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ABSTRACT

CeO, with the reversible Ce*/Ce* redox pair exhibits multiple enzyme-like catalytic performance, which has been recognized as
a promising nanozyme with potentials for disease diagnosis and treatments. Tailorable surface physicochemical properties of
various CeQ, catalysts with controllable sizes, morphologies, and surface states enable a rich surface chemistry for their
interactions with various molecules and species, thus delivering a wide variety of catalytic behaviors under different conditions.
Despite the significant progress made in developing CeO,-based nanozymes and their explorations for practical applications,
their catalytic activity and specificity are still uncompetitive to their counterparts of natural enzymes under physiological
environments. With the attempt to provide the insights on the rational design of highly performed CeO, nanozymes, this review
focuses on the recent explorations on the catalytic mechanisms of CeO, with multiple enzyme-like performance. Given the
detailed discussion and proposed perspectives, we hope this review can raise more interest and stimulate more efforts on this

multi-disciplinary field.
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1 Introduction

Nanozymes, new emerging inorganic nanocatalysts as the
alternatives of natural enzymes, mimick the catalytic behavior of
natural enzymes and exhibit diverse applications in the field of
food science, environmental remediation, clinical diagnosis, and
disease therapy [1-6]. This concept is originated from a pioneer
investigation of magnetic Fe;O, nanoparticles with the peroxidase-
like catalytic performance and their potentials for novel
immunoassay with three functions of capture, separation, and
detection [7]. In comparison with natural counterparts,
nanozymes delivered the unique benefits of the high diversity of
structures, cost-effective synthesis, high chemical stability, easy
storage, etc. Afterwards, many nanomaterials with various
tailorable morphologies, including metals, metal oxides, carbon,
metal sulfides, metal organic frameworks, etc, have been
developed as nanozymes with many interesting enzyme-like
catalytic performance as well as their wide applications [8-25].
Recent reviews have well summarized and documented the great
progress of diversiform nanozymes, especially on their design,
synthesis, and applications for disease diagnosis and treatments.
Despite the rapid development of nanozymes, their relatively
low catalytic activity and poor specificity, especially under the
physiological environments, have severely limited their potential
applications [1-3,8,25]. The concept of nanozymes is an
interdisciplinary field, which bridges the disciplines of enzymology
and heterogeneous catalysis. To date, the catalytic performance of
nanozymes is generally analyzed by the Michaelis—-Menten
equation, in which two parameters of k. and K, are used to

describe the catalytic reaction rate and adsorption affinity of
substrates on the surfaces of nanozymes, respectively [7, 26-30].
This method is practically adopted to understand the catalytic
kinetics of natural enzymes, which cannot accurately reflect the
catalytic mechanism of nanozymes. Considering that the
nanozymes are solid catalysts with the tailorable surface
physicochemical properties, a strong relationship between activity
and surface physicochemical properties of solids makes
nanozymes being more liking recognized as a new type of
heterogeneous catalysts. Similar to heterogeneous catalysis, the
nanozymes also go through the adsorption and activations of
reactants on the catalyst surfaces, the formation of the
intermediates, and the generation and release of products,
accompanied with the recovery of surface active center [31-53].
Thus, the surface physicochemical properties and electronic
configurations of the catalytic centers significantly affect their
catalytic activity and selectivity. However, majority of current
investigations of nanozymes focus on their synthesis and
applications as sensors, clinic diagnosis, and nanodrugs. The
catalytic pathways of nanozymes under the complicated
physiological environment of both normal tissues and lesional
tissues are far behind the developments of novel materials
themselves. The recognitions on the relationships between surface
properties and catalytic behaviors of nanozymes at the atomic and
electronic levels would significantly benefit their rational design,
synthesis, and exploration for diagnosis and therapy of a specific
disease.

Among various nanozymes, CeO, nanocatalysts with low
biotoxicity and high biocompatibility have been identified as
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promising nanozymes with multiple biomimic activity, including
peroxidase, oxidase, catalase, superoxide dismutase (SOD),
photolyase, phosphatase, haloperoxidase, etc. [1-5, 32-45, 54-65].
Generally, their diverse enzyme-like activity is ascribed from the
highly reversible Ce/Ce* redox pair as well as their surface
environments. Afterwards, CeO, nanozymes and their composites
have been demonstrated to deliver high potentials for early
diagnosis and treatments of Parkinson disease, inflammations, as
well as various tumor therapies [1-5, 12, 54-56, 66-69]. However,
the recognitions on the therapeutic pathways for those
applications are very obscure, which is partially accounted to poor
understandings on catalytic mechanisms of CeO, catalysts and
their composites under the complicated operation conditions.
Recently, many efforts have been carried out to provide the
insights on the catalytic mechanism at atomic/electronic levels,
which significantly promotes the rational design and synthesis of
CeO,-based nanozymes towards high activity and specificity.

Raising demands for active, selective, and robust nanozymes for
practical applications requires those nanoscaled artificial enzymes
with high catalytic activity and specificity comparable to or even
better than their counterparts of natural enzymes under the
practical operations. However, this gap between nanozymes and
natural enzymes is still unsurpassable. Hence, the rational design
of nanozymes based on the simulation of the structural
characteristics of natural enzymes is an attractive strategy. The
tremendous challenges not only require the developments of
synthesis of novel nanozymes with new functions, but also
stimulate the deep understandings on the catalytic mechanism of
nanozymes at atomic/electronic levels. With the attempt to
provide the primary cognitions for the rational design of CeO,-
based nanozymes, this review summarizes the recent progress of
CeO,-based nanozymes and focuses on the latest explorations on
the catalytic mechanisms of CeO, with multiple enzyme-like
performance. Accordingly, the crystal structures, surface
properties, and relative characterizations of CeO, nanostructures
are initially introduced. The following section devotes to the
enzyme-like activity of CeO, with an attempt to illustrate the
surface property-activity relationship. In this part, the recent
advances on the catalytic mechanism of CeO, nanozymes are
discussed. Finally, a brief summary and perspectives are presented.
We anticipate this review provides fundamental understandings
on the catalytic mechanism of CeO,-based nanozymes, raises wide
interest of community, and inspires great efforts on design and
synthesis of highly performed CeO, catalysts with comparable
catalytic performance of natural counterparts.

