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Synergistic effects between polyvinylpyrrolidone
and oxygen vacancies on improving the oxidase-
mimetic activity of flower-like CeO2 nanozymes†

Mingyun Zhu,a Yifeng Wen,a Shugui Song,a Anqi Zheng,a Jingcang Li,a

Weiwei Sun, a Yunqian Dai, *b Kuibo Yin *a and Litao Sun *a

Both oxygen vacancies and surface chemistry can affect the enzyme-like catalytic activities of CeO2-

based nanozymes. However, the mechanism of the enzyme-mimetic process is not yet clearly elucidated,

which is of great importance to guide the synthesis of high-performance nanozymes with desirable pro-

perties. Herein, we report a facile one-pot solvothermal method for the preparation of polyvinylpyrroli-

done (PVP)-capped CeO2 nanoflowers with adjustable oxygen vacancies by changing appropriate solvo-

thermal reaction parameters. Oxygen vacancies effectively increase under a higher precursor concen-

tration, extended solvothermal time, and proper reaction temperature. The maximum content of surface

Ce(III) cations is up to 50% for 31.1 nm CeO2 nanoflowers, which exhibit 0.07 mM apparent Michaelis con-

stant towards 3,3’,5,5’-tetramethylbenanozymeidine and show a higher binding affinity than the other

CeO2-based catalysts. Theoretical results indicate that the synergy between PVP and oxygen vacancies

can significantly promote the adsorption of O2 and TMB on CeO2, which directly enhances the oxidase-

mimetic activity of flower-like CeO2 nanozymes. This work can shed light on a new perspective on the

enzyme-like performance promotion of CeO2-based catalysts and surface engineering of nanozymes.

1. Introduction

Enzymes, as efficient biocatalysts, can catalyze a majority of
biological reactions occurring in living systems.1 However,
developing new materials is still needed to overcome the limit-
ations of natural enzymes, such as easy denaturation, high
cost, laborious preparation, and low stability under harsh
conditions.2–5 Among various artificial enzymes, nanozymes
not only have multiple enzymatic functions but also provide
more possibilities for rational design and future
applications.3,5 Nanoceria (CeO2), as a new kind of promising
nanozyme, has been proven to exhibit multifunctional
enzyme-mimetic activities.6–11 However, its activity still cannot
meet the demand of high binding affinity and detection
sensitivity.

The enzyme-mimetic activities of CeO2 stem from the
switch of Ce(III)/Ce(IV) valence states due to the formation/dis-

appearance of oxygen vacancies.2,12 Many studies have found
that increasing the oxygen-vacancy density can facilitate the
enzyme-mimetic reaction process.7,8,13–15 For example, the
doping of Pr heteroatoms can increase the oxygen-vacancy
content within CeO2 nanocubes and then tremendously
improve the binding affinity towards 3,3′,5,5′-tetramethyl-
benanozymeidine (TMB).14 Additionally, engineering surface
chemistry is an effective strategy to promote the enzyme-like
reaction process.3,5,6,10,12,16,17 The enzyme-like reaction occur-
ring on the surface of nanozymes includes three steps: adsorp-
tion of reactants, surface reactions, and desorption of reaction
products.3 All the three steps are influenced by surface chem-
istry. The capping of fluoride can facilitate the desorption of
oxidized 3-ethylbenzothiazoline-6-sulfonic acid and then
increase the turnover number.10 DNA-modified CeO2 nano-
zymes show a surprising catalase activity via enhancing the
adsorption of H2O2.

16

A delicate synthesis protocol is crucial on engineering CeO2

nanozymes with desirable oxygen vacancies and surface chem-
istry. As a facile approach, the hydrothermal method is exten-
sively used to prepare CeO2 nanomaterials with controllable
compositions and structures.18–20 However, most of the resul-
tant products from hydrothermal methods have low oxygen-
vacancy density and lack desirable activities. It is still challen-
ging to engineer CeO2 nanozymes with desirable enzyme-like
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properties in a controlled manner by a one-pot process. A deep
understanding of the mechanism of the enzyme-like reaction
process might be of great assistance to guide their engineering
and future applications. Thus far, the promoted enzyme-like
activity was indistinctly ascribed to the increased oxygen
vacancies or the synergistic effect between surface chemistry
and CeO2.

