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ABSTRACT: In this report, a novel nanocomposite of highly
dispersed CeO, on a TiO, nanotube was designed and proposed as a
peroxidase-like mimic. The best peroxidase-like activity was obtained
for the CeO,/nanotube-TiO, when the molar ratio of Ce/Ti was 0.1,
which was much higher than that for CeO,/nanowire-TiO,, CeO,/
nanorod-TiO,, or CeO,/nanoparticle-TiO, with a similar molar ratio of
Ce/Ti. Moreover, in comparison with other nanomaterial based
peroxidase mimics, CeO,/nanotube-TiO, nanocomposites exhibited
higher affinity to H,0, and 3,3’,5,5'-tetramethylbenzidine (TMB).
Kinetic analysis indicated that the catalytic behavior was in accordance
with typical Michaelis—Menten kinetics. Ce®* sites were confirmed as
the catalytic active sites for the catalytic reaction. The first interaction of
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surface CeO, with H,0, chemically changed the surface state of CeO, by transforming Ce*" sites into surface peroxide species
causing adsorbed TMB oxidation. Compared with CeO,/nanowire-TiO,, CeO,/nanorod-TiO,, and CeO,/nanoparticle-TiO,,
the combination of TiO, nanotube with CeO, presented the highest concentration of Ce®* thus leading to the best peroxidase-
like activity. On the basis of the high activity of CeO,/nanotube-TiO,, the reaction provides a simple method for colorimetric
detection of H,0O, and glucose with the detection limits of 3.2 and 6.1 M, respectively.
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B INTRODUCTION

Owing to their high substrate specificity and efficiency under
mild reaction conditions, natural enzymes have been widely
studied and applied in biosensing, pharmaceutical processes,
the food industry, agrochemical production, etc."”? However,
they bear some drawbacks, such as the sensitivity of catalytic
activity to environmental changes and low operational stability
due to denaturation and digestion, as well as the high costs in
preparation and purification.'™* A solution to these limitations
can be provided by the rapid growth of the nanotechnology
field, from which nanostructural materials have emerged as
enzyme mimics due to their high surface energies and large
surface-to-volume ratios. In comparison with natural enzymes,
nanomaterial based enzyme mimics exhibit a high stability
against harsh reaction conditions. Meanwhile, they possess
additional advantages of controlled preparation at low cost,
flexibility in structure design and composition, and tunable
catalytic activities. To date, there have been many works on
exploiting inorganic nanostructured materials as peroxidase
mimics.”

Among the countless examples of the nanomaterial based
enzyme mimics, in order to achieve highly active nanomaterial
based enzyme mimics, a new generation of composite
nanomaterials with well-defined structures is particularly
impressive and offers great opportunities for catalysis which
takes one of the most pivotal steps toward enzyme mimicry.
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Nanocomposites have been proposed to realize the combina-
tion of the respective properties of each component or to
achieve cooperatively enhanced performances. A variety of
nanocomposites with inorganic nanomaterials incorporated
with the nanoscale matrixes with a large specific surface area
have been applied as enzyme mimics. Typically, gold
nanoparticles/gold nanoclusters/Au—Pd bimetallic nanopar-
ticles—graphene hybrids'*~"'® and a gold nanoparticles—carbon
nanotube nanocomplex'’ were exploited with peroxidase-like
catalytic activity. However, their practical applications are
highly limited due to high cost of noble metal. It is known that
many low-cost and common metal oxide nanostructures, such
as Fe;O, nanopar’cicles,18 Co;0, nanoparticles,19 CuO nano-
clusters,”® and V,04 nanowires,”’ have been proven to be the
effective artificial peroxidase mimics. In addition, the prepara-
tion of metal oxide nanomaterials becomes controllable, and
the lattice matching between metal oxides is easy to realize.
Recently, much research interest has been directed toward
metal oxide based composite nanomaterials. The combination
of metal oxides and the special structural characteristic of
composite could make their performance different from any
one of the pure metal oxides. Up to now, according to our
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knowledge, the metal oxide composite nanomaterial on the
metal oxide support is much less studied. The effective
combination of metal oxides and the strong interaction of
metal oxides can make metal oxide supported metal oxide
composite nanomaterial a promising enzyme mimic. Therefore,
the discovery and development of new enzyme mimics that are
composed of inexpensive metal oxide composites are highly
desirable.