2 Structures and surface properties of CeO,

Typically, ideal CeO, crystal is featured by a cubic fluorite
structure with a face-centered cubic unit cell, in which Ce* ion is
located at the center of a cube composed of eight O* (Fig. 1(a))
[70]. Thus, each Ce* is coordinated with eight O* and each O* is
coordinated with four Ce* in the lattice. When the size of CeO, is
reduced to nanoscale, the removal of an oxygen from the crystal
lattice becomes much easy due to the dynamically reversible
Ce*/Ce* redox pair, inducing the generation of one oxygen
vacancy accompanied with the alternation of two Ce* ions into
two Ce” species and thereby giving nonstoichiometric CeO,_,
(Fig. 1(b)) [70-72]. Such a structural evolution induces a rich
surface chemistry of nanoscale ceria, leading to the co-existence of
the interfacial Lewis acidic and basic species as well as Bronsted
acidic sites. Besides, the defective CeO,_, catalysts show the
features of high oxygen mobility, high surface reducibility, large
oxygen storage capacity, etc. Thus, many attractive catalytic
behaviors of CeO,_, are discovered, where it is recognized as the

Figure1 Schematic illustration of CeO, structure. (a) Ideal CeO,. (b) Defective
CeO, with one oxygen vacancy.

catalytic active components, functional supports, or additives in
heterogeneous catalysis [70-83].

The electronic and geometrical configurations of those
interfacial species significantly affect the catalytic performance of
CeO,-based catalysts. Considering those species generated from
the structural defects of oxygen vacancy, the controllability of the
ratios of Ce*/Ce* as well as the concentrations of oxygen
vacancies becomes critical, in which the surface Ce* fraction has
been widely adopted as the descriptor for their catalytic
performance [76-79]. Generally, the abundance of the structural
defects of oxygen vacancy shows an evidently size-dependent
correlation, in which CeO,_, with smaller size always introduces
more oxygen vacancies [84]. Also, how to enable effective and
rapid cycling of Ce*/Ce* redox pair plays pivotal roles in their
catalytic behaviors. Besides, the formation energy of oxygen
vacancy displayed as a strong crystal plane dependence in an order
of (110) < (100) < (111) [85-88]. Therefore, many synthetic
strategies have been developed to prepare the size- and
morphological controllable ceria nanostructures as catalysts,
including nanorods, porous mnanorods, cubes, octahedra,
nanosheets, nanotubes, mesoporous particles, etc. Among various
synthetic methodology, hydrothermal approach is the facile
method to prepare CeO, nanostructures with various shapes
(rods, cubes, and octahedrons) by tailoring synthetic conditions
[41, 89-92]. CeO, nanorods are generally enclosed by (110) and
(100) facets. While, nanocubes and octahedrons are enclosed by
(100) and (111) facets, respectively [42]. They have been widely
used as the model catalysts for the surface-depended catalytic
behaviors of CeO, nanozymes. Various real-time operations and
post-treatments on as-synthesized CeO, nanostructures, including
calcinations, pressure regulations, wet-chemical etching, and
irradiations, successfully modulate the surface physicochemical
properties of ceria catalysts [42,60,61,70,93,94]. More
information can be found in previous reviews.

The identification of surface properties of catalysts is the
prerequisite for deep understandings on the catalytic mechanism.
Generally, the surface properties of CeO, can be characterized
by several well-established techniques. X-ray photoelectron
spectroscopy (XPS) is widely adopted to probe their surface Ce*-
to-Ce* ratios [2,41-44,51,74,77]). The derived surface Ce*
fraction is used to index the concentration of oxygen vacancy as
well as characterize the chemical/electronic states of various
surface species. Raman spectroscopy can characterize the density
of oxygen vacancy in CeO,. Combination of XPS and Raman
practically delivers the information of the structural defect of CeO,
nanostructures [2,44,51,74,77]. Nuclear magnetic resonance
(NMR) spectroscopy is a sensitive technique to qualitatively and
quantitatively provide information (e.g., type, concentration, and
distribution) of the interfacial acidic and basic sites [36,95].
Fourier transform infrared (FTIR) spectroscopy gives the

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



10330

information of the surface adsorbed species of CeO, or modified
nanozymes [31,59]. Temperature-programmed reduction/
oxidation (TPR/TPO) can give the surface redox situations of
CeO,-based nanozymes with the assistance of probe molecules
[71,72,77]. X-ray absorption spectroscopy (XAS) techniques,
specifically X-ray absorption near-edge structure and extended X-
ray absorption fine structure, are generally adopted to characterize
the local electronic/geometric structures of defects of CeO,-based
catalysts at the atomic scale [74, 77].

3 Catalytic behaviors of CeO, as nanozymes

The capability of CeO, for the reversible switch between redox
pair of Ce™/Ce* has been recognized as the critical parameters to
enable CeO, with various enzyme-like catalytic performance, as
shown in Fig. 2 [1-5, 55]. Their catalytic performance significantly
depends on the morphologies, surface abundance of structural
defects as well as the catalytic conditions, such as pH,
temperatures, and levels of reactive oxygen species (ROS) in the
environments [41-43, 55, 60].

3.1 Peroxidase-like activity

Peroxidases as the natural enzymes catalytically generate ROS
from H,0, and efficiently enable the oxidation of a number of
substrates afterwards. Nanoceria was seldomly reported as
peroxidase mimetics in the early stage of nanozymes. It has been
reported that nanoceria with a low level of structural defects of
oxygen vacancies delivers poor activity due to its weak affinity for
H,0, as well as poor activation to generate the active oxygen
species [55]. Recently, porous nanorods of ceria (PN-CeO,) were
demonstrated as a highly active and robust artificial peroxidase
mimetics, which was attributed to its large surface area and a high
level of oxygen vacancy as structural defect [41]. Porous nanorods
were prepared via a two-step hydrothermal approach and
displayed a rod-like morphological feature with a diameter of
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Figure2 Illustration of various enzyme-like activity of defective ceria and their
potential applications.