6,10,14

In this work, we exploited a facile solvothermal method to
prepare the polyvinylpyrrolidone (PVP)-capped CeO2 nano-
flowers that performed high oxidase-mimetic activities. The
mechanism of the promoted oxidase-mimetic process was
investigated via combining the theoretical and experimental
analyses. Our results indicated that the synergy between PVP
and enriched oxygen vacancies can promote the adsorption of
reactants (TMB and O2) and desorption of reaction products,
which results in the enhanced oxidase-mimetic activity of
CeO2 nanoflowers. This work manifests the mechanism of the
promoted oxidase-mimetic performance of CeO2-based nano-
zymes and can provide new insights into their engineering
devisal.

2. Experimental section
2.1 Chemicals and materials

Nitrate cerium (Ce(NO3)3·6H2O, AR), dimethyl formamide
(DMF, AR), PVP (Mw ≈ 55 000), and other chemicals were
obtained from Sinopharm Chemical Reagent Co., Ltd, and
used as received. The water used in all experiments was filtered
through a Millipore filtration system with a resistivity of 18
MΩ cm.

2.2 Preparation of flower-like CeO2 nanozymes

Flower-like CeO2 nanozymes were prepared by a simple solvo-
thermal method exploiting Ce(NO3)3·6H2O as a precursor,
DMF as a solvent, and PVP as a capping agent. Specifically,
0.2894 g of Ce(NO3)3·6H2O was dissolved into 12 mL of DMF
solution containing 0.2 g of PVP. Subsequently, the resulting
mixture was transferred into a 25 mL Teflon-lined stainless-
steel autoclave following by a reaction at 180 °C for 30 h. The
resultants were naturally cooled down to room temperature
and were used without any further treatment.

2.3 Formation mechanism of CeO2 nanoflowers

To understand the impact of reaction time on CeO2 mor-
phology and oxygen-vacancy content, the solvothermal times
were set to 1 h, 8 h, or 24 h, respectively, with the reaction
temperature kept at 180 °C in the independent experiments.
To reveal the effect of temperature on products, the solvo-
thermal temperature of the resulting mixture was set to 120 °C
and 200 °C for 30 h, respectively. In terms of precursor concen-
tration, the mass of Ce(NO3)3·6H2O was decreased to a half or
a quarter as other conditions remain unchanged.

2.4 Oxidase-mimetic activity evaluation

The oxidase mimetic property of these as-prepared catalysts
was evaluated using the reaction model of TMB. A timer was
started once 2 μmol CeO2 nanozymes were added into
1.036 mL sodium acetate buffer solution (pH = 4) containing
0.5 μmol of TMB. After the reaction at the appointed time, a
UV-vis spectrophotometer was exploited to monitor the oxi-
dation products of TMB.

2.5 Steady-state kinetic analysis

Different volumes ranging from 10 μL to 70 μL of TMB
(10 mM) solution were added into 1.036 mL of buffer solution
(pH = 4) containing 2 μmol or 0.5 μmol of CeO2 nanozymes.
After the reaction for 1 min, the blue products were monitored
using a UV-vis spectrophotometer. Both the Michaelis–Menten
constant (or Michaelis constant, Km) and the maximal reaction
velocity (Vm) were calculated using the Lineweaver–Burk plot:
1/V = Km/Vm (1/S + 1/Km), where V is the initial velocity and S is
the concentration of TMB.14 V was obtained using the Beer–
Lambert law using a molar absorption coefficient of 39 000
M−1 cm−1 (peaks at 652 nm).14

2.6 Structural and compositional characterizations

The as-prepared catalysts were redispersed onto thin carbon
films for acquiring transmission electron microscopic (TEM)
images, scanning transmission electron microscopic (STEM)
images, selected area electron diffraction (SAED) patterns and
electron energy-loss spectra (EELS). Specifically, TEM images,
SAED patterns and EELS spectra were acquired using an image
aberration-corrected FEI Titan microscope at 300 kV. High-
resolution STEM images were obtained using a probe aberra-
tion-corrected FEI Themis Z microscope equipped with a high-
angle annular dark field (HAADF) detector and a Super-X™
detector at 200 kV. The crystal structural information was
obtained by X-ray diffraction (XRD, Bruker, D8 advance using
Cu-Kα radiation, λ = 1.5406 Å). The content of surface Ce(III)
was measured using an X-ray photoelectron spectrometer (XPS,
Escalab250Xi) equipped with a monochromatic Al Kα radiation
source. Fourier transform infrared (FTIR) spectra were
recorded using a Fourier transform infrared spectrometer
(Nicolet 5700, Thermo Fisher). The UV-vis spectra were
recorded using a UV-vis spectrophotometer (Cary-60).