CeO, is an important rare earth metal oxide. Due to the low
energy cost for the formation of extremely catalytic active
oxygen vacancies and Ce®* centers,”> CeO, has been used as an
efficient catalyst itself or a subtle structural and electronic
promoter in various chemical processes.* > Particularly, in
biomimetic catalytic applications, besides possessing the high
biocompatibility, CeO, is capable of mimicking the activity of
several natural redox enzymes which is largely based on the
Ce* < Ce* redox switch? ™ In order to effectively
manipulate the Ce*/Ce*" ratio, the introduction of other
metal oxides has been developed as a feasible strategy.”> >
Titanium is the second most abundant transition metal in the
Earth’s crust. Titanium oxide, TiO,, has attractive properties
including low cost, nontoxicity, and high stability. In the
reported case of CeO,—TiO, systems, it has been demon-
strated theoretically and experimentally that Ce** sites could be
effectively stabilized by the interfacial hybridization with TiO,
support because of the energy decrease of the Ce 4f levels as a
result of the mixing with the O 2p band of TiO,.>%%” Therefore,
the combination of CeO, and TiO, will be attractive to
construct an efficient metal oxide—metal oxide enzyme mimic.
More recently, TiO,@CeO, core—shell nanoparticles have
been reported as artificial enzymes with peroxidase-like activity
which is tailored by CeO, shell thickness.>® Therefore, it is
deduced that different TiO, supports maybe potentially affect
the peroxidase-like activity of CeO,—TiO,. Recently, the TiO,
nanotube has been found to be a promising support because of
its special structural characteristics and physicochemical
properties.>®~** In light of the superiority of the TiO,
nanotube, the TiO, nanotube and CeO, nanoparticle were
thus integrated into nanocomposites and developed as novel
and efficient peroxidase mimics in this work. For comparison,
various CeQO,/TiO, nanocomposites were prepared on the
basis of TiO, nanowires, nanorods, and nanoparticle supports,
respectively. Their structural characteristics and catalytic
performances are evaluated. Reactive kinetics and mechanisms
are investigated and discussed in detail. Additionally, we
develop a new facile colorimetric method for H,0, and glucose
detection with the CeO,/nanotube-TiO, composite as a
peroxidase mimic.

B EXPERIMENTAL SECTION

Preparation. TiO, nanotubes were synthesized by a hzfdrothermal
approach, which has been described in detail elsewhere.**** In brief, 5
g of TiO, powder (Sinopharm Chemical Reagent Co., Ltd.) was
dispersed in 70 mL of 10 M NaOH and then transferred into a 100
mL Teflon-lined autoclave container. The autoclave was maintained at
140 °C under autogenous pressure for 20 h. The precipitated powder
was filtered and washed with 0.1 M HNO; and deionized water for
several times until the pH value of the rinsing solution became neutral,
followed by being air-dried at 105 °C. The resulting product was
denoted as NT-TiO,.

CeO,/NT-TiO, nanocomposites were prepared by a wet-chemical
deposition precipitation method. The preparation procedure is as
follows. Various amounts of Ce(NO,);-6H,0 were dissolved in S0 mL
of distilled water and mixed with 0.01 mol of NT-TiO,, and sufficient
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NH;-H,O (wt %: 25%—28%) was then added under vigorous stirring
to adjust the pH to about 10. After that, this mixture was stirred again
for 2 h and then aged for 4 h at room temperature to facilitate the
formation of dispersed cerium species on the TiO, surface. The
resulting product was dried at 105 °C for 12 h before being annealed
at 400 °C for 2 h to generate CeO,/NT-TiO,. The prepared
nanocomposites were designated as CeO,/NT-TiO,@X, where X
referred to the molar ratio value of Ce/Ti. CeO, nanoparticles, labeled
as NP-CeO,, were obtained when there was no NT-TiO, added.

For comparison, the different CeO,/TiO, nanocomposites based
on TiO, nanowires, nanorods, and nanoparticles were prepared by the
same wet-chemical deposition precipitation method, which were
marked as CeO,/NW-TiO,, CeO,/NR-TiO,, and CeO,/NP-TiO,,
respectively. The preparation procedure of TiO, nanowire (NW-
TiO,) was nearly similar to that of NT-TiO, but the higher
hydrothermal temperature of 200 °C was indispensable.”>** In order
to obtain the TiO, nanorod (NR-TiO,) and TiO, nanoparticle (NP-
TiO,), the prepared NT-TiO, was annealed at 450 and 550 °C for 2 h,
respectively.

Characterization. X-ray diffraction (XRD) patterns were recorded
on an D8 X-ray diffractometer (Bruker AXS, German) at 40 kV and 40
mA using Cu Ka radiation (4 = 1.5406 A). Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) images
were collected on a JEM-2100 (JEOL, Japan) transmission electron
microscope at an accelerating voltage of 200 kV and an S-4800
(Hitachi, Japan) scanning electron microscope at an accelerating
voltage of 3 kV, respectively. Energy-dispersive X-ray spectroscopy
(EDX) was taken on the TEM. The Brunauer-Emmet-Teller (BET)
surface area, total pore volume, and average pore sizes of sample were
measured on an ASAP 2020 instrument (Micromeritics, USA) at
liquid nitrogen temperature (77 K). Before measurement, the sample
was degassed under vacuum condition at 200 °C for 2 h. X-ray
photoelectron spectroscopy (XPS) analysis was conducted using an
ESCALAB 250 Xi (Thermo, USA) X-ray photoelectron spectrometer
with Al Ka line as the excitation source (hv = 1484.6 eV). Raman
spectra were recorded on a confocal microscopic Raman spectrometer
(Renishow In-Via, USA) with a 785 nm laser light irradiation from 100
to 1100 cm™ at a duration time of 10 s. Before analysis, the samples
with and without H,0O, treatment were pressed into slices. UV—vis
absorption spectra were recorded on a TU-1901 spectrophotometer
(Beijing Purkinje General, China) with a 0.5 cm UV cell. Fluorescence
spectra of 2-hydroxyterephthalic acid were measured on a Cary
Esclipse fluorescence spectrophotometer.

