Fig. 22b) [149].

Notably, the nanocrystalline CeO, materials have also been
found to function as the enhanced catalyst for the dehydration of
aldoximes into nitriles as compared with other acid-base metal
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oxides (e.g. Al,03, TiO,, and MgO) [150]. Many investigations of
their catalytic mechanisms suggest that the Lewis acid sites are
generally involved in the adsorption of oxime on the surface of
CeO, through the interaction between N atoms and surface Lewis
acidic sites. The surface Lewis base sites are responsible for cata-
lyzing the C—H bond cleavage [150]. Combining these two results
together, the surface acidic and basic sites can be employed for the
dehydration of oximes. As discussed above, the nanocrystalline
Ce0; can also be utilized to catalyze the hydrolysis of nitriles. Thus,
the picolinamide and picolinic acid alkyl ester derivatives can be
obtained from 2-pyridinaldoxime with good yields in the one-pot
process.

5.3.2. Oxidation reactions
For oxidation reactions, CeO> is as well commonly considered as
one of the most promising catalysts because of its superior redox

ability and large OSC. In general, the redox ability of CeO, is
important for the reaction performed at temperatures over 200 °C
[151]. Until recently, numerous studies have proved that oxidations
catalyzed by CeO, catalysts can be achieved at low temperatures
(even less than 100°C) by controlling their morphology, crystal
facets, or chemical doping by foreign elements. For instance, CeO,
alone is observed to exhibit the impressive catalytic activity to
oxidize benzyl alcohol into benzaldehyde at 60 °C in presence of air
as the oxidant, and the produced benzaldehyde can further couple
with aniline to yield imine [152]. The catalytic activity of CeO,
catalysts for oxidation can be additionally enhanced by loading Au
nanocatalysts or Au nanoclusters onto their surface [153]. Au/CeO,
are demonstrated to catalyze the aerobic oxidation of aromatic
anilines to aromatic azo compounds under 100 °C. As compared
with the pure CeO, catalyst, the catalytic activity of Au/CeO, en-
hances by almost 10 times under the same reaction conditions.
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Fig. 24. Catalytic oxidation of para-xylene into terephthalic acid with 3D self-assembly
of CeO, nanocubes. Adapted with permission from Ref. [159]. Copyright © 2014,
American Chemical Society.

: water
(100% Conversion)

Regarding the selective oxidation of benzyl alcohol to benzalde-
hyde, visible-light-driven oxidations can be occurred even at room
temperature catalyzed by Au/CeO, catalysts with various mor-
phologies [154—156]. The Mn-doped CeO, catalysts with multiple
redox states and very high OSC exhibit the superior catalytic per-
formance for the selective oxidation of hydrocarbons under reac-
tion temperatures between 100 and 120 °C [157]. The pronounced
catalytic activity of MnCeOy catalysts here can be attributed to the
formation of MngsCeps50x solid solution, which provides the
maximum number of active surface oxygen species for the activa-
tion of C—H bonds.

After that, the oxidation of C—H bonds catalyzed by pure CeO;
will be discussed thoroughly in the following. This reaction im-
poses a profound challenge for the development of efficient

R-X
(X=CL Br, I)

n-CeO. n-CeQ
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Fig. 25. (a) Oxyhalogenation of activated arenes with nanocrystalline ceria. (b)
Possible mechanism for the nanocrystalline ceria-mediated aerobic oxidative haloge-
nation of activated arenes with organic halides. (c) Time-yield plot for the halogena-
tion of 1,3,5-trimethoxybenzene (0.62 mmol) in 1-bromo-3-chloropropane, under
oxygen (6 bar, 0.9 mmol) at 140 °C in the presence of 1.2 mmol of ceria nanorods (1),
standard nanocrystalline ceria (0), nanooctahedra (A), or nanocubes ( x ). Adapted
with permission from Ref. [160]. Copyright © 2013, American Chemical Society.

heterogeneous catalysts because of the large bond energy of C—H
bonds involved. The well-defined CeO, nanocubes covered by oleic



Y. Ma et al. / Surface Science Reports 73 (2018) 1-36 25

acid are demonstrated with the exclusive selectivity for the
oxidation of toluene into benzaldehyde [158]. The surface oleic
acids do not only stabilize the {100} crystal facets but also favor the
accessibility of organic reactants to the surface of CeO, nanocubes
in the water media. Importantly, the highly regular surface of CeO,
nanocubes is characterized as a smooth crystal plane with uniform
surface states. Thus, the catalysts can produce only one type of
active oxygen, which leads to the exclusively selective oxidation of
toluene into benzaldehyde (Fig. 23) [158].