~ 8 nm, a length of ~ 60 nm, and a pore size of 2-4 nm (Fig. 3(a)).
The surface Ce™ fraction of PN-CeO, was 33.8%, suggesting the
abundant structural defects of nanozymes. With 3,3.5,5-
tetramethylbenzidine (TMB) as reactant and H,0, as oxidant, PN-
CeO, delivered a surprisingly high catalytic peroxidase activity in
comparison with nature enzyme horseradish peroxidase (HRP)
under the equal conditions (Fig.3(b)). Particularly, the barely
changed activity of PN-CeO, recorded at temperatures from 4 to
60 °C and negligible variety in activity of PN-CeO, calcinated at
different temperatures from 4 to 200 °C ensure the accuracy and
reliability as well as convenience for practical measurements in
comparison with natural HRP.

To further explore the origination of PN-CeO, as highly
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Figure 3 Structures, catalytic activity, and mechanism of PN-CeO, as peroxidase mimics. (a) Transmission electron microscopy (TEM) image of PN-CeO,. (b)
Activity of PN-CeO,. Inset is color change of TMB and H,0O, in NaAc buffer (0.2 M, pH = 4.0) under different treatments. (c) The k, values of various CeO,
nanozymes and HRP. (d) The K, of various CeO, nanozymes and HRP. (e) Proposed mechanism of CeO, nanozymes as peroxidase mimics. Reproduced with

permission from Ref. [41], © Elsevier Ltd. 2015.
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performed peroxidase mimics, the CeO, particles, cubes,
octahedrons, and nanorods were also synthesized with the surface
Ce™ fractions of 15.9%, 16.7%, 19.0%, and 14.4%, respectively.
Kinetically, the Michaelis—-Menten curves suggested the apparent
K., value of PN-CeO, was only one-third of that of HRP and
much lower than other CeO,, suggesting the higher affinity of
TMB on PN-CeO, over that on HRP as well as other shaped CeO,
nanozymes (Fig. 3(c)). Comparatively, k., of PN-CeO, with TMB
was 4.1 and 8.4 times larger than those of HRP and nonporous
CeO, nanorods, indicating the best peroxidase-like performance
of PN-CeO, nanozymes (Fig. 3(d)). The kinetic studies indicated
the high level of structural defects of CeO, catalysts enables the
high affinity of TMB substrates with the interface active sites.
Thus, the surface defective sites could be recognized as the
catalytically active centers for the activation and consequential
TMB oxidation. The interfacial Ce* sites are proposed as the
catalytic centers for adsorption and activation of H,O, as well as
the generation of active oxygen species for the TMB oxidation
(Fig. 3(e)). Combining the high affinity of TMB on the highly
defective CeO, surface, the activity of the peroxidase-like various
ceria nanozymes showed a strong defect-depended relationship.
The catalytic activity of PN-CeO, as artificial peroxidase is also
significantly improved by the rapid cycle of the reversible Ce*/Ce*
redox pair, which could further promote the charge transfer
between CeO, nanozymes and TMB substrates as well as H,O,.
Large surface area of CeO, nanozymes also provides more active
sites for catalytic reaction.

The above investigations indicated a correlation between the
structural defects of ceria nanozymes and their catalytic activity as
peroxidase mimics [31, 55, 96-100]. The high catalytic activity was

H20,
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found on the CeO, nanozymes featured with the high level of the
surface Ce™ fraction and large surface area. A recent density
functional theory (DFT) calculation suggested that the catalytic
activity of the CeO, nanozymes as artificial peroxidase was
analogy to those of noble metals and iron oxides, which is as
follow: (1) adsorption of a molecule of H,0, at the interfacial Ce
site; (2) adsorptive dissociation of H,O,* into two HO* adsorbates;
and (3) and (4) subsequent reduction of two HO* by the two
TMB-H" molecules (Fig.4(a)). Further calculations suggest that
the dissociative chemisorption of H,O, on CeO, is the rate-
determined step (Figs. 4(b) and 4(c)) [97]. The kinetic energy
barrier of this step is 1.14 eV on the defective CeO, surface, where
the oxygen vacancy located on the third layer gives the best
catalytic performance. In contrast, the energy barrier is 2.15 eV on
the oxygen vacancy-free CeO,. The abundant surface defects and
large surface area of CeO, can provide sufficient surface-active
sites and thereby deliver apparent peroxidase-like activity.

Thus, both experimental and theoretical investigations suggest
that the relatively low levels of structural defects of previously
reported CeO, nanomaterials cause the unconspicuous peroxidase-
like activity. Afterwards, various methods have been explored to
increase the abundance of structural defects of CeO,-based
catalysts and enhance their peroxidase-like activity. The Co-doped
mesoporous cerium oxide has been reported to exhibit two order
of magnitude enhancement in the biomimic peroxidase-like
catalytic efficiency than that of mesoporous nanoceria alone under
the near-neutral environment [98]. The hollow mesoporous
Mn/Zr-co-doped CeQO, synthesized by a facile wet chemistry
approach via Kirkendall effect introduced Zr* and Mn* into the
lattice of CeO, and thereafter significantly increased the
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Figure4 DFT simulations on the catalytic mechanism of peroxidase-mimicking activity of CeO, catalysts. (a) Proposed catalytic mechanism. (b) Reaction energy
profile for the defective CeO, ... (c) Energies for the decomposition of H,O, on ideal CeO, without oxygen vacancy. The energy unit is eV. Reproduced with permission

from Ref. [97], © American Chemical Society 2021.
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peroxidase-like activity in comparison with CeO, alone in a mildly
acidic environment. The improved performance is primarily
ascribed to the accelerated redox cycles from Ce* to Ce** via the
intermetallic charge transfer due to the chemical doping of Mn™
with variable chemical states [99]. Besides, metal-doped nanoceria
exhibits stronger H,O, adsorption strengths than pure ceria,
showing the enhanced peroxidase-mimetic activity [98]. Finally,
the dramatically elevated ratio of Ce*/Ce* of the Cu-doped CeO,
nanozyme induced a significant improvement of peroxidase-like
activity in the weakly acidic pH media [100].