Assay for Catalytic Activity Study and Glucose Detection.
The catalytic reaction was performed at 25 °C using 50 ug/mL CeO,,
TiO,, or CeO,/TiO, in a reaction volume of 4 mL of acetate buffer
(50 mM, pH 4.0) with 250 uM 3,3',5,5'-tetramethylbenzidine (TMB)
as substrate and 1 mM H,O,, unless otherwise stated. The absorbance
at 652 nm after 10 min or the time-dependent absorbance changes at
652 nm within 10 min were examined. The kinetic analysis of CeO,/
TN-TiO,@0.1 with TMB as substrate was performed using 50 ug of
Ce0,/TN-TiO,@0.1 with fixed concentration of H,0, (1 mM) and
varying concentrations of TMB (0, 50, 100, 150, 200, 250, and 300
uM). Similarly, the kinetic analysis with H,O, as the substrate was
performed using 50 ug of CeO,/TN-TiO,@0.1 with fixed
concentration of TMB (250 uM) and varying concentration of
H,0, (0, 0.005, 0.01, 0.02, 0.0S, 0.1, and 1 mM). Apparent kinetic
parameters were calculated using Lineweaver—Burk plots of the
double reciprocal of the Michaelis—Menten equation, 1/V = K/
Vn(1/[S] + 1/K,,), where V is the initial velocity, V,, represents the
maximal reaction velocity, [S] corresponds to the concentration of
substrate, and K, is the Michaelis constant.

Glucose detection was carried out as follows: First, 100 uL of GO,
(5 mg/mL) in NaH,PO, buffer (10 mM, pH 7.0) and 200 uL of p-
glucose with various concentrations in NaH,PO, buffer (10 mM, pH
7.0) were mixed and incubated at 37 °C for 30 min. Second, 400 uL of
TMB (5 mM, ethanol solution), 100 uL of CeO,/NT-TiO, stock
solution (2.5 mg/mL), and 3200 uL of acetate buffer (0.2 M, pH 4.0)
were successively added to the glucose reaction solution. Finally, the
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mixed solution was incubated at 25 °C for 10 min for standard curve
measurement.

B RESULTS AND DISCUSSION

Structure Characterization. Figure 1 showed the XRD
patterns of TiO,, CeO,, and CeO,/NT-TiO, with different Ce/

Intensity (a.u.)

30 40 50
2 theta (degree)

10 20 70

Figure 1. XRD patterns of TiO,, CeO,, and CeO,/NT-TiO, with
different molar ratio. (a) NT-TiO,; (b) CeO,/NT-TiO,@0.01; (c)
CeO,/NT-TiO,@0.025; (d) CeO,/NT-TiO,@0.1; (¢) CeO,/NT-
TiO,@0.2; (f) CeO,/NT-TiO,@0.5; (g) CeO,/NT-TiO,@1; (h)
Ce0,/NT-TiO,@2; (i) CeO,/NT-TiO,@5; (j) NP-CeO,.

Ti molar ratios. For the prepared TiO, (Figure 1a) and CeO,
(Figure 1i), the characteristic peaks at 26 = 25.4°, 37.8°, 48.5°,
542°, 55.4° and 63.0° and 20 = 28.5° 33.1° 47.5°, 56.3°,
59.1°, and 69.4° were attributable to the anatase phase of TiO,
(JCPDS: 02-0406) and the cubic fluorite structure of CeO,
(JCPDS: 81-0792), respectively. CeO,/NT-TiO, showed a
decreasing peak intensity of TiO, with the increasing CeO,
loadings (Figure 1b—i). When the Ce/Ti molar ratio is raised
over 0.1 (Figure le—i), the reflection peaks of CeO, were
clearly found and enhanced with the further increase of CeO,
loadings. When the Ce/Ti molar ratio was below 0.1, no
obvious CeO, diffraction peaks were observed from XRD
patterns possibly due to the low content of CeO, and the well
dispersed CeO, particles on TiO, nanotube surface.

Figure 2a—k presented the TEM images of TiO,, CeO,, and
Ce0,/NT-TiO, with different Ce/Ti molar ratios. The TiO,
nanotube structure (Figure 2a) and the aggregated morphology
for CeO, (Figure 21) were observed. The outer and inner
diameters of these TiO, tubes were estimated to be ~10 and
~4 nm, respectively. For CeO,/NT-TiO,@0.01 (Figure 2b)
and CeO,/NT-TiO,@0.025 (Figure 2c) with lower contents of
CeO, loadings, there were some CeO, particles with a size of
several nanometers (<5 nm) observed on the surface of TiO,
nanotubes. When the Ce/Ti molar ratio was raised to 0.1
(Figure 2d), CeO, particles with a size of 5—10 nm were spread
on the TiO, nanotube surface. However, we did not observe
the aggregated CeO,, indicating that the presence of the TiO,
nanotube significantly increases the dispersion of CeO, on its
surface. The HRTEM image of CeO,/NT-TiO,@0.1 (Figure
2e) showed two interplane distances of about 0.24 and 0.31 nm
corresponding to the (001) plane of TiO, and the (111) plane
of CeO,, respectively. Figure 2f gave the EDX spectrum of
CeO,/NT-TiO,@0.1. The Ti, Ce, and O were clearly observed,
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and the atomic ratio of (Ti + Ce)/O was about 1/2 indicating
the CeO,/TiO, composite structure. However, the measured
atomic ratio of Ce/Ti was over the atomic ratio (0.1) of the
starting reagents. This was mainly due to most CeO, particles
loaded on the TiO, nanotube surface leading to more Ce being
detected by EDX. With the further increase of CeO, loadings,
CeO,/NT-TiO, showed a gradual agglomeration of CeO, on
the TiO, surface (Figure 2g—k). The morphologies of CeO,/
NT-TiO,@2 (Figure 2j) and CeO,/NT-TiO,@5 (Figure 2k)
were even nearly similar to that of pure CeO, due to the serious
clustering of CeO, on the TiO, nanotube surface. In addition,
the texture characteristics, including the BET surface area and
pore volume, of TiO, CeO,, and CeO,/NT-TiO, with
different Ce/Ti molar ratios were analyzed, and the results
were summarized in Table 1. CeO, had a low BET surface area
(53 m*/g) and pore volume (0.21 cm’/g) while NT-TiO,
possessed a large BET surface area (215 m?/g) and pore
volume (0.995 cm®/g). Compared with CeO,, CeO,/NT-TiO,
presents a higher BET surface area and pore volume when the
Ce/Ti molar ratio was raised but not over 1, though the
decreasing BET surface area and pore volume are observed for
CeO,/NT-TiO, with the increase of CeO, loading. CeO,/NT-
TiO,@2 and CeO,/NT-TiO,@5 almost presented the similar
texture characteristics as pure CeO, because of their similarly
serious agglomeration morphologies as shown.