The 3D self-assembly of CeO, nanocubes can also be facilitated
by a strong coordinating property of oleic acid towards (100) planes
of the nanocrystals. The oriented attachment of CeO, nanocrystal

Organic modifier
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—

Strong Lewis base
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building blocks forms the (100) surfaces of the exposed porous
CeO5, cubic by sharing the {111} facets (Fig. 24). The assembled CeO,
nanocubes then exhibited the superior oxidizability for the efficient
alkylarene oxidation in water at low temperatures (below 85 °C)
and 1 bar O, pressure [159]. The features of high concentration of
surface oxygen vacancies, small crystalline size of cubic building
blocks, large surface area and pore size, and large quantity of hy-
drophobic oleic acid surfactants are believed to play important
roles in the catalytic oxidation of alkylarenes. In this structure, the
oxygen vacancy is the catalytically active site for the oxidation. As
compared with CeO; (111), the (100) facets favor the formation of
oxygen vacancy and deliver a large value of OSC. The long tail of
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hydrophobic oleic acid can also trap the alkylarenes into the pores
and help them to reach the catalyst surface. The defective sites on
the catalyst surface can as well promote the formation of in-
termediates, which further react with oxygen to release the prod-
ucts. After the removal of the surfactants, the catalysts are found to
give the very poor catalytic activity and selectivity.

In any case, CeO; nanostructures are also revealed to deliver the
remarkable catalytic activity for the oxidative oxyhalogenation of
arenes under aerobic conditions [160]. Halogenation of hydrocar-
bons is an important process in the chemical industry. As illustrated
in Fig. 25a, the C—H bond of the arenes can be activated effectively
by CeO, catalysts and halogenated by the organic or inorganic
halogen compounds in the presence of oxygen. The possible reac-
tion mechanism is shown in Fig. 25b. Initially, the surface basic
species of CeO, activates the halogen compounds to produce
anionic halides, where the halogen radicals can be later generated
at the surface redox sites of CeO,. When the two radicals interact
with the dihalogen species, the products can be obtained by an
electrophilic aromatic substitution. Notably, the formation of CeO,-
halogen intermediates is also possible. Thus, regulating the surface
properties of CeO; catalysts is also important for the enhancement
of their catalytic activities. CeO, nanoparticles with the smaller
crystalline size can as well give the higher catalytic activity, sug-
gesting that the available surface areas and the abundance of sur-
face defects contribute dominantly to the oxidative reactions. The
plane orientations also play important roles for the catalytic
oxidative halogenation of arenes. Among all the different mor-
phologies, CeO, nanorods gave the best catalytic performance for
oxidation reactions.

5.3.3. Hydromethoxylation of acrylonitrile

As compared with the unmodified catalysts, creating new cat-
alytic active sites on the surface of heterogeneous catalysts by using
small molecules as modifiers can improve their catalytic efficiency
and chemoselectivity dramatically [161]. For example, there is a
recent work employing pyridine and its derivatives as organic
modifiers to construct a novel charge-transfer complex as the
hybrid interface basic site on the surface of CeO, nanoparticles
(Fig. 26a). In this strategy, the surface Lewis acidic sites of CeO,
provide the adsorption sites for the organic modifiers. The defect-
abundant surface of CeO, exhibits a structural feature with the
adjacent surface Lewis acidic and basic sites. When the organic
modifiers are existed in the presence of Lewis basic functional
groups, the surface modification would produce a new Lewis base
configuration composed of two bases, with one from the organic
modifiers while another one from the surface adjacent Lewis bases.
Once 2-cyanopyridine is used as the organic modifier, such a
structure can deliver a 2000-fold enhancement for the hydro-
methoxylation of acrylonitrile with a very high selectivity as
compared with CeO, alone (Fig. 26b). This impressive catalytic
behavior is only observed on the complex of CeO, and pyridine
modifiers, suggesting the importance of unique acid-base proper-
ties of CeO, for the formation of new surface catalytic active sites.
Among various organic modifiers, 2-cyanopyridine is considered to
be the most effective one (Fig. 26¢).

5.3.4. Catalytic hydrogenation

In general, CeO; can serves as the promoter, stabilizer, or addi-
tive to improve the hydrogenation catalytic activity of anchored
metal active phases (e.g. Pt, and Pd) [2]. The strong metal-support
interaction effects between CeO, and metal active phases can
enrich the electron density of supporting metals and subsequently
promote their capability for hydrogen activation and dissociation
[2,162,163]. Combining with the acid-base and redox properties of
Ce0,, the catalytic activity and selectivity of metal/CeO, catalysts

for hydrogenation reactions can be dramatically modulated
[162,164]. With CeO, as the support, Cu and Au catalysts also
exhibit the strong ability for hydrogen activation and deliver the
excellent catalytic activity for hydrogenation of unsaturated com-
pounds [165,166]. In particular, Cu/CeO; catalysts are revealed with
the good activity towards the hydrogenation of DMCs to methanol
at a temperature of 160 °C and a low H; pressure of 2.5 MPa [167].
Because of the large amount of surface defects, specific organic
groups will be preferentially adsorbed on the surface of CeO, rather
than the surface of metal nanocatalysts. This highly selective
adsorption model of substrates may also dramatically promote the
catalytic hydrogenation performance of CeO,-based catalysts.
Recently, the subnano Pd clusters anchored on the surface defect-
abundant PN-CeO, were shown to deliver the enhanced catalytic
efficiency and chemoselectivity for the hydrogenation of nitro-
arenes [163]. For the hydrogenation of 4-nitrophenol, the catalyst
yielded a TOF of ~44059 h™! and a chemoselectivity to 4-
aminophenol of >99.9%. This superior catalytic performance
could be attributed to a cooperative effect between the highly
dispersed subnano Pd clusters for the hydrogen activation and the
unique surface sites of PN-CeO; with a high concentration of oxy-
gen vacancy for the energetically and geometrically preferential
adsorption of nitroarenes via the nitro group.