2.7 Theoretical calculation

The interaction energy was calculated using the Forcite Plus
package in BIOVIA® Materials Studio at the level of the mole-
cular mechanics. For the employed structural models, the
chain length of PVP is composed of 12 monomers and the
facets of {111}, {200} and {220} contain 241, 228 and 221
atoms, respectively. The oxygen-deficient structural model is
realized by removing five oxygen atoms from the perfect lattice
model. The energetic simulation was carried out under the
condition of constant 298 K using the COMPASS (Version 2.8)
forcefield with the Ewald electrostatic interaction. The accessi-
ble accuracy was maintained at 10−5 kcal mol−1. The inter-
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action energy between the molecule and the substrate was
derived by:

EInt ¼ Etotal � Esub � Emol:

In the above equation, EInt is the resulting interaction
energy, Etotal the total energy of the entire system, Esub the
energy of the substrate, i.e. CeO2, and Emol the energy of the
molecules, i.e. PVP, TMB or TMB+.

The adsorption energy of the O2 gas molecule was calcu-
lated using the following equation:

EAds ¼ Etotal � Esub � EO2

where EAds is the adsorption energy, Etotal the total energy of
the system, and EO2

the total energy of the O2 gas molecule.

3. Results and discussion
3.1 Characterization of flower-like CeO2 nanozymes

The resulting CeO2 nanozymes obtained by a simple solvo-
thermal protocol are in highly morphological uniformity and
dispersity (Fig. 1a and S1a†) with an average size of 31.1 ±

3.9 nm (Fig. 1c). The STEM image (Fig. 1b) shows a flower-like
morphology assembled by tiny nanoparticles with an average
size of 6.1 ± 1.6 nm. Both the SAED result (Fig. 1d) and the
XRD pattern (Fig. 1e) of these dispersed nanoflowers highly
match with the bulk cubic center fluorite CeO2 materials
(JCPDS no. 34-0394). Meanwhile, the two {111} lattice fringes
with an angle of 109° in the high-resolution STEM image are
also in good agreement with the cubic center fluorite CeO2

phase (Fig. S1b†). Although the nanoflowers are composed of
many tiny nanocrystals, the fast Fourier transform pattern of
one representative nanoflower (inset in Fig. 1f) demonstrates a
consistent orientation, suggesting an oriented attachment for-
mation process of nanoflowers. The FTIR results indicate that
the surface of CeO2 nanoflowers is capped with PVP molecules,
which is confirmed by the observed bands of CH2 (2920 and
2852 cm−1), CvO (∼1641 cm−1), C–N (∼1050 cm−1), and C–C
(∼1381 cm−1) within PVP molecules (Fig. S2†).21

Oxygen vacancies are mobile active sites, which can act as
reactive centers for heterogeneous reactions.22 The formation
of one oxygen vacancy within pristine CeO2 nanomaterials is
usually accompanied by two neighboring Ce(III) cations at the
diagonal.22 Generally, oxygen vacancies within unmodified

Fig. 1 Characterization of the resulting CeO2 nanoflowers. (a and b) HAADF-STEM images, (c) corresponding size-distribution diagram, (d) SAED
patterns, and (e) XRD patterns of the as-obtained nanoflowers. Inset in (a) is the optical image of the resulting mixtures dispersed in DMF. (f ) One
representative HRTEM image showing the staking of nanoflower monomers. Inset is the corresponding FFT. (g) EELS and (h and i) XPS spectra: (g)
Ce-M5,4 edge, (h) Ce 3d, and (i) O 1s.
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CeO2 nanomaterials can be indirectly characterized by Ce(III)
cations. As demonstrated in the EELS spectrum (Fig. 1g), a
slight chemical shift (∼1 eV) towards lower energy loss and a
high intensity ratio value (M5/M4 = 1.11) of Ce-M5,4 edge quali-
tatively show the plentiful Ce(III) cations within flower-like
CeO2 nanozymes in comparison with bulk CeO2 (M5: 883 eV,
M4: 901 eV, M5/M4 = 0.78).23,24 The fraction of surface Ce(III)
cations is up to 50.0% (Fig. 1h), calculated by fitting XPS data.
As shown in Fig. 1i, the fitting peak at 528.6 eV was assigned
to surface lattice oxygen (O2−, named as Olatt), the peak at
530.8 eV was ascribed to the adsorbed oxygen species includ-
ing O2