CeO,/NW-TiO,@0.1, CeO,/NR-TiO,@0.1, and CeO,/NP-
TiO,@0.1 nanocomposites were prepared by using TiO,
nanowire, nanorod, and nanoparticle as support, which were
confirmed by TEM and SEM images in Figure 3a—f. Similar to
CeO,/NT-TiO,@0.1, CeO, nanoparticles formed on the
surfaces of TiO, nanowire, nanorod, and nanopaticle in
Ce0,/NW-TiO,@0.1, CeO,/NR-TiO,@0.1, and CeO,/NP-
TiO,@0.1 nanocomposites. The insets in Figure 3a—c
presented the representative HRTEM micrographs of CeO,/
NW-TiO,@0.1, CeO,/NR-TiO,@0.1, and CeO,/NP-TiO,@
0.1. They all showed two interplane distances of about 0.24 and
0.31 nm which corresponded to the (001) plane of TiO, and
the (111) plane of CeO,, respectively. However, different from
CeO,/NT-TiO,@0.1, CeO,/NW-TiO,@0.1, CeO,/NR-
TiO,@0.1, and CeO,/NP-TiO,@0.1 all showed obvious
XRD patterns of cubic CeO, structure (Figure 4). These
results indicated the better dispersion of CeO, particles on the
surface of the TiO, nanotube than that of the TiO, nanowire,
nanorod, and nanoparticle. Meanwhile, in comparison with
CeO,/NW-TiO,@0.1, CeO,/NR-TiO,@0.1, and CeO,/NP-
TiO,@0.1, CeO,/NT-TiO,@0.1 showed the larger BET
surface area (172 m?/g) and pore volume (0.812 cm®/g), as
summarized in Table 1.

Peroxidase-Like Activity. To demonstrate the peroxidase-
like activity of CeO,/NT-TiO,@0.1, catalytic oxidation of the
chromogenic substrate TMB in the presence or absence of
H,0, was tested. The intensity of adsorption peak at 652 nm
can be used to evaluate the peroxidase-like activity of the
sample. As shown in Figure SA-a, almost no absorption at 652
nm was observed in the TMB + H,0, system without CeO,/
NT-TiO,@0.1, while the CeO,/NT-TiO,@0.1 + TMB system
showed negligible adsorption at 652 nm (Figure SA-b) under
experimental conditions. In contrast, the CeO,/NT-TiO,@0.1
+ TMB + H,0, system produced a strong adsorption at 652
nm (Figure SA-c). These results supported that the CeO,/NT-
TiO,@0.1 behaved like peroxidase toward typical peroxidase
substrates such as TMB. Moreover, only weak adsorption was
observed in the NP-CeO, + TMB + H,0, system (Figure SA-
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Figure 2. TEM images of TiO, (a), CeO, (1), and CeO,/TiO, with different Ce/Ti molar ratios (a—d, g—1), as well as HRTEM image (e) and EDX
spectrum (f) of CeO,/NT-TiO,@0.1, (b) CeO,/NT-TiO,@0.01; (c) CeO,/NT-TiO,@0.02S; (d) CeO,/NT-TiO,@0.1; (g) CeO,/NT-TiO,@
0.2; (h) CeO,/NT-TiO,@0.5; (i) CeO,/NT-TiO,@1; (j) CeO,/NT-TiO,@2; (k) CeO,/NT-TiO,@S.