In fact, the catalytic activity of pure CeO, is commonly observed
for oxidations rather than reductive hydrogenations. Previous DFT
calculations indicated that CeO; (111) can effectively activate
hydrogen molecules with a low activation energy of 0.2 eV and a
high exothermicity (—2.82eV) [168]. The adsorption energies of
hydrogen species on CeO; (110) and CeO; (111) surfaces are
calculated to be —150.8 and —128.3 kJ/mol, respectively. These
simulation results indicated that the H, molecule can be effectively
activated and energetically adsorbed on the CeO, surface. Early in
2007, it was reported that pure CeO, nanoparticles could hydro-
genate benzoic acid into benzaldehyde at 380°C in a fixed bed
reactor [169]. Their rapid deactivated performance was attributed
to the coke formation on the surface of CeO, nanoparticles; how-
ever, there is not any detailed catalytic mechanism explored for
benzoic acid hydrogenations catalyzed by CeO, [169,170].

Lately, pure CeO, nanoparticles were discovered to exhibit their
high catalytic activity and chemoselectivity in the partial hydro-
genation of alkynes into olefins [171]. The hydrogenation of pro-
pyne at ambient pressure in the gas phase was used as a
demonstration [141]. The hydrogenation conditions were opti-
mized at 523 K with a H,/C3H4 ratio of 30:1 and a contact time of
0.21 s. The conversion of propyne could reach a maximum of 96%
with a selectivity to propene of 91%. An increase in the partial
pressure of Hy was positively related to both hydrogenation activity
and chemoselectivity. However, either an increase or decrease in
the reaction temperature would lead to a decreased catalytic ac-
tivity. Also, the chemoselectivity of propene is generally decreased
with the increasing reaction temperature. It is recognized that the
mutative surface properties of CeO, catalysts under the operation
conditions were critical to understand their hydrogenation per-
formance. The propyne conversion was strongly dependent on the
calcination temperature of catalysts (Fig. 27a), while the chemo-
selectivity to propene was moderately influenced by the calcination
temperature. This catalytic phenomenon can be attributed to the
decrease of the surface area of CeO, catalysts as a result of the in-
crease in the calcination temperature. When the catalysts were
pretreated with Hy/He, both the hydrogenation activity and selec-
tivity decreased dramatically (Fig. 27b), which suggested that the
surface reduction levels of CeO, catalysts were important to their
catalytic performance.

At the same time, the corresponding catalytic mechanism can be
proposed from the results of operando infrared spectroscopy. In the
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first step, hydrogen molecules are activated on the surface oxygen
of CeO,, whereas two surface OH groups are formed as a conse-
quence (Fig. 27d). The strong surface acidic and basic sites of CeO,
can then be employed to dissociate propyne into methylacetylide
(CH3—C=C) on top of the cerium and another OH group. The evo-
lution of diffuse reflection infrared Fourier transform (DRIFT)
spectra provides evidence of the proposed activation process
(Fig. 27c). The activated hydrogen species hydrogenates the
methylacetylide into propene (step 3). Then, the desorption of
propene recovers the surface properties of CeO, catalysts (step 4).
As a result, the surface area and oxidation states of CeO, catalysts
determine their catalytic activity and chemoselectivity for hydro-
genation of alkynes into alkenes. The high reduction degree of CeO,
catalysts would generate a high concentration of oxygen vacancy,
which minimizes the available surface sites for the dissociation of

alkynes, leading to a decrease in the catalytic activity. The surface
oxygen species are also crucial for the stabilization of activated
hydrogen species for the next hydrogenation. In this case, CeO,
catalysts with the exposed facets with low vacancy content can
benefit the hydrogenation of alkynes into alkenes. The higher cat-
alytic performance of CeO is then typically dominated by the (111)
surface, as compared to that of CeO, nanocubes enclosed with (100)
facets [172].

However, the exact catalytic mechanism is still under debate till
now. A recent DFT calculation study suggested a concerted pathway
for the hydrogenation of alkynes (Fig. 28) [173]. The high ratio of
H,/C3H4 makes the CeO, surface completely hydroxylated. Both H;
and C3Hy can be adsorbed on the top of Ce>*. In this approach, the
adsorbed H; molecule, the two carbon atoms from unabsorbed
alkynes, and one OH group form a six-member ring structure as the
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Fig. 28. Overall reaction energy profile for the selective hydrogenation of propyne. For
the sake of clarity, the fully hydroxylated CeO,(111) surface is represented by a gray
hexagon, where the Ce, O, and H surface atoms are depicted as pale yellow, red, and
black spheres, respectively. The energy of TS has been corrected by the ZPVE. Adapted
with permission from Ref. [173]. Copyright © 2014, American Chemical Society. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

transition state. The calculated activation energy of 1.88 eV indi-
cated that the proposed concerted pathway is plausible under the
calculated conditions. It should also be noted that this hydroge-
nation mechanism is proposed on the basis of highly H-covered
surface of CeO, catalysts.