Despite those progresses, the proposed catalytic mechanism is
still highly controversy due to the stability of oxygen vacancy of
CeO, nanozymes. A recent study suggested that the generated
oxygen vacancy by heteroatom doping or other physical
treatments was unstable in the water at ambient conditions due to
the water replenishment, leading to an enhanced level of the
interfacial hydroxyls [101]. Thus, those oxygen vacancies were
suspected that they are not the active sites for the H,O, activation
in aqueous environment. While, the metastable oxygen vacancy of
CeO, has been reported to be water-resistant [102]. Peng et al.
employed theoretical calculations to analyze the surface electronic
structure of different CeO, facets. Three types of metastable
oxygen vacancy with different local structures and chemical states
are formed on CeO, (111), (110), and (100) surfaces: seven-
coordinated Ce atom with one vacant orbital on Ce(111); six-
coordinated Ce atom with two vacant orbitals but different
electronic configurations on (110) and (100) surfaces (Fig. 5(a))
[96]. Thus, the local structures and chemical states play important
roles for the H,O, activation in physiological environment. The
electron density of the surface Ce species was in the order of (100)
> (110) > (111) due to the local surface reconstruction and
thereafter changed coordination environments of different facets,
which was also demonstrated by XPS and P NMR by using
trimethylphosphine as probe molecule. The strong adsorption of
H,O, on the metastable oxygen vacancy of CeO, may not
guarantee its effective activation. Various characterizations and
DFT calculations suggested that CeO, (100) surface with six-
coordinated Ce atom as well as the high electron density
promoted the H,O, adsorption and activation with a lower kinetic
energy barrier and easily recovered the metastable oxygen vacancy
for next catalytic reaction, thereby improving the peroxidase-like
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Figure5 (a) Local structures of CeO, (111), (110), and (100) surfaces
including the coordination number of surface Ce, the direction/number of
vacant orbitals, and the metastable oxygen vacancy. (b) Comparison of catalytic
activity of CeO, nanozymes of cubes, rods, and octahedrons as peroxidase
mimics. Reproduced with permission from Ref. [96], © The Royal Society of
Chemistry 2020.
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activity of CeO, nanozymes. Based on those, CeO, cubes enclosed
by (100) facet were experimentally demonstrated to deliver a very
impressively high peroxidase-like activity, which was 211.8 and
35.8 times higher than CeO, octahedrons and nanorods (Fig. 5(b))
[96,101].

3.2 Oxidase-like activity

Unlikingly peroxidases with H,0, as electron acceptor to generate
reactive oxygen species, oxidases, a family of natural enzyme,
catalytically activate molecular O, to produce active oxygen species
and oxidize target substrates. The dextran-coated CeO,
nanoparticles were the first example of CeO, nanozyme to deliver
the oxidase-like activity for oxidation of various colorimetric
substates including TMB, dopamine (DOPA), and 2,2-azino-bis(3-
ethylbenzothizoline-6-sulfonic acid) (AzBTS) in acidic conditions
(Fig.6(a)) [34]. The best catalytic oxidase-like activity of
nanozymes was found in the acidic media with pH 4.0. The
evidence for this oxidase-like activity of dextran-coated CeO,
instead of peroxidase-like behavior was attributed to high activity
in the absence of H,0, and decayed activity in the absence of O.,.
Various control experiments suggested the dextran-coated CeO,
with a smaller size and a thinner polymer layer delivered a higher
catalytic oxidase-like activity in media with a lower pH value. A
thinner surface polymer layer can promote the diffusion of
substrate into the surface-active sites of CeO, nanozymes. Small-
sized CeO, can introduce more surface oxygen vacancy and
provide more active sites for oxidation. Besides those, the types of
polymers also significantly affect the oxidase-like activity of CeO,.
When the same CeO, nanoparticles were used, poly(acrylic acid)-
coated CeQ, exhibited 2-fold higher catalytic activity than that
of dextran-modified CeO,. While, poly(sodium acrylate) and
poly(ethylene glycol) as the coating layers impair the oxidase-like
activity of CeO, nanozymes [103].

Our recent studies indicated that the oxidase-like activity of
poly(styrene sulfonate) (PSS)-coated PN-CeO, displayed a
volcanic-like behavior as the function of the molecular weights of
PSS (Fig. 6(b)) [43]. In this configuration, the hydrated PN-CeO,-
PSS catalysts with large hydrodynamic diameters formed a
nanoreactor to confine and capture more O, molecules and
targeted substrates, improving the capability for the catalytic
generation of O, species and enhancing activity for TMB
oxidation inside of nanoreactors afterwards (Fig.6(c)). The
catalysts exhibited an apparent pH-activity dependence with a
very high catalytic activity in acidic conditions (pH < 5.0), a quite
good catalytic performance in weakly acidic medias (5.0 < pH <
7.0) and a barely oxidative capability under normal physiological
environments (pH 7.4) and in alkaline environments. The
nanozymes with the greatly enhanced oxidase-like activity under
O, and the inhibited activity under Ar suggested O, as electron
acceptor to generate ROS for the oxidative reaction. The volcanic-
like performance of PN-CeO,-PSS was attributed to their
hydrodynamic diameter. Generally, a too-large hydrodynamic
diameter of the nanozymes is generally observed on PSS with
larger average molecular weight. Despite trapping more O, and
reactants inside the constructed nanoreactors with large molecular
weights of PSS, the decreased charge transfer between the hybrids
and reactants results in a decayed activity (Fig. 6(d)). The smaller
hydrodynamic diameter of PN-CeO,-PSS with small molecular
weight of PSS produces a smaller nanoreactor, leading to less
amount of trapped O, and reactants and thereby exhibiting a
lower oxidase-like activity. The balance of the charge transfer
between nanozymes and reactants and the confinement effects of
nanoreactors for enrichening reactants determine the volcano-like
hydrodynamic diameter-activity correlation of various PN-CeO,-
PSS catalysts.
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Besides the polymer encapsulation, the F~ ions modification
also significantly enhanced the -catalytic activity of CeO,
nanoparticles as oxidase mimics by a factor of ~ 100 [104]. It
could be attributed to the modulated surface charge of CeO,
nanozymes from positive charge to negative charge, when the
concentration of F~ ions was over 5 mM. Then, it would benefit
the adsorption of reactants and the desorption of the generated
products, when AzBTS and TMB were used as the substrates.
Besides the change of surface charge, the spectroscopic studies also
indicated that F replaced the surface hydroxyl groups and
effectively increased the surface Ce’ fractions, contributing to the
improved catalytic oxidative activity of the modified CeO,
nanozymes as well.