d), and there was no adsorption at 652 nm for the NT-TiO, +
TMB + H,0, system (Figure SA-e), indicating that the CeO,
particles well dispersed on the NT-TiO, surface were
responsible for the formation of the oxidation product of
TMB in the CeO,/NT-TiO,@0.1 + TMB + H,0, system. The
inset showed the color variations of solutions in different
reaction systems. When CeO,/NT-TiO,@0.1 was impregnated
in TMB—acetate buffer solution for a certain time before
adding H,O, or the catalytic reaction was conducted under
high TMB concentration, a significantly decreased catalytic
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efficiency was found (Figures S2 and S3, Supporting
Information), which was because more TMB was adsorbed
on the CeO,/NT-TiO,@0.1 surface inhibiting the reaction
with H,O,. Additionally, the catalytic activity of CeO,/NT-
TiO,@0.1 was enhanced with the increase of the H,O,
concentration (Figure S4, Supporting Information). Therefore,
in catalytic oxidation of TMB with CeO,/NT-TiO,@0.1, the
effective interaction of CeO,/NT-TiO,@0.1 with H,0, was a
critical step for TMB oxidation.
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Table 1. Texture Characteristics of TiO,, CeO,, and CeO,/
TiO,

BET surface area pore volume

catalyst (m*/g) (cm®/g)
NT-TiO, 215 0.995
Ce0,/NT-Ti0,@0.01 212 0.989
CeO,/NT-TiO,@0.025 209 0.940
Ce0,/NT-Ti0,@0.1 178 0812
CeO,/NT-TiO,@0.2 126 0.633
CeO,/NT-TiO,@0.5 98 0.358
CeO,/NT-TiO,@1 67 0267
CeO,/NT-TiO,@2 58 0.246
CeO,/NT-TiO,@5 57 0232
NP-CeO, s3 0231
CeO,/NW-TiO,@0.1 54 0.124
CeO,/NR-TiO,@0.1 91 0.540
CeO,/NP-TiO,@0.1 s4 0.389

The peroxidase-like activity of CeO,/NT-TiO, with different
Ce/Ti molar ratios was investigated (Figure SB). With the
increase of CeO, loadings, the peroxidase-like activity of CeO,/
NT-TiO, was initially enhanced. When the Ce/Ti molar ratio
was raised to 0.1, the highest peroxidase-like activity was
obtained for CeQ,/NT-TiO,@0.1. However, with the further
increase of CeO, loadings, CeO,/NT-TiO, showed a
decreasing peroxidase-like activity. In addition, compared with
CeO,/NW-TiO,@0.1, CeO,/NR-TiO,@0.1, and CeO,/NP-
Ti0,@0.1, CeO,/NT-TiO,@0.1 showed the highest perox-
idase-like activity (Figure SC). Their abilities followed the order
of CeO,/NT-TiO,@0.1 > CeO,/NR-TiO,@0.1 > CeO,/NP-
TiO,@0.1 > CeO,/NW-TiO,@0.1.

Similar to peroxidase, the catalytic activity of CeO,/NT-
TiO,@0.1 nanocomposites was dependent on pH and
temperature. Influences of pH and temperature on the catalytic
activity of CeO,/NT-TiO,@0.1 were studied (Figure SS,
Supporting Information). The pH value varied from 2.6 to 8.
The optimal pH was 4.0 for the maximum absorption. A

10 —— CeO,NT-TIO@0.1
c: CeOl . CEOZ/NWATiOZ@OAI
: ——— CeO,/NR-TIO,@0.1
—— CeO,/NP-TIO@0.1

Intensity (a.u.)

2 theta (degree)

Figure 4. XRD patterns of CeO,/TiO, with different TiO,
morphologies.

temperature-dependent assay was also performed in this
experiment. At a temperature from 15 to 75 °C, the absorbance
at 652 nm first increased and then decreased after 45 °C.
However, considering the convenience and economy of this
catalytic process, the bioassay should be carried out at room
temperature. Therefore, 25 °C was selected as the reaction
temperature. To overcome the effect of possible leaching ions,
the Ce and Ti ion contents of the supernatants were detected
by AAS and the determined amount of Ce and Ti ions in the
leaching solution is negligible. In addition, the catalytic activity
of the Ce and Ti ions leached at pH 4.0 was tested as follows.
The CeO,/NT-TiO,@0.1 nanocomposites were incubated
with buffer at pH 4.0 for 10 min, and then, the supernatant
solution without nanocomposites was used for the catalytic
experiment. No absorbance at 652 nm (Figure S6, Supporting
Information) further demonstrated that the catalytic effect did
not come from leached ions but from CeO,/NT-TiO,@0.1.
Kinetics and Possible Reactive Mechanism. The kinetic
parameters for the reaction were evaluated by the initial rate
method with TMB and H,O, as substrates. The absorbance

¥
L
‘%

100k SE(U)

\ #_.

mm x100KISE(U)