−, O2
2− and O− (named as Osurf ), and the small broad

peak at 532.4 eV was assigned to the adsorbed molecules
(such as PVP).25 The high content of Osurf (79.8%) was possibly
attributed to the enrichment of oxygen vacancies, which are
active in capturing electrophilic molecules such as O2 to
balance electronegativity.26 The surface-adsorbed oxygen
species is considered to play an important role in the oxidation
process, especially O2

−.7,14

3.2 Formation mechanism of flower-like CeO2 nanozymes

To understand the formation process of CeO2 nanoflowers,
several controlled experiments were conducted by manipulat-
ing the solvothermal reaction parameters.

With the increase in solvothermal duration, the flower-like
morphology of the products (Fig. 2a–c) can be well maintained
in our studies, accompanied by an average-size increase of 2.5

± 0.6 nm for nanoparticle monomers and 5.7 ± 0.4 nm for
nanoflower assemblies (Fig. S3b†). The SAED patterns show
that all the nanoflowers have the same cubic fluorite structure
(Fig. S4†). With the decrease in precursor concentration, the
color of resulting mixture changed from brown to yellow
(Fig. S5a†), and the average size of the as-obtained CeO2

assemblies significantly reduced (Fig. 2d, e and S5b–d†). In
particular, only 5.6 nm nanoparticles were observed when the
precursor concentration was reduced to 13.89 mM (Fig. 2e). As
shown in Fig. 2f, the contrast differences of two representative
nanoparticles demonstrate that the flower-like morphology is
assembled from ultra-fine clusters through an orientated-
attachment behavior. The imperfectly orientated attachment
highlighted by a white arrow makes the two-neighboring nano-
particles isolated from each other (Fig. 2f). Moreover, the par-
ticipation of more nanoparticles would lead to the formation
of size-enlarged nanoflowers (Fig. 2d). Reducing precursor con-
centration would comparably decrease the rate constant of
cluster–cluster aggregation that can significantly decrease the
average size of assemblies.27

The reaction temperature is one of the most pivotal factors
in nanocrystal synthesis. Over a temperature range of
120–200 °C, the color of products was darkened with the
increase in temperature (Fig. S6a†). TEM images show the
morphological evolution from a flower shape to a cube shape
when the solvothermal temperature increases from 120 °C to
200 °C (Fig. 2g–i). The statistical results show a significant

Fig. 2 Formation mechanism of CeO2 nanoflowers. (a–c, d, e, and g, h) TEM images and ( j–l) intensity ratio value of Ce-M5,4 edge (M5/M4), percen-
tages of the adsorbed oxygen species (Osurf ), and surface Ce(III) cations of the samples obtained under different conditions: (a–c and j) from
55.57 mM precursor at 180 °C for different durations; (d, e, and k) from different precursor concentrations at 180 °C for 30 h; (g, h and l) from
55.57 mM at different temperatures for 30 h. (f ) HAADF-STEM image of two representative 5.6 nm CeO2 nanoparticles. (i) HAADF-STEM image of
10.2 nm CeO2 nanocubes. Data in ( j–l) are obtained from EELS and XPS spectra in Fig. S8.†
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impact of high temperature on size distribution (Fig. S6b†).
The SAED patterns reveal that the products obtained at
different reaction temperatures have the same cubic fluorite
structure (Fig. S6c and d†). Capping agents are usually used to
direct the growth of nanocrystals and improve their disper-
sity.28 To reveal the role of PVP molecules in the formation of
nanoflowers, the synthesis parameters were kept as 55.57 mM
precursor concentration reacting at 180 °C for 30 h, except
from the absence of PVP. Both SAED pattern and HRTEM
image demonstrate that the gray products prepared in the
absence of PVP exhibit the same cubic fluorite structure as the
above-mentioned CeO2 nanocrystals (Fig. S7a and b†). The
TEM image shows that they are 9.2 nm CeO2 nanocubes with a
disappointed dispersity and size uniformity (Fig. S7c†).
Therefore, PVP molecules are indispensable to a high disper-
sity and perform as a promoter during the formation of
nanoflowers.