3.3 Superoxide dismutase-like activity

Apart from the catalytic generation of ROS by CeO, nanozymes
with H,O, or O, as electron acceptor, CeO, is widely explored as
artificial nanozymes to deliver the SOD-like activity for the ROS
degradation in the biological systems [40,42,55,67,105-107].
The SOD-like performance of ceria nanostructures is also
considered to be originated from the switchable Ce™/Ce* redox
pair, as shown in Fig. 7(a) [67]. In this proposed catalytic pathway,
the capability of the valence switch ability between Ce’* «> Ce*"
makes CeO, to deliver SOD-like activity and exhibit antioxidant
behavior by degrading ROS into harmless chemicals.

Generally, the defective CeO, catalysts with abundant surface
Ce™ species exhibited a high SOD-like capability for ROS
degradation [40, 42, 55, 67,105-107]. However, the surface
properties (surface defect levels, chemical composition, exposed
facets, surface capping reagents, etc.) of various CeO, catalysts
have not been quantitatively accounted for their SOD-like
performance in early investigations. Thus, the evaluations on their
apparent SOD-like activity might not reflect the quantitative

relationships between the surface physicochemical properties and
the intrinsic activity of ceria nanozymes. According to previous
mechanism studies, each surface Ce* site can be considered as an
active center for mimic SOD. Normalizing the activity to each Ce*
specie with the consideration of surface areas of various catalysts
can provide the quantitative relationship between the surface
properties of CeO, catalysts and their capability for eliminating
ROS. By comparing the normalized catalytic activity of CeO,
nanorods, CeO, nanoparticles, and PN-CeO,, the higher activity
of PN-CeO, and nanorods was ascribed to the dominated (100)
and (110) facets of those two nanozymes (Fig. 7(b)) [42]. Ultrathin
walls of PN-CeO, introduced the presence of low-coordinated
surface cerium species and thereby resulted in higher intrinsic
activity of PN-CeO, over nanorods. When PN-CeO, was used as
model catalysts and their surface amounts of Ce* species were
modulated through thermal treatments without morphological
changes, the normalized catalytic activity was almost identical for
all PN-CeO, catalysts (Fig. 7(c)). Thus, the morphologies of CeO,
nanozymes also influence their catalytic performance as SOD
mimics, which is attributed to the different formation energy of
oxygen vacancy on each exposed crystal plane of ceria catalysts.
However, the intrinsic SOD activity of each Ce™ site on the
well-defined facet is near constant no matter what sizes and
abundances of oxygen vacancy of CeO, catalysts [42].

A recent investigation also suggested that the catalytic
performance of CeO, as biomimic SOD catalysts showed a strong
correlation with the Ce* surface area concentration (cgfc), in
which CeO, nanoparticles with various sizes were used catalysts.
The ¢ is described by Agc with Ag as the specific surface area of
ceria and c¢ as the weight concentration of ceria nanozymes in
solution. The f.» represents the fraction of Ce* species of CeO,
naozymes. Generally, the larger value of cfi.~ indicates the higher
SOD-like activity of CeO, catalysts. The single profile of the
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catalytic activity functioned with the csf* also suggests a particle
independent redox mechanism, when the same shaped CeO,
nanozymes were used [39].

A recent theoretical investigation proposed that the in-situ
created transition surface defect states instead of Ce*/Ce™ ratio
could be used as a better parameter to evaluate the SOD-like
capability of various defective ceria catalysts [108]. This study
raised this concern due to the experimentally inaccurate
determination of the defect concentration of CeO, catalysts by
XPS technique in some specific cases. Transition surface defect
states (SDS) described the newly generated SDS in the electronic
band structures of the transient intermediates on catalyst surface.
Each oxygen vacancy can introduce two SDS in the electronic
band structures of ceria catalysts, which correspond to the surface
Ce™ species. In comparison with the high mobility of oxygen
vacancy and thereby unsettling locations of the Ce™ species in
crystal lattice, the energy of the created SDS strongly correlates
with the reducibility of the defective CeO, nanozymes. Generally,
the higher reducibility of CeO, introduces the better SOD-like
activity with a higher O, scavenging capability. How to determine
the surface defect states is still experimentally challenging.

3.4 Catalase-like activity

Catalase is natural enzyme, which catalytically converts oxidative
H,0, into harmless O, and H,O. CeO, has been widely explored
as the artificial catalase for the reversible Ce™/Ce* redox pair [55,
67,109-113]. This reaction is generally adopted with a multiple-
step process (Fig. 8): (1) adsorption and activation of H,0O, on two
Ce* sites; (2) deprotonation for release of two H*; (3) reduction of
Ce* species on CeQ, surface to give a molecular O, and surface
Ce™ species; (4) adsorption and activation of H,O, on two newly

formed Ce*; (5) uptake of two proton with the oxidation of two
Ce* species; and (6) release of two H,O and restore of the surface
Ce* sites for the next catalytic reactions [67]. The catalytic
mechanism suggests that the surface Ce* site initiates the catalytic
reaction. Thus, the highly defective or reduced CeO, has been
reported to deliver a low catalase-like activity. Additionally, an
exhaustive molecular mechanism for CeO, as artificial catalase
suggested the existence of the chemical reduction approach. Thus,
CeO, as a reductant instead of a catalyst is proposed. Therefore,
further efforts are expected to provide the insightful
understandings on catalytic mechanisms of nanoceria as the
artificial oxidase catalysts with high performance.