Figure 3. TEM (a—c) and SEM (d—f) images of CeO,/TiO, nanocomposites with TiO, nanowire, nanorod, and nanoparticle as a support: (a, d)
Ce0,/NW-Ti0,@0.1; (b, e) CeO,/NR-TiO,@0.1; (c, f) CeO,/NP-TiO,@0.1.
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Figure S. (A) UV—vis spectra at reaction time of 10 min in different
systems; inset is the photograph of the solution at a reaction time of 10
min in different reaction systems. (a) TMB + H,0,, (b) TMB +
Ce0,/NT-TiO,@0.1, (<) TMB + H,0, + CeO,/NT-TiO,@0.1, (d)
TMB + H,0, + NP-CeO,, and (e) TMB + H,0, + NT-TiO, in a pH
4.0 acetate buffer at 25 °C for 10 min. (B) Relative catalytic activity
TiO,, CeO,, and CeO,/TiO, with different Ce/Ti molar ratios. (a)
NT-TiO,, (b) CeO,/NT-TiO,@0.01, (c) CeO,/NT-TiO,@0.025,
(d) Ce0,/NT-TiO,@0.0S, (¢) CeO,/NT-TiO,@0.1, (f) CeO,/NT-
TiO,@0.2, (g) CeO,/NT-TiO,@0.5, (h) CeO,/NT-TiO,@1, (i)
Ce0,/NT-TiO,@2, (j) CeO,/NT-TiO,@5, and (k) NP-CeO,; the
maximum point was set as 100%. (C) Time-dependent absorbance
changes at 652 nm of TMB for CeO,/NT-TiO,@0.1, CeO,/NW-
TiO,@0.1, CeO,/NR-TiO,@0.1, and CeO,/NP-TiO,@0.1 nano-
composites.

data were converted to the corresponding concentration term
using the value & = 39000 M 'em™ (at 652 nm) for the
oxidized product of TMB.* Within the suitable range of TMB
(Figure 6a) and H,0, (Figure 6b) concentrations, typical
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Figure 6. Steady-state kinetic analyses using the Michaelis—Menten
model and Lineweaver—Burk model (insets) for CeO,/NT-TiO,@0.1
nanocomposite by (a) varying the concentration of TMB with a fixed
amount of H,0, and (b) varying the concentration of H,0, with a
fixed amount of TMB.

Michaelis—Menten curves were observed for CeO,/NT-TiO,@
0.1 nanocomposites. The data were fitted to the Michaelis—
Menten model to obtain the catalytic parameters K, and V,,
given in Table 2. All these parameters were also evaluated from
the Lineweaver—Burk double-reciprocal plot,*® which gave
analogous values (Figure 6ab insets). As an apparent
Michaelis—Menten constant, the K, value with TMB as
substrate for CeO,/NT-TiO,@0.1 (0.097 mM) was lower
than that of HRP (0.434 mM).* This result suggested that
CeO,/NT-TiO,@0.1 had a higher affinity than that of HRP
toward TMB. On the other hand, the K, value of CeO,/NT-
TiO,@0.1 with H,0, as substrate was 0.04 mM, which was
about 83.5 times lower than that of HRP, suggesting that a
significantly lower H,0, concentration was required for the
nanocomposites than for HRP when maximum activity was
obtained. Moreover, the K, and V,, values of the CeO,/NT-
TiO,@0.1 and other peroxidase mimics were compared, and
the data was summarized in Table S1, Supporting Information.
Evidently, the CeO,/NT-TiO,@0.1 had a much higher affinity
to H,0, and TMB than other mimics.

According to the previous studies on the bioapplication of
cerium oxide as a peroxidase mimic,”**°7***% it was prposed
that the efficiency of CeO, artificial peroxidase-like enzyme
strongly depended on the Ce*"/Ce®" ratio where the low Ce**/
Ce*" ratio was largely helpful. In order to evaluate the role of
CeO, in prepared samples, high-resolution Ce 3d XPS spectra
for pure CeO, (Figure S7, Supporting Information) and CeO,/
NT-TiO,@0.1 were recorded (Figure 7). For pure CeO,, the
peaks at V,, V', Uy, and U’ (881.6, 884.7, 899.4, and 902.5 eV)
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Table 2. Comparison of the Apparent Michaelis-Menten Constant (K,,) and Maximum Reaction Rate (V,,)

K, (mM)
catalyst TMB H,0,
HRP 0.434 3.70
CeO,/NT-TiO,@0.1 0.097 0.04

vV, Ms™h)
TMB H,0, ref.
10.0 X 1078 871 x 1078 32
5.54 x 1078 227 x 1078 this work

Intensity (a.u.)

CeO /NP-TiO (@0.1

920

890 900 910
Binding Energy (eV)

870 880 930

Figure 7. High-resolution of Ce 3d XPS spectra of CeO,/NT-TiO,@
0.1, CeO,/NR-TiO,@0.1, CeO,/NW-TiO,@0.1, and CeO,/NP-
TiO,@0.1.

represented the presence of Ce® while characteristic peaks of
Ce* presented at V, V”, V”, U, U”, and U” (882.9, 888.9,
897.9, 900.9, 907.2, and 916.2 eV).38’48’49 In comparison with
those of pure CeO,, the characteristic peaks of Ce 3d in CeO,/
TiO,@0.1 shifted to lower binding energy positions, which is
due to the different types of screening that TiO, (band gap 3
eV) and CeO, (band gap 6 eV) can provide in the final state of
the photoemission process or most grobably to the presence of
band bending in CeO,/TiO,@0.1. 7 The calculated concen-
trations of Ce>" were 28.1%, 57.6%, 36.3%, 31.2%, and 29.8% in
pure CeO,, CeO,/NT-TiO,@0.1, CeO,/NR-TiO,@0.1,
Ce0,/NP-TiO,@0.1, and CeO,/NW-TiO,@0.1 (Table 3),
respectively. Clearly, in our work, the presence of TiO,
supports increased the Ce®* concentrations which followed
the order of CeO,/NT-TiO,@0.1 > CeO,/NR-TiO,@0.1 >
Ce0,/NP-TiO,@0.1 > CeO,/NW-TiO,@0.1. The combina-