Fig. S8† shows the raw EELS and XPS data of the samples
discussed above. As summarized in Fig. 2j, the fraction of Ce
(III) cations within CeO2 nanoflowers linearly increases with
the extension of solvothermal time. Normally, oxygen
vacancies increase along with the reduction of particle sizes.22

However, the measured oxygen vacancies are reduced with the
increase in monomer size. Herein, this might be some reac-
tions which increase the oxygen vacancies within CeO2 nano-
flowers. A previous work shows that DMF rather than PVP can
serve as a weak reductant in the synthesis of nanomaterials,
where DMF can be transformed into carbamic acid.29 DMF is
supposed to serve as a reductant to reduce CeO2 nanoflowers
and then to elevate the concentration of oxygen vacancies. An
appropriate temperature as well as higher precursor concen-
tration can effectively increase the concentration of Ce(III)
cations (Fig. 2k and l). The proper high temperature might
promote the reducing process of CeO2, while a much higher
temperature will result in an increase in the significant size,
which might dramatically decrease the concentration of
oxygen vacancies (Fig. 2i, k, and S6b†). Fig. 2l shows that the
oxygen vacancies increase along with metal precursors during
the solvothermal process. The TEM images show that the
structure of CeO2 nanocrystals becomes complicated with the
increase in size (Fig. 1b, 2d, e and S5b†). This kind of size
increase might be beneficial for promoting the transformation
of DMF, which can raise the fraction of oxygen vacancies. An
interesting phenomenon is observed that the content of
adsorbed oxygen species is down to the lowest when the frac-
tion of Ce(III) cations is about 44% (Fig. 2j–l). Although it is
hard to understand the relationship between adsorbed oxygen
species and Ce(III) cations, a general standpoint is that the
adsorbed oxygen species is aroused from Ce(III) cations.30 The
observed non-linear variation of adsorbed-oxygen-species
content might be caused by the relative change between the
generating and consuming rates.

3.3 Oxidase-mimetic activity of flower-like CeO2 nanozymes

The oxidase mimetic activity of the as-prepared nanozymes is
evaluated by the oxidation of TMB, which is composed of two

steps (Fig. S9†). After losing one electron, cation-free radicals
establish a rapid equilibrium between TMB molecules and
products to obtain blue TMB complexes (TMB–TMB++), which
results in two absorbance peaks at 370 and 652 nm. When
losing the second electron, the resulting yellow diimine can
stably exist in the buffer, and it shows an absorbance peak at
450 nm.31,32 According to the rapid color variation and the
sudden appearance of strong peak intensity at 652 nm, the
one-electron oxidation of TMB can be quickly achieved under
the catalysis of flower-like CeO2 nanozymes (Fig. 3a and b).

Apparent steady-state kinetic parameters for TMB oxidation
were determined by varying S to identify the superiority in
binding affinity and kinetic process of the as-prepared 31.1 nm
CeO2 nanoflowers. Moreover, 5.6 nm CeO2 nanoparticles and
10.2 nm CeO2 nanocubes were investigated (Fig. S10†). The
10.2 nm CeO2 nanocubes exhibit a better dynamic character-
istic, while 5.6 nm CeO2 nanoparticles perform a weaker
dependence on S (Fig. 3c). The Lineweaver–Burk model based
on the Michaelis–Menten kinetic model4,14 was exploited to
obtain the enzyme kinetic characteristic parameters including
Km and Vm (Fig. 3d). Km is numerically equal to S at half Vm
and a reflection of the affinity of enzyme for its substrate.33

The affinity is an inverse measure of Km, which means the
smaller the value of Km, the higher the affinity between
enzymes and substrates.14,34 A higher Vm presents a sensitive
activity of catalysts to substrates.4 Table 1 summarizes the
enzyme kinetic characteristic parameters of this work and
other state-of-the-art CeO2-based nanozymes. The Km of
31.1 nm CeO2 nanoflowers is 0.07 mM, representing 14-fold
and 380-fold higher binding affinities towards TMB than that
of 10.2 nm nanocubes and 5.6 nm nanoparticles, respectively
(0.96 mM of Km for 10.2 nm nanocubes, and 26.64 mM of Km

for 5.6 nm nanoparticles). Moreover, our 31.1 nm CeO2 nano-
flowers show a much higher binding affinity in comparison
with the previously reported CeO2 nanozymes, such as
dextran-modified CeO2 nanoparticles (∼11.4 times),17 Pr-
doped CeO2 nanocubes (∼3.9 times),14 and Pd@CeO2 nano-
particles with a shell thickness of 7.7 nm (3 times).11 Although
Vm of 31.1 nm CeO2 nanoflowers is relatively lower than that of
dextran-modified CeO2 nanoparticles17 and SO4

2−-modified
CeO2 nanorods,36 it is still comparable with the purchased
one10 and the ones prepared by other methods.7,35 Therefore,
our 31.1 nm CeO2 nanoflowers can be a potential candidate
nanozyme with superior oxidase-mimetic activities for further
applications.