In general, high temperature is required for the hydrogenation
catalyzed by CeO, because of its inherent low capability of the
heterolytic (between lattice Ce*t and 0?°) pathway for Hj

o)

dissociation. Moreover, the substrate selection is limited to alkynes
with the terminal C=C triple bond because of the pre-
requirements of the dissociation of —C=C—H at the catalyst sur-
face. Recently, PN-CeO, catalysts with regulated surface properties
have been reported to deliver a very high catalytic activity for the
hydrogenation of alkenes and alkynes with the wider scope under
mild conditions (Fig. 29a) [174]. As compared to others in the
literature, three important factors were outlined: (1) PN-CeO,
catalysts have a very high concentration of the surface defects, (2)
both alkynes and alkenes can be reduced into alkanes, (3) the re-
action conditions (T = 100 °C and P(H,) = 1.0 MPa) are much milder
than those specified in the literature. Moreover, DFT calculations
and control experiments suggest that the richness of surface de-
fects is critical for the construction of a new surface Lewis acidic
center by two adjacent reduced surface Ce atoms near the oxygen
vacancy. The “fixed” surface lattice oxygen as Lewis base and the
constructed Lewis acid have a large possibility to be close enough
but independent due to the richness of surface defects as well as the
unique geometrical and electronic configurations, being analogy to
the molecular homogeneous FLPs. The theoretical results as well
demonstrated that the created FLP sites can be easily used to
dissociate H—H bond with a low activation energy of 0.17 eV
(Fig. 29c¢).

The necessity of the co-existence of constructed Lewis acidic
and basic sites of PN-CeO; for the hydrogenation of styrene was
further confirmed in the presence of other molecular Lewis acid or
base during the catalytic process. The addition of very small
amount of Lewis base pyridine and Lewis acid pyrrole could
completely terminate the hydrogenation activity of PN-CeO;
(Fig. 29b). The blockage of surface sites of PN-CeO, by trace amount
of pyridine/pyrrole molecules were found to give a low possibility
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for the formation of surface FLP sites in the aspect of population of
adjacent surface Ce3*. Fig. 29d shows the conversion efficiency of
styrene as a function of the total amount of the surface Ce>* species
per gram of various CeO catalysts, which evidently demonstrates
the importance of surface defects for the construction of surface
FLP-like active sites and their consequent hydrogenation activity.

In addition, CeO, nanorods covered by {110} planes are also
observed to efficiently and selectively catalyze the hydrogenation
of nitroaromatics by using NyH, as the reducing agent [175]. These
{110} planes usually exhibit the higher catalytic activity for the
hydrogenation as compared with the {100} and {111} counterparts.
Theoretical studies showed that the surface reduction reaction on
the {110} planes is energetically much more favorable because the
oxygen vacancies are more easily formed on the {110} planes than
on the {111} and {100} planes [175].

All the above hydrogenation performances of CeO, suggest that
the surface properties of catalysts play very important roles in the
reaction. Initially, the surface defects of CeO, are believed to be
detrimental for the hydrogen activation [171,172]. Surprisingly,
further increasing the surface defects of CeO, would lead to the
formation of defect clusters and the construction of new surface
active sites of the solid frustrated Lewis pairs, which can be used
efficiently for the hydrogen activation and subsequent hydroge-
nation [174,176]. Such a strategy is of great interest to develop high-
performance heterogeneous catalysts with the modulated active
sites by regulating their surface properties.

5.3.5. Other catalytic organic reactions

Apart from conventional organic reactions, pure CeO, nano-
structures have also been explored for many other organic catalysis.
The transesterification of esters with alcohols is generally catalyzed
by homogeneous protic acids, Lewis acids, and basic catalysts.
Although heterogeneous catalysts (e.g., CaO, MgO, and poly-
oxometalates) have been reported for transesterification reactions,
most of them are suffered from the catalyst leaching and narrow
substrate scopes. Inspired from the co-existence of both surface
acidic and basic species, CeO; was lately developed as the robust
heterogeneous catalyst for the solvent-free transesterification of
esters [177]. As compared with the catalytic performance of CaO,
CeO; nanoparticles exhibited the higher catalytic efficiency with
the good recyclability for transesterification of esters (Fig. 30a and
b). Also, a catalytic mechanism of transesterification by CeO, is
proposed in Fig. 30c. In the first step, the ester molecule is cleaved
and adsorbed on the top of surface cerium sites, yielding the surface
carboxylate species. Assisted by the surface basic sites of CeO,, the
dissociative adsorption of alcohol is also occurred at the catalyst
surface to form the alkoxide species. The subsequent nucleophilic
substitution between surface alkoxides and carboxylate species as
well as the corresponding desorption would leave the products. It is
noted that the proton abstraction of alcohol by a Lewis base site of
CeO, is considered the rate-limiting step. Thus, the high concen-
tration of surface basic sites will be expected to promote the cat-
alytic performance of CeO,.