Table 3. Concentration of Ce** and Ce*" Calculated by XPS
Spectra

concentration of concentration of

catalyst Ce (%) Ce* (%)®
CeO, 28.1 71.9
Ce0,/NT-TiO,@0.1 57.6 124
CeO,/NW-TiO,@0.1 29.8 702
CeO,/NR-TiO,@0.1 363 63.7
CeO,/NP-TiO,@0.1 312 68.8
CeO,/NT-TiO,@0.1 treated by 48.4 SL.6
H,0,
C;%Z/ZIDIT—TiOZ@O.l treated by 43.7 56.3
4

“Relative concentration of Ce®" = [Aco/(Ac + Ac)] X 100%.
YRelative concentration of Ce*" [Ace/(Ace + Ace)] X 100%;
Ace and Ag, are the total area of peaks assigned to Ce®* and Ce*,
respectively.
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tion of TiO, nanotube with CeO, presented the highest
concentration of Ce**, which was because CeO, particles were
highly dispersed on TiO, nanotubes with increased interfacial
hybridization, leading to the stabilization of more Ce* >~
However, correlated with their peroxidase-like activities, it was
surprisingly found that a high rather than a low Ce**/Ce*" ratio
facilitated the reaction process and that the activity was
positively relevant to the Ce*"/Ce*" ratio. In addition, surface
H,0, and PO,*" treatments were adopted to diminish the Ce**
species of CeO,/NT-TiO,@0.1.°**° After H,0, and PO,*"
treatments, the concentrations of Ce®" decreased to 48.4% and
43.7% (Table 3), respectively. Meanwhile, their peroxidase-like
activities both decreased and a lower activity was found for
PO, treated CeO,/NT-TiO,@0.1 with a lower Ce**/Ce*
ratio (Figure 8). These results suggested that the catalytic

0.35
0.30
~ 0.254
£
=
& 0.20-
e
2
0.154 —
« f//f/
7 —— Without treatment
0.10 ;/ —— H,0, treatment (10 mM, 0.15g/10 mL)
— PO;' treatment (pH 7, 0.15g/10 mL)
0.054 T T T T T T
0 100 200 300 400 500 600
Time (min)

Figure 8. Time-dependent absorbance changes at 652 nm of TMB for
CeO,/NT-TiO,@0.1 under different surface treatments. Experimental
section: To acquire CeO,/NT-TiO,@0.1 treated with phosphate
buffered saline or H,0,, 0.15 g of CeO,/NT-TiO,@0.1 was incubated
in 10 mL of pH 7 phosphate buffered saline (PBS) and 10 mM H,0,
aqueous solution under stirring for 72 and 24 h, respectively. After
that, the CeO,/NT-TiO,@0.1 was separated, washed, and dried.

reaction of the CeO,/NT-TiO,@0.1 + TMB + H,0, system
did not follow the reported mechanism,”***7**3* and it was
mostly centered on the surface Ce’* sites and more Ce®" sites
were favored for activity.” >> Raman spectra of NT-TiO,
(Figure 9a), NP-CeO, (Figure 9b), and CeO,/NT-TiO,@0.1
(Figure 9c) with and without H,0O, treatment were
investigated. The Raman bands at 127, 153, 201, 253, 414,
473, 519, and 640 cm™' in NT-TiO, were assigned to the
anatase structure (Figure 9a).>> NP-CeO, displayed a strong
band at 463 cm™' (Figure 9b), which had been assigned to the
F,, vibration mode of the O atoms around each Ce*" cation.>*
The band at 593 cm™' was known to be associated with the
oxygen vacancies.”> CeO,/NT-TiO,@0.1 showed similar
Raman bands at 153, 201, 253, 414, 473, 519, and 640 cm™'
as NT-TiO,, and no obvious Raman bands for CeO, were
observed (Figure 9c) due to the fact that CeO, was well
dispersed on the NT-TiO, surface and the signals for CeO,
were masked by those of NT-TiO,. For the NT-TiO, treated
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Figure 9. Raman spectra of NT-TiO, (a), NP-CeO, (b), and CeO,/
NT-TiO,@0.1 (c) with and without H,0, treatment. Experimental
section: 0.1 mL of H,0, (25—28 wt %) was added into 1 g/L aqueous
suspension of NT-TiO,, NP-CeO,, and CeO,/NT-TiO,@0.1 (50
mL) and then stirred vigorously for 1 h. After that, NT-TiO,, NP-
CeO,, and CeO,/NT-TiO,@0.1 powders were collected by
centrifugation and washed thoroughly with H,O to obtain samples
with H,O, treatment.

with H,0O,, no obvious difference of Raman bands was found.
Also, the same phenomenon was observed for CeO,/NT-
TiO,@0.1 with and without H,0, treatment. Due to no
obvious Raman bands for surface CeO, active sites in the
CeO,/NT-TiO,@0.1 catalyst, this result was inadequate to
illustrate the reaction of surface CeO, with H,O,. Because of
the similar preparation of NP-CeO, and CeO, responsible for
catalysis, the NP-CeO, was thus applied to investigate
indirectly the reaction of surface CeO, with H,O, in CeO,/
NT-TiO,@0.1. In NP-CeO,, H,0, pretreatment had not
obviously decreased the Raman band at 593 cm™, which
suggested that the oxygen vacancies did not disappear in the
presence of H,0,. Two new bands appeared at 840 and 943
cm™ in the presence of H,0, which were characteristic
features of surface bidentate chelating peroxide and nonplanar