3.4 Synergistic effect between surface chemistry and oxygen
vacancies

Previous studies have proven that the oxidase mimetic activity
of CeO2 nanomaterials originates from the generation of O2

−,
which results from the redox reaction between O2 and Ce(III)
and is considered as the main oxidizer during oxidase
mimetic reaction.14,35 In particular, the oxidase-mimetic
activity can be tuned by manipulating the Ce(III) content,
which is greatly consistent with our results that the concen-
tration of TMB–TMB++ increases with the Ce(III) content
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(Fig. 4a). The flower-like structure is beneficial for the oxidase-
mimetic reaction (Fig. S12†). Both PVP-free and PVP-capped
CeO2 nanoparticles were assumed to contain similar oxygen
vacancies during the study of the role of PVP in the TMB oxi-
dation (Fig. 2a, j, S7c and S13a†). As Fig. 4b shows, the PVP-
free one is unable to catalyze TMB oxidation, indicating the
indispensable function of PVP. Similarly, porphyrin-functiona-
lized CeO2 nanoparticles show a promising peroxidase

mimetic activity for TMB oxidation, which was ascribed to the
synergistic effect between porphyrin and CeO2.

6

We carried out a theoretical study to quantitatively reveal
the relationship among the surface structure, composition,
and oxidase-mimetic activity. First, the O2-adsorbing configur-
ation on various {220} substrates was optimized. As Fig. S14
and 15† suggests, O2 molecules prefer to adsorb on the {220}
surface of CeO2 at a short bridge site. Additionally, the influ-

Fig. 3 Oxidase-mimetic activity of CeO2 nanoflowers. (a) Schematic of oxidase-like characteristics of CeO2-catalyzed TMB oxidation. (b) Time-
dependent UV-vis absorption spectra of 31.1 nm CeO2 nanoflower-catalyzed TMB solution. Inset is the corresponding optical image. (c) A scatter
plot of the normalized reaction velocities (V) and (d) steady-state kinetic analysis using a Lineweaver–Burk model of 31.1 nm CeO2 nanoflowers,
5.6 nm CeO2 nanoparticles and 10.2 nm CeO2 nanocubes at different TMB concentrations. Data are obtained from Fig. S10.†

Table 1 Comparison of apparent Michaelis constant (Km) and maximum reaction velocity (Vmax) of the as-prepared nanozymes

Catalyst Preparation method/solvent
Size
(nm)

Surface
substance

Ce(III)
(%)

Vmax
(μM s−1)

Km
(mM)

Binding
affinity Ref.

CeO2 NPs Oxid./NH4OH aqueous 100 Dextran 0.30 0.80 Medium 17
CeO2 NPs Purchased 5 F− 0.06 0.14 High 10
CeO2 NPs Oxid./(CH2OH)2 aqueous 3.8 Citrate 39.4 0.10 0.42 High 35
CeO2 NRs Hydro./NaOH aqueous 8 × 150 SO4

2− 0.48 0.22 High 36
Pr/CeO2 NCs Hydro./NaOH aqueous 27 0.27 High 14
CeO2 NCs Hydro./NaOH aqueous 22 2.01 Low 14
CeO2 NPs Chemical combustion 6.7 27.6 1.13 × 10−3 0.18 High 7
Pd@CeO2 NPs Oxid./L-arginine aqueous 7.7 0.21 High 11
CeO2 NPs Solvo./DMF 5.6 PVP 39.88 0.06 26.64 Ultralow This work
CeO2 NCs Solvo./DMF 10.2 PVP 40.69 0.19 0.96 Medium
CeO2 NFs Solvo./DMF 31.1 PVP 50.03 0.10 0.07 Ultrahigh