Furthermore, CeO, nanoparticles also exhibited their catalytic
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activity for the one-step synthesis of esters from nitriles and alco-
hols [178]. The initial step of the catalytic reaction is similar to that
of the selective hydrolysis of nitriles into amides. The surface
amide-CeO, complex then undergoes an addition of alcohol to
become the amide carbon atom to yield the ester. Likewise, the
surface defects determine the catalytic activity. Thus, CeO-, catalysts
could deliver more than two orders of magnitude higher activity
than other metal oxides (TiO,, SnO3, MnO,, and ZrO,, etc.), which
was attributed to the unique surface acid-base and reversible redox
properties of CeO,. In another case, the Pr-droped CeO; catalysts
showed the enhanced catalytic activity to convert isobutene,
formaldehyde, and water into 3-methyl-1,3-butanediol in one step
as contrasted to that enabled by pure CeO,. This enhancement is
largely due to the fact that the Pr doping can create more surface
oxygen vacancies on the catalyst surface and subsequently improve
the Lewis acidity of catalysts for the promoted catalytic activity
[178].

5.4. Biomimetic catalysis

In addition, CeO, nanostructures have as well been extensively
explored to mimic various natural enzymes, such as superoxide
dismutate (SOD), peroxidase, catalase, and oxidase [179—184]. The
multiple enzyme-like properties of CeO, can contribute diverse
applications for clinic diagnosis, biosensing, drug delivery, and
antioxidants against oxidative stress [185—198]. The use of CeO,
nanostructures as artificial nanozymes has been originated from
their surface reversible mutation of the oxidation states between
Ce>* and Ce*t [179,181,182,199] as well as their features of
biocompatibility and nontoxic nature [200,201]. Therefore, the

surface defects of CeO, typically serve as the catalytic active sites.
Regulating their surface by chemical techniques can considerably
affect the catalytic performances of CeO, nanostructures as artifi-
cial enzymes [179]. Comprehensive reviews on the artificial nano-
zymes, including CeO,, have been performed. In this work, we aim
to focus on the recent progress of biomimetic catalytic behavior of
nanoceria, especially on those through the surface control.

5.4.1. Peroxidase-like activity of CeOy

Peroxidases are a class of natural enzymes that catalyze the
oxidation of compounds by the decomposition of hydrogen
peroxide or organic peroxide [202]. Despite that CeO, nano-
structures are widely explored as artificial SODs, oxidases, and
catalases as well as for potential applications in biology
[184,203,204], their peroxidase activity are seldom investigated
because of their relatively low peroxidase activity [205]. Previous
catalytic mechanism studies suggested that the surface properties
of CeO, with a large surface Ce>* fraction would play an important
role to boost the peroxidase activity since the peroxidase-like ac-
tivity of CeO, is originated from their ability of Ce>*/Ce** rapid
cycling [182,183]. In this case, the highest available amount of Ce3*
on the surface of CeO, may promote the reaction efficiency and
catalytic activity.

Recently, we reported that PN-CeO, displayed a very strong
peroxidase-like activity by catalyzing the oxidation of 3,3',5,5'-
tetramethylbenzidine (TMB) in the presence of H,O, (Fig. 31a),
which demonstrated the importance of surface properties of CeO,
as artificial nanozymes on their catalytic performance [183]. As
compared with the natural horseradish peroxidase (HRP) and other
nanocerias with various morphologies (e.g. nanoparticles,



Y. Ma et al. / Surface Science Reports 73 (2018) 1-36 31

(a) (b) = = Control \'C)‘—

e, E 0 E o-++

: S o Y R

&, CNPs (aq.) TR | = iodumpas BSo002 fe o 8%

3 _2202 L ,ﬂﬁ d 3 "'-.._

= ﬁ o ? ﬁ o L {. : .

s E2 E 2-0.04 | O

s 50 yM PBS 5 So %' 5 S |

w = e ! 1.4 = 'e_o 06 * 100 HM CENPL # + 4'

2 10 uM PBS 2 y - R — 1 | S
30.0 -Z#"%:J_ g-o 08 OCF"”PBS e

240 260 280 300 320 340 360 0 4 12 20 0 60 120 180 240 300 360

Wavelenath (nm)

16
Tlme (minutes)

Time (seconds)

Fig. 32. SOD and catalase dose-dependent shift in surface oxidation state of CeNPs by treatment with phosphate anions (PO4). CeNPs (100 mM) were dispersed in a range of
phosphate concentrations (10, 50, and 100 mM) and incubated for 24 h before UV—visible spectroscopy (a), SOD mimetic (b) and catalase mimetic (c) activity measurements from
the resulting suspensions. A kinetic measurement of catalase-like activity was analyzed by following H,0, degradation at 240 nm. Adapted with permission from Ref. [207].