3.5 Photolyase-like activity

DNA photolyases are a family of natural enzymes that catalytically
reverse the ultraviolet (UV)-induced cyclobutene pyrimidine
dimers (CPD) between two adjacent thymines in a DNA strand
and thereby repair DNA damage [61,114-117]. UV-induced
formation of CPD is detrimental to human skins, which
potentially induces many serious skin diseases and even leads to
skin cancers. Photolyases can catalytically repair such a UV-
reduced DNA damage through a photocatalytic process under the
irradiation of the blue light (Fig. 9(a)) [61, 114]. The transfer of the
photogenerated electrons into the four-member ring can break the
intradimer bonds and restore the original sequence of DNA (Fig.
9(b)) [115,116]. DNA photolyases found in many plants and
animals, unfortunately, do not exist in human skin. Principally,
this repair process is highly analogy to a photocatalytic process
enabled by semiconductors (Fig. 9(c)), giving opportunities to
design photocatalysts as the artificial nanozymes to mimic the
natural photolyases by taking advantage of photoelectrons [116,
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117]. However, majority of semiconductors cannot serve as
artificial photolyases due to the photo-generation of highly
oxidative ROS, which can induce the decomposition of CPDs into
fragments. Different from other semiconductor, CeO, delivers its
potential to deliver the photolyase-like activity due to its
semiconductor nature for generation of photoelectrons as well as
its SOD-like activity for local degradation of the photo-generated
ROS [55, 67, 107].

As confirmed from liquid chromatography-mass spectrometer,

PN-CeO, delivered the photolyase-like activity, which successfully
enabled a selective cleavage of dimer into monomers (Fig. 9(d))
[61]. While, negligible amount of CPDs was restored without
visible light or nanozymes, revealing the intrinsic activity of PN-
CeO, as artificial photolyase for DNA repair. The significantly
promoted activity with addition of ethylenediaminetetraacetic acid
(EDTA) as the hole scavenger and its poor activity in the presence
of K,S,04 as the electron scavenger demonstrated a photocatalytic
process enabled by porous nanorods of ceria, analogy to that of
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natural photolyase enzymes (Fig. 9(e)). Mechanism investigations
indicated a high level of structural defects of oxygen vacancy
(indexed by surface Ce™ fraction) and porous structures as the key
factors to activate the catalytic capability of PN-CeO, as artificial
photolyase. Abundant surface defects not only enhance the light
absorption of ceria nanozymes within the visible light range, but
also improve the affinity of substrates with the catalysts as revealed
from the fitted catalytic data K,, by the Michaelis—-Menten
equation. The porous structures further enhance the interaction
between substrates and catalysts and improve the transfer of the
photo-generated electrons through capillary effects. Thus, the
highly defective PN-CeO, shows its promising potentials as a
stable and effective inorganic anti-UV reagents for the protection
of human skins, which might be extended as candidates to mimic
other natural photo-enzymes.

3.6 Phosphatase-like activity

Phosphatases are natural enzymes that cleave phosphate groups
from phosphoric acid esters through a hydrolytic process. High
activity and substrate selectivity make phosphatases as essential
enzymes for many phosphorous metabolisms. Thus, they have
been widely used for the enzyme-linked immunosorbent assays.
CeO, has been found to possess the phosphatase-like activity due
to its highly defective nature at nanoscale with the abundant Ce™,
Ce* species, and oxygen vacancy sites for the adsorption of
phosphate groups, activation of water, and subsequent hydrolysis
[55,60, 95, 118, 119]. Despite the wide report of the phosphatase-
like activity, the catalytic mechanism of CeO, nanozymes is still
controversial, as showed in previous reports with different
interpretations and even disagreements.

Generally, the interfacial Ce* cations as the Lewis acidic sites
are coordinated by phosphate group of substrates. While, the
interfacial Ce™ cations serve as active sites for water adsorption
and activation to generate the surface hydroxyl species. Due to the
strong electron-withdrawing capability of Ce", the reduced
electron density of P makes it easier for a nucleophilic attack by
the surface hydroxyl. Followed by this mechanism, due to the
short P-O bond, the interfacial hydrolysis has to be guaranteed by
the proper spatial arrangement of Ce*, Ce*, and oxygen vacancy.
While, the phosphatases-like activity of CeO, was also reported to
depend on interfacial Ce’ species and to be suppressed by Ce*
species [120].

From majority of previous investigations, the adsorption of
phosphate groups on the Lewis acidic sites of CeO, is critical for
the P=0 bond activation and consequential hydrolysis. While, the
strong adsorption of phosphate group or the generated phosphate
ions (PO,") on CeO, catalysts generally induces a self-limited
catalytic performance. A recent DFT calculation with CeO, (111)
as a model surface suggested that the desorption of phosphate
group from catalyst surface instead of the P=O bond activation
was rate-determined step [121]. Therefore, the recovery of the
interfacial catalytic centers of CeO, became difficult. Thus, some
investigations suggested the non-catalytic process of this
pephosphorylation catalyzed by CeO, nanozymes, when the
strongly adsorbed phosphate groups occupy the interfacial active
sites of ceria catalysts [119]. Meanwhile, the rapidly reversible
Ce*/Ce* cycle and a high oxygen mobility of CeO, have been
reported to dynamically create phosphatase-mimetic activity and
regenerate the surface-active sites. Overall, the mechanism of
phosphatase-like activity of CeO, under high debate [122].

Besides those arguments, the CeO, nanocubes generally showed
the bare activity for dephosphorylation reaction at room
temperature, indicating that the Ce* species on the surface of
CeO, (100) are inactive without rational explanation. It indicates
the Ce*/Ce* fraction derived from XPS might not give the very
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accurate information of chemical states of CeO,. Since the
different formation energy of oxygen vacancy on each crystal
plane of CeO,, the chemical states of cerium ions in terms of
electron density as well as their Lewis acidity would be greatly
different on each exposed facet. Thus, the adsorption/activation
energy of P=O bond would vary from facet to facet, causing the
acidity of CeO, might be used as the key factor to control
phosphatase-like activity of CeO,. Peng’s group used the *P NMR
with trimethylphosphine (TMP) as a probe molecule to
distinguish and quantify the chemical states or acidity of the
interfacial Ce species of various shaped CeO, catalysts including
nanorods (enclosed by (110) and (100) facets), cubes (enclosed by
(100) facet), octahedrons (enclosed by (111) facet), and sphere
nanoparticles with mixed facets [36, 95]. As reflected from & *P of
trimethylphosphine oxide adsorbed CeO, (TMPO-CeO,)
nanozymes (Fig. 10(a)), a morphology-dependent order of the Ce
chemical state was observed: 50.2 ppm (octahedron) > 47.2 ppm
(rod) > 45.1 ppm (cube). The NMR results suggested the stronger
Lewis acidity on the CeO, (111) and lower Lewis acidity on the
CeO, (100). Thus, the more Ce* species are found on CeO, (111)
surface. Also, the CeO, (100) surface is dominated by Ce*. Using
p-nitrophenyl disodium orthophosphate (p-NPP) as reactant,
various CeO, nanozymes as phosphatase mimics delivered the
catalytic activity with an order of octahedron, nanorod, and cube,
which was consistent with the Lewis acidity of interfacial Ce
species on the main terminal facets.