NPs: nanoparticles, NRs: nanorods, NCs: nanocube, NFs: nanoflowers; /: doping and @: covering. Oxid.: oxidizing with stirring at low
temperature, Hydro.: hydrothermal method, and Solvo.: solvothermal method. Binding affinity: Km ≤ 0.1 (ultrahigh), 0.1 < Km ≤ 0.5 (high), 0.5 <
Km < 1.0 (medium), 1.0 < Km < 5.0 (low), 5.0 < Km (ultralow).
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ence of hybridizing with PVP and TMB molecules is investi-
gated as well: (i) TMB molecules inhibit the adsorption of O2

on the CeO2 surface in comparison with PVP (Fig. S16 and
17†). (ii) The synergistic effect between PVP and oxygen
vacancies on O2 adsorption can be well explained in Fig. 4c
(blue line), where the optimized adsorption energy of O2 is
shown. The existence of oxygen vacancies could slightly
benefit the adsorption of O2, but a significant decrease in the
adsorption energy of O2 is observed in the case of oxygen-
deficient CeO2 capped with PVP (−0.40 eV). Fig. 4c also shows
that the synergy between oxygen vacancies and the {111} as
well as {200} facets can significantly boot the adsorption of O2

molecules. The enhanced adsorption of O2 further explains
the PVP-assisted enhancement of the Osurf signal as shown in
Fig. 2j–l and S13b.†

Furthermore, via the comparison of the interaction between
TMB/TMB+ and the pristine CeO2 surface, the synergistic effect
led by PVP and oxygen vacancies greatly facilitates the adher-
ence of TMB/TMB+ with a lowering of ∼20 eV for the inter-
action energy (Fig. 4d). For the oxygen-deficient CeO2 surface,
the synergy of PVP would also suppress the coupling strength
with TMB+ compared to that with TMB having an energetic
lowering of ∼0.18 eV, which suggests that the catalyst surface

is not likely to be capped with TMB+ after the onset of reac-
tions. The theoretical results on the varying strength of the
interaction are well consistent with experimental measure-
ments (Table 1 and Fig. 4b). Overall, the synergy between PVP
and the formation of the oxygen vacancies are together ben-
eficial for the adsorption of O2 as well as helpful for the adher-
ence with TMB, which are well elucidated by the multimodal
characterization and modelling.

4. Conclusion

In summary, PVP-functionalized CeO2 nanoflowers with a
higher density of oxygen vacancies have been successfully pre-
pared by a one-pot solvothermal method. The experimental
results indicated that the oxidase mimetic activity is closely
related to oxygen vacancies, which can be effectively increased
through the decreased size and the decomposition of DMF. It
was found that 31.1 nm CeO2 nanoflowers with 50.0% of
surface Ce(III) cations and 79.8% of adsorbed oxygen species
show a 380-fold higher binding affinity towards TMB than
5.6 nm CeO2 nanoparticles with 39.9% of surface Ce(III)
cations, and exhibit a superior oxidase mimetic activity to

Fig. 4 Synergistic effect between surface chemistry and oxygen vacancies. (a) The concentration of TMB oxidation products versus surface Ce(III)
cations within CeO2 nanoflowers. Data are obtained from Fig. S11.† (b) UV-vis spectra of TMB solution catalyzed by CeO2 nanoparticles capped
with/without PVP molecules for 60 s. CeO2 nanoflowers capped with PVP: 33.9% Ce(III) and 0.88 for M5/M4, PVP-free CeO2 nanoparticles: 35.2% Ce
(III) and 0.88 for M5/M4. (c) Optimized adsorption energy (EAds) of O2 on different catalysts. None: CeO2, Vo: CeO2 with oxygen vacancy (Vo), PVP/Vo:
CeO2/Vo capped with PVP, TMB-Vo: CeO2/Vo capped with TMB. (d) Interaction energy (EInt) of TMB and TMB+ on different catalysts. PVP/TMB and
PVP/TMB+ are TMB and TMB+ respectively interacting with PVP-capped CeO2/Vo.
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other CeO2-based nanomaterials. Theoretical calculations
demonstrated that the synergistic effect between PVP and
oxygen vacancies can benefit the adsorption of O2 and the
hybridization with TMB molecules, which promotes the
oxidase-mimetic reaction. The work combining experimental
and theoretical studies can provide new insights into the
design and understanding of nanozymes catalysts using
surface/interface engineering.
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