Copyright © 2011, Elsevier B. V. All rights preserved.

nonporous nanorods, cubes and octahedra), apparent steady-state
kinetic studies indicate the best affinity of TMB with PN-CeO; and
the highest catalytic activity of PN-CeO, as the peroxidase
(Fig. 31b). Kinetic studies also suggest that the defective sites can
serve as catalytic centers with the enhanced ability for activation of
H,0,. Thus, PN-CeO, with the highest surface Ce3* fraction and the
largest oxygen vacancy could deliver the superior peroxidase-like
activity. This also explains the very low catalytic activity of
commonly reported CeO, nanoparticles. Another unique aspect of
PN-CeO; as the artificial peroxidase is its almost constant activity at
various measurement temperatures of 4—60 °C (Fig. 31c). In addi-
tion, PN-CeO, as the artificial peroxidase shows a very high
chemical and catalytic stability under harsh conditions. Later, an
accurate and reliable immunoassay based on PN-CeO, was also
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demonstrated for the specific detection of CA15-3 (a biomarker of
breast cancer, Fig. 31d). The detection limit of PN-CeO; was 0.01 ng/
mL, which was one order of magnitude higher than that of the HRP
system.

5.4.2. SOD and catalase activity

SOD is a natural enzyme that catalyzes the dismutation of su-
peroxide radicals into either O, or H0O,. Catalase is a common
enzyme that catalyzes the decomposition of H,0; to H,0 and O,.
Thus, both enzymes have protective effects against the oxidative
stress induced by strong oxidants and exhibit the potential to
protect the living organisms from the oxidative stress [186—188].
When CeO, mimics the SOD enzymes, the produced H,0,, as the
source of hydroxyl radicals (i.e. the most deconstructive ROS), is
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Fig. 33. Oxidase mimicking activity of nanoceria by fluoride capping. (a) A scheme showing F~-capped nanoceria with improved oxidase turnovers. (b) DLS size distribution and a

TEM image (inset) of nanoceria. The scale bar in the inset of (b) is 20 nm. UV—vis spectra of (c)

ABTS (0.5 mM) and (d) TMB (1 mM) oxidation by nanoceria (100 ug mL~") with or

without F~ (1 mM for ABTS, 5 mM for TMB) at pH 4 (acetate buffer, 20 mM) after 30 min of reaction. The insets are 1: the free substrate, 2: the substrate with F~, 3: the substrate

with bare Ce0,, 4: the substrate with F -capped CeO,. Adapted with permission from Ref. [211]. Copyright ©

2016, Royal Society of Chemistry.
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considered as the more toxic species over superoxide for biological
systems [179,187,206]. Fortunately, CeO artificial nanozymes can
also serve as catalases and decompose H,0, into harmless O, and
H,O0. As a result, CeO, nanozymes are promising to be used as an-
tioxidants for the therapy involving oxidative stress. Many factors,
including the morphology, size, surface Ce3*/Ce** ratio, and reac-
tion conditions (e.g., pH, buffer species), affect the SOD and catalase
activity of CeO, [181,182]. It has been recognized that the high
surface Ce>t/Ce** ratio of CeO, nanozymes is a positive factor for
their SOD-like activity but deconstructive for their catalase-like
activity [182]. Thus, it is important to control the surface proper-
ties of CeO, to combine the SOD and catalase mimetic processes
together, where the generated H,0, from SOD mimetic system can
be immediately consumed by the catalase mimetic system.

At the same time, inorganic ions, such as phosphate ions (P03 ),
have been recently found to effectively modulate the SOD and
catalase activity of CeO, nanoparticles [207]. The phosphate ions
are strongly adsorbed on the surface of cerium as a hard Lewis acid.
When the concentration of phosphate ions is increased in the re-
action environment, the SOD-like activity of CeO, is gradually
inhibited but the catalase-like activity is enhanced (Fig. 32). Thus, it
provides a practical approach to reach the equilibrium between
H,0, generation from the SOD process and subsequent H,0;

decomposition from catalase process.

5.4.3. Oxidase activity

Oxidase is an enzyme that catalyzes the oxidation-reduction
reaction involving O, as the electron acceptor, in which O, is
reduced to HO or H,0». In general, the oxidase-like activity of CeO,
nanozymes has been evaluated and then further developed to use
as colorimetric sensors for the selective detection of dopamine and
catechol [208—210]. Similarly, the oxidase mimetic activity of CeO,
is also considerably affected by the surface properties of artificial
enzymes. Fluoride-treated CeO, nanoparticles showed over a 100-
fold enhancement on their oxidase-like activity, as compared with
the untreated counterparts (Fig. 33) [211]. This vast enhanced cat-
alytic activity can be attributed to the alternated surface charge
after the fluoride modification, in which the strong electron with-
drawing properties of fluoride ions can promote the efficient
adsorption of the substrates and desorption of the products.