Derived from NMR peaks, the [Ce]g e (surface Ce density
normalized by catalyst” weight, pmol/g) at a specific acidity was
quantitated in an order of 0.61 (octahedra) > 0.37 (rod) > 0.21
(cube) (Fig.10(b)). When the amount of CeO, cubes was
increased by a factor of 2 or 3, the catalysts still did not exhibit the
apparent phosphatase-like activity at room temperature,
suggesting that acidity of Ce species on CeO, (100) surface was
not high enough to activate this reaction. The correlation between
Ce acidity and the activation energy/reaction constant k. of
various defective ceria catalysts further demonstrated that
decreasing the acidity of surface Ce species reduced the Ce specific
activity and hence lowered the phosphatase-like activity of ceria
catalysts. Thus, the threshold of Ce acidity to efficiently activate
P=0 bond at room temperature is over that of CeO, cubes (45.1).
As a summary, Fig. 10(c) illustrates the relationship between the
acidity of interfacial Ce of ceria catalysts and their activation for
catalytic dephosphorylation.

3.7 Haloperoxidase-like activity of CeO,

Haloperoxidases, a family of enzymes, catalytically oxidize halides
(X = CI, Br, and I') by H,0, into the reactive hypohalous acid
(HOX) species. As intermediates, HOX can halogenate the N-
acylhomoserine lactones, which are the important signaling
molecules in Dbacterial quorum sensing [123]. Thus, the
haloperoxidase can serve as the effective component of antifouling
layers, especially for those against adhesions of marine
microorganisms on the surface of marine equipment under the
marine conditions [62, 123-126].

Inspired the rapid Ce*/Ce* redox cycle and the capability of the
interfacial Ce* sites for the activation of H,0,, CeO, has been
demonstrated as the efficient heterogeneous catalysts for the
halogenation of malonic acid. Afterwards, CeO, nanorods have
been experimentally examined to deliver haloperoxidases-like
activity for combating biofouling in the mimetic marine
conditions. Catalytic mechanism investigations showed that the
interfacial Ce™ sites serve as active sites to be occupied by H,O,
and then activate it (Fig. 11) [62]. DFT calculations suggest that
the generation and release of reactive oxygen species are a slow
process. In contrast, the direct addition of halides to one of oxygen
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atom of the adsorbed H,0, to form the interfacial intermediate of
HOX and one hydroxide ligand is energetically favorable pathway.
The hydroxide is protonated to give a neutral surface site. With
the release of HOX, the water-adsorbed Ce* active site is restored
for next reaction. Therefore, CeO, with the large surface area and
high level of structural defects provides the abundant surface
Ce*'speices and thereafter brings a higher haloperoxidases-like
activity.

Following this understanding on catalytic mechanism, CeO,
nanotubes synthesized through chemical etching of CeO,
nanorods delivered high haloperoxidases-like activity for a large
surface area and a slightly high structural defects of nanotubes
[44]. Bi-doped CeO, nanozymes delivered a three-fold
enhancement for the generation of HOBr over CeO, nanorods
under the equal conditions, which was attributed to the enhanced
(-potential of surface-engineered Bi-doped CeO, nanoparticles
and subsequently facilitated adsorption of the halides on catalyst

surface in aqueous environments [124]. Although this study did
not provide the information of structural defects, the enhanced
abundance of oxygen vacancy and interfacial Ce* due to the Bi-
doping might also contribute the improved catalytic
haloperoxidases-like activity. Fabrication of CeO, nanorods
embedded in the polyvinyl alcohol through electro-spinning
method enhanced the wettability of nanozymes and improved
mechanical stability of hybrids, leading to the increased
haloperoxidases-like activity and stability to produce HOBr for
combating bacterial adhesion [125].

3.8 Other enzyme-like activity of CeO,

Besides those enzyme-like activities, CeO, with the advantages of
low cost, good biocompatibility, and long-term stability also
exhibits the ability to strongly adsorb nucleotides and DNA.
Similar to the capability of CeO, with phosphatase-like activity, the
defective CeO, nanoparticles could offer DNase I mimic activity
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for the hydrolytic cleavage of DNA oligonucleotides [127]. Ureases
are a family of metallohydrolases that catalyze the hydrolysis of
urea (an important molecule in medical and environmental
analysis) into ammonia and carbon dioxide. CeO,_, nanorods
have been demonstrated to present an intrinsic urease-like activity,
which catalyzed the hydrolysis of urea under ambient conditions.
Derived from Michaelis-Menten equation, the urease-like
catalytic activity (K) of CeO,_, nanorods was estimated to be
95.8 57!, which was one order of magnitude lower than that of the
native jack bean urease [128]. Also, CeO,_, nanorods also
exhibited a stable urease-like activity against pH changes.