6458

bridging peroxide species, respectively.**™>* When TMB was
added, these peaks disappeared and the blue color of TMB
oxidation product appeared, which indicated that the formed
surface peroxides were responsible for the oxidation of TMB.
On the basis of these results, it was concluded that the first
interaction of surface CeO, with H,0, chemically changed the
surface state of CeO, by transforming Ce’" sites into surface
peroxide species which resulted in adsorbed TMB oxidation in
the CeO,/NT-TiO,@0.1 + TMB + H,0, system,”* > as
shown in Figure 10. CeO,/NT-TiO,@0.1 had the highest

Surface peroxide

Figure 10. Schematic presentation for TMB oxidation in the presence
of H,0, over CeO,/NT-TiO,@0.1.

concentration of Ce** thus leading to the best peroxidase-like
activity. At the same time, the highly dispersed CeO, and large
BET surface area and pore volume in CeO,/NT-TiO,@0.1
probably helped to increase the contact of Ce®" active sites with
H,0, 596!

H,0, and Glucose Detection Using CeO,/NT-TiO,@
0.1. H,0, and glucose detections are two common analyses in
biomedicine diagnosis.”> On the basis of the intrinsic
peroxidase-like property of CeO,/NT-TiO,@0.1, we developed
a simple colorimetric method to detect H,0, and glucose
contents using the catalyzed color reaction. As the absorbance
of oxidized TMB was in proportion to H,0, concentration, it
was a facile approach to detect H,0O, at 652 nm only using a
spectrophotometer. Figure 1la showed a typical H,0,
concentration response curve where as low as 3.2 uM H,0O,
could be detected with a linear range from S to 100 yM. For
glucose detection, glucose oxidase catalyzed the oxidation of
glucose to produce gluconic acid and hydrogen peroxide in the
presence of oxygen. Subsequently, the formed hydrogen
peroxide was catalyzed by CeO,/NT-TiO,@0.1 and then
reacted with TMB, resulting in the development of a blue color.
Therefore, the color change from the converted TMB was
employed to indirectly measure glucose content. Results of
glucose detection were presented in Figure 11b. As illustrated,
the absorbance was linearly correlated to glucose concentration
from 0.01 to 0.5 mM with a detection limit of 6.1 uM. In
addition, the glucose contents in human serums (provided by
the Hospital of Jiangnan University) were detected by this
method, and the results were summarized in Table 4.
Obviously, the concentrations of glucose examined by our
method were quite close to those determined by the Automatic
Biochemical Instrument (FH-400) in the Hospital of Jiangnan
University. These results indicated that this method can be
potentially applied to the determination of glucose content in
human serums.
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Figure 11. Linear calibration plot for H,0, using CeO,/NT-TiO,@
0.1 nanocomposite as an artificial enzyme (a); linear calibration plot
for glucose detection using GO, and CeO,/NT-TiO,@0.1 nano-
composite (b). Error bars shown represent the standard error derived
from three repeated measurements. The limit of detect (LOD) was
calculated by the formulation of “LOD = 3S/K”, where S was the
standard deviation of absorbance for blank sample and K was the slope
of the calibration curve.

Table 4. Determination of Glucose Content in Human
Serum Samples

content determined by  content determined by this relative
sample  the hospital (mM) colorimetric method XmM) error (%)
1 4.14 4.20 145
2 4.56 4.62 1.10
3 5.02 S.09 1.39

B CONCLUSIONS

In conclusion, we have demonstrated that CeO,/NT-TiO,
nanocomposites possess intrinsic peroxidase-like activity.
When the molar ratio of Ce/Ti was 0.1, the best peroxidase-
like activity was obtained, which was much higher than
comparative CeO,/NW-TiO,, CeO,/NR-TiO,, and CeO,/
NP-TiO, nanocomposites with similar molar ratio of Ce/Ti.
The presence of the TiO, nanotube support significantly
enhanced the dispersion of surface CeO, as well as the surface
area and pore volume. Additionally, the CeO,/NT-TiO,@0.1
nanocomposite exhibited higher affinity to H,0, and TMB
than other nanomaterial based peroxidase mimics. Ce** sites
were confirmed as the catalytic active sites for the catalytic
reaction. The first interaction of surface CeO, with H,O,
chemically changed the surface oxidation state of CeO, by
transforming Ce’* species into surface peroxide species that
caused adsorbed TMB oxidation. Compared with CeO,/NW-

TiO,, CeO,/NR-TiO,, and CeO,/NP-TiO,, the combination
of TiO, nanotube with CeO, presented the highest
concentration of Ce** thus leading to the best peroxidase-like
activity. Moreover, we constructed a simple and sensitive
colorimetric assay to detect H,O, and glucose. This study
would be significant to propel the development of novel
peroxidase mimics materials as well as to provide a deep insight
into the correlation between catalyst structure and peroxidase-
like activity, catalytic kinetics, and the mechanism. The highly
dispersed CeO, on the TiO, nanotube is expected to be useful
not only in the field of peroxidase mimic but also in other
promising applications such as a catalytic material.
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