5.4.4. Phosphatase-mimetic activity

In addition, phosphatase is an enzyme that hydrolyzes the
phosphoric acid monoester into a phosphate ion and a free hy-
droxyl group [212]. Actually, phosphatase enzymes are essential to
many biological functions, especially in the cellular regulation and
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signaling [213]. Also, many chemical warfare agents are toxic
organophosphorus compounds containing phosphonate ester
bonds [214,215]. Thus, the phosphatase activity of natural and
artificial enzymes has been widely improved for the rapid hydro-
lysis of these toxic chemicals. Previous studies showed that CeO,
nanostructures could mimic the phosphatase enzymes to cleave
the phosphonate ester bonds [216—219]. Recent systematic
dephosphorylation reaction kinetics demonstrated that the
morphology and surface defects determined the catalytic activity of
CeO, nanozymes in an order of nanosphere > nano-octahe-
dron > nanorod > nanocube based on their morphologies [218]. It is
noted that the surface oxygen vacancy is recognized as the catalytic
active site for the cleavage of phosphonate ester bonds. In this case,
introducing more surface defects may be able to significantly
enhance the phosphatase-mimetic activity of CeO».

The effect of surface defects in terms of surface Ce>* fractions
was investigated by using the vacancy-engineered (VE) CeO
nanoparticles with the size of several nanometers [220]. As
compared with other common CeO; nanoparticles, VE CeO»
nanoparticles were synthesized in the presence of H,0,. A relative
higher surface Ce>"/Ce** fraction of 14.28% was then achieved for
the VE CeO, nanoparticles. The synergistic activity between surface
Ce>* and Ce** could facilitate the hydrolysis of phosphonate ester
bonds. In particular, the mimetic hydrolysis of paraoxon could be
performed as a model reaction in weak basic solutions (pH ~ 10)
with N-methylmorpholine as a base. The VE CeO, nanoparticles
were demonstrated to give the very high initial hydrolysis rate over
1000 pM min~! at 45°C (Fig. 34a). In contrast, common CeO,
nanoparticles and other metal oxides showed the poor catalytic
activity for hydrolysis reactions (Fig. 34b). Interestingly, either an
increase in the surface Ce>* fraction of VE CeO, nanoparticles by
reductants (e.g., NaBHy, ascorbic acid) or a decrease in the value of
artificial enzymes by oxidants (e.g., H,0,, KIO4), combining with
thermal treatment in the presence of O, would result in a sharp
decrease in the mimetic activity for hydrolysis of paraoxon.

In details, catalytic mechanism investigations suggested that the
surface Ce*" sites typically served as the adsorption sites for par-
aoxon molecules because of the polar nature of phosphoryl oxygen
and the surface Ce3" species bind and activate H,O molecules. As
shown in Fig. 34c, the cooperative surface Ce>* and Ce** species
facilitated the efficient nucleophilic attack of activated water or
hydroxide at the phosphorus center. When the surface of CeO,
catalysts was dominated by the Ce3* species, the surface of nano-
zymes was then mainly occupied by water molecules. Thus, the
organophosphorus compounds became inaccessible to the catalyst
surface, which led to degradation in the hydrolysis activity.
Conversely, the surface of heavily oxidized CeO, nanozymes
allowed the selective adsorption of organophosphorus compounds
and prevented the accessibility of water or hydroxide, which in turn
reduced the phosphatase-mimetic activity. As a result, the opti-
mized Ce3*/Ce*t ratio of CeO, was essential to induce the co-
adsorption of both reactants and to enable the mimetic hydrolysis
activity.

6. Conclusions and perspectives

In summary, the present review highlights the recent research
developments in controlling the surface physicochemical proper-
ties of CeO, catalysts and their practical applications in advanced
catalysis. It is evident that the catalytic activity of CeO; is boosted
from the surface reversible oxidation states between Ce>* and Ce*",
which serves as the driving force for the redox chemistry, leads to
the formation of the surface oxygen vacancy, and gives the unique
surface bifunctional acid-base characteristics. Moreover, as the
support of metal catalysts, manipulating the surface chemistry of

CeO, is also critical to the corresponding metal dispersion and size,
catalytic activity and selectivity, and their capability for anti-
sintering and anticoke formation. In general, surface properties of
CeO; nanostructures can be effectively altered by different syn-
thetic methods, various post-treatments, and surface modifications
by small ions and molecules. Besides, the chemical redox etching
and the synthetic pressure as well as the partial pressure of O, in
reaction vessels can also deliver operative and precise modulations
of the surface chemical characteristics of CeO, nanorods in a wide
window. Benefiting from the controllable surface chemistry of CeO,
catalysts, the catalytic efficiency and chemoselectivity can be well
controlled for various catalytic reactions. From these observations,
the recent progress and practical applications of heterogeneous
CeO, catalysts are thoroughly discussed with the focus in CO
oxidation, CO, conversion, organic synthesis, and their biomimetic
performance.