4 Summary and perspective

The developments of nanozyme aim to use nanomaterials to
replace nature enzymes. The mechanism of a nanozyme is related
more to heterogeneous catalysis in terms of the reaction process.
The present understandings of the enzyme-like mechanisms of
CeO, catalysts are primarily attributed to the highly reversible
redox Ce”/Ce* pair under ambient conditions, which shows a
high similarity to the catalytic processes of natural enzymes.
Majority of investigations on the catalytic mechanisms generally
ignore the dynamically structural evolutions and real surface
chemical states of CeO,-based nanozymes during the practical
catalytic reactions. Thus, it even leads to the contradictory
viewpoints on the same reaction catalyzed by the same type of
catalysts. To comprehensively investigate catalytic mechanisms
by taking the real-time surface structures and electronic
configurations of CeO,-based nanozymes into accounts can offer
insightful comprehension. Improved understandings on the
catalytic mechanism of nanozymes at molecular and electronic
levels will in turn benefit the design and synthesis of novel
nanozymes with high activity and specificity, which will enable
the practical applications for the clinic diagnosis and disease
treatments. Herein, we concentrated on the recent advances on
the explorations of catalytic mechanisms of CeO,-based catalysts
as artificial enzymes. Academic fundamental investigations on
the catalytic mechanism can pave the ways for the practical
applications of those nanozymes, including the highly sensitive
biosensor and the safe therapeutic strategy for neurodegenerative
diseases, cardiovascular, inflammation, and tumor therapy. So far,
the catalytic performance of CeO,-based nanozymes is still
severely limited by their unsatisfied activity and poor specificity.
Generally, the multiple enzyme-like performances of CeO, are
found, which depend on the surface microenvironments as well as
the catalytic conditions. For instance, the nanoceria catalysts
provide high capability against tumors; meanwhile they also
protect the normal organs from negative effects of chemotherapy
drug [42,43,59]. Besides, explorations of the phosphatase-like,
haloperoxidases-like, and urease-like activity of nanoceria may
also open promising avenues for the therapeutic activity of CeO,.
Overall, considering the enormous potentials of CeO,-based
nanozymes and substantial opportunities in this area, there remain
more challenges on the catalytic mechanism for the further
improvement of their activity and specificity.

(1) The identification of active sites of CeO,-based nanozymes
is prerequisite for the further improved activity and specificity.
The enzyme-like performance of ceria is largely determined by the
structural defects of oxygen vacancy. Both the geometry and
abundance of structural defects can modulate the spatial
configurations and electronic structures of the interfacial catalytic
centers of CeO, nanozymes. Since the high mobility of oxygen
vacancy in CeO, lattice and the possible structural reconstruction
of ceria catalysts under the practical operation, it makes difficulty
in capturing the exact the active sites on the catalyst surface.
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Although various techniques including XPS, NMR, XAS, Raman,
and FTIR can provide the surface information, majority of
investigations focused on characterizations on as-synthesized
and/or the spent catalysts, leaving the unknown surface states of
the catalysts during catalytic reactions. Also, the state-of-the-art
studies on the surface properties of CeO, rely on one or few
surface techniques, which might not provide the overall and very
accurate structural and surface physicochemical properties. Thus,
the developments of new techniques and methodology to in-situ
monitor the surface evolution of CeO, catalysts are highly
anticipated.

(2) The controllability of catalytic activity and specificity of
CeO,-based nanozymes is highly desired for practical applications.
Principally, a high activity of CeO, nanozymes as the active
components for sensors is expected to lower the limit of detection.
Meanwhile, a high catalytic selectivity is pivotal for the accuracy of
analytical results by excluding various interferences from
environments. For in vivo biomedical applications, the catalytic
activity of nanozymes has to be tailored at certain level for the
increase or decrease of the target species under the physiological
environments since they serve as the important message
molecules/species. Too high activity or too low activity of
nanozymes might not realize the catalytic purposes under in vivo
conditions. While, the catalytic selectivity of CeO, nanozymes has
to be further improved under the physiological environments for
both normal organs or local lesions. Due to the multiple enzyme-
like activity driven by the reversible Ce*/Ce* redox pair, catalytic
specificity of ceria nanozymes has not well explored under the
environments of the practical applications. Further explorations
on both activity and specificity in application scenarios are critical
for the practical applications of CeO, nanozymes.

(3) The quantification of activity of CeO, nanozymes is
important for the evaluation of enzyme-like activity. Unlike the
natural enzymes with the identified method to characterize their
catalytic activity by being normalized to each active center, the
dynamic surface of CeO, nanozymes makes it impossible to
account the exact number of surface active sites. Standardizing
their activity on mass, surface area, or surface Ce* fractions is not
accurate since there are too many factors to influence the catalytic
behaviors of CeO, catalysts. Analogy to the heterogeneous
catalysis, accounting the total active sites might be suitable for
nanozymes. Again, how to reach a general measurement or
calculations on active sites of CeO, is still lack due to the dynamic
changes of CeO, surface and high oxygen mobility.

(4) The influences of the adsorbed small molecules and ions on
the catalytic activity and specificity should be considered for
CeO,-based nanozymes in both experimental and theoretical
investigations. Generally, the CeO, surface displays a rich surface
chemistry of the interfacial Lewis acidic, Lewis basic species, and
Bronsted acidic sites and afterwards induces a strong adsorption
of various small molecules and ions (CO,, H,O, ions in media,
etc.). They no doubting change the surface properties and affect
the catalytic performance. However, the state-of-the-art
investigation ignores the contributions of those adsorbed species,
which might cause the misunderstandings on the catalytic
mechanisms. Thus, it is pivotal to develop new methods and
theory to probe the surface states of CeO, and to tailor the surface
physicochemical properties of CeO,. Especially, theoretical
calculations can provide the primary cognitions of those
adsorbates and in turn guide the experiments to give a deep sight
on catalytic mechanism.

(5) The development of theoretical methodologies can guide
the rational design of highly performed CeO, nanozymes.
Theoretical calculations are generally adopted to simulate the
catalytic behavior of heterogeneous catalysts and guide catalyst
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design by minimizing experiments. However, majority of the
current theoretical investigations on CeO, nanozymes always
simplify the model of CeO, surface, and neglect the oxygen
mobility in lattice without considering the complicatedly realistic
operations conditions, leading to the raised disagreements
between experimental observations and calculations or between
two different theoretical studies. Therefore, advanced theoretical
methodologies are expected to mimic the realistic surface of CeO,
catalysts and catalytic environments to offer the insightful
understandings on the enzyme-like catalytic mechanism of CeO,.
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