At the same time, regulating the surface chemistry of CeO;
materials is revealed as a powerful and useful tool to tailor their
catalytic selectivity and activity, and even to stimulate new catalytic
phenomena evidenced by numerous studies mentioned in this
review. Despite the significant progress has been achieved, un-
derstandings on the surface chemistry of CeO, are still far from
being resolved. In order to achieve the further insights, especially
disclosing the detailed catalytic mechanism of surface regulated
CeO; at the molecular and/or atomic levels as well as seeking for
the more practical catalytic applications, there remain more critical
issues to be addressed.

(1) Identifications of the spatial distribution of surface defects.
Both the locations and concentrations of surface defects are
observed to considerably affect the spatial and electronic
structures of the catalytic active sites of CeO, catalysts.
However, although the concentrations of surface defects
might be assessed by various characterization techniques
(e.g., XPS, and Raman), it is still difficult to evaluate the
spatial locations of these species. For example, oxygen va-
cancies can be existed with many possible configurations,
which are usually located on the surface, subsurface or even
bulk, significantly affecting the electronic structures of cor-
responding surface/interface active sites in various ways.
Also, the distance between these surface defects can
considerably affect the catalytic activity of solid catalysts. It
has been reported that CeO, nanorods with clusters of oxy-
gen vacancies could deliver the high catalytic activity for CO
oxidation [221]. As a result, we can envision the importance
of the spatial distribution of surface defects of a catalyst for
specific catalytic reactions. Till now, this front has not been
well explored because of the lack of sufficient technologies
and synthetic strategies to manipulate the defects with well-
defined configurations.

(2) Catalytic performance of CeO, modified by small ions and
molecules. The bifunctional acid-base properties of CeO,
catalysts are widely recognized for their selective adsorption
of small ions or molecules at the surface-specific sites of
catalysts. Recently, the surface modifications of CeO, have
been successfully demonstrated to further optimize the
catalytic efficiency and selectivity for biomimetic reactions
and organic catalysis [222]. In specific, the adsorption of
small surface species can effectively regulate or even
completely change the surface properties of solid catalysts in
at least three aspects: (a) the re-distribution of the surface
charge, (b) the modulation of the absorption of reactants and
desorption of products, and (c) the construction of new
surface catalytic sites. However, the effective surface area
would get reduced because of the adsorbed species, as
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compared with that of the “bare” ones. Therefore, it is highly
important to find a descriptor to balance the surface modi-
fication and the available surface area. Along this direction,
the current progress on modifying the surface chemistry of
CeO; catalysts with small species remains quite limited. We
need to understand the mechanism at the atomic level for
surface modifications and make the adsorbed species cope
with the existing surface species of CeO, catalysts in order
further to promote their catalytic activity, selectivity, and
stability. Moreover, surface modifications by large molecules,
such as polymers and biological molecules, should also be
considered, which can then create a microenvironment for
specific reactions.

(3) Precise controllability of surface properties of CeO,. The
surface composition and electronic structure of CeO; nano-
materials are more complex than that we can imagine.
Therefore, an atomic “observation” of the CeO, surface
before any surface control is important. However, the residue
ions adsorbed on the CeO; surface from wet chemical syn-
thesis and the surface adsorbed gases (e.g., H,0, and CO;)
after exposure to ambient conditions are difficult to be
removed. They would inevitably add the uncertainty for the
precise surface control to realize the desired surface catalytic
configurations for advanced catalysis. In this case, it is
essential to develop additional novel techniques to recognize
the surface species accurately and to manipulate the surface
chemistry precisely.

(4) In-situ and operando characterizations of CeO, catalysts
under the reaction conditions to provide a structure-activity
relation. Generally, nanostructured catalysts are mostly
synthesized using wet chemistry approaches, in which the
obtained composition/structure may not as perfect as ex-
pected. Under the operating catalytic conditions, nano-sized
catalysts would probably undergo the surface reconstruc-
tion. For example, since CeO,-base catalysts have been
widely used for various catalytic reactions, including oxida-
tion, hydrogenation, and hydrolysis, etc., any change on their
surface states under catalytic conditions are unavoidable.
Nevertheless, the precise understanding on their evolutions
correlated to the catalytic performance have not been well
recognized. Thus, it is recommended to emphasize that the
in-situ and operando characterization techniques are ur-
gently required in order to deliver an unambiguous
structure-activity correlation of CeO, catalysts for the further
performance enhancement.

(5) Development of the theoretical methodology. Theoretical
calculations are always employed to predict the surface
chemistry of solid catalysts and to provide the guidelines for
the design of catalysts by using engineered catalytic sites.
However, majority of the current theoretical calculations
always model the catalyst surface in a simplified way
without considering the realistic reaction environments and
complicated surface states of the catalysts. All these are wide
known as so-called the “modeling-gap.” For example, there
are too many possibilities to simulate the surface defects of
CeO, by considering their spatial configurations. It would
become even worse when the dopants or surface adsorbed
molecules are involved. Moreover, the dynamic surface
reconstruction of CeO, under the operative catalytic condi-
tions is also not considered for most of the cases. Therefore,
more advanced computational methodologies are needed to
clarify minimize the modeling gas, especially to assess the
effect of above factors on the surface chemistry of solid cat-
alysts and subsequently their catalytic behaviors.
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