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The peroxidase mimetic properties of nanoceria have attracted extensive attention in recent years. In this

work, the peroxidase mimetic properties of CeO, nanocrystals with different morphologies, namely,

nanocubes and nanorods, were investigated. Two types of oxidative species, HO" radicals and peroxide-
like intermediates, were identified in the CeO,/H,O, systems. The formation of these oxidative species is
strongly dependent on the pH value and the morphology of the CeO, nanocrystals. The origin of the
peroxidase mimetic activity of nanoceria was mainly ascribed to the presence of HO® under acidic

conditions, whereas the peroxide-like species also played a major role under neutral and basic

conditions. CeO, nanorods with excellent redox properties and higher concentration of Ce®" and
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oxygen vacancies were more favorable for the generation of both HO" and peroxide-like intermediates

than that of CeO, nanocubes, exhibiting excellent peroxidase mimetic activity toward 2,2’-azino-bis(3-

DOI: 10.1039/c8ra00622a

rsc.li/rsc-advances of H,O,.

1 Introduction

Nanoceria has been extensively used in the field of catalysis
because of the facile redox cycles between Ce*" and Ce*".*
Among various catalytic applications of nanoceria, one inter-
esting phenomenon is the peroxidase mimetic behavior, that is,
some active oxidative species can be generated and some
substrates can be oxidized concurrently during the catalytic
decomposition of H,0,.*® For example, it has been reported
that CeO, nanoparticles exhibited excellent catalytic oxidation
activity towards the classical peroxidase substrate 3,3,5,5-tetra-
methylbiphenyl dihydrochloride in the presence of H,0,.”
Because of their peroxidase mimetic properties, nanoceria and
cerium-containing materials have been widely used in medical
diagnosis, biosensing, and Fenton-like processes for the
degradation of organic pollutants.®™*

Several oxidative species have been detected or proposed
during the catalytic decomposition of H,0, by nanoceria.>***
Liu et al.® attributed the peroxidase mimetic activity of H,TCPP-
CeO, nanocomposites to the formation of HO-, which was
confirmed with a fluorescent probe technique. Lousada et al.**
confirmed the formation of HO- and studied the dynamics of
formation of HO-. Besides HO-, the generation of other oxygen-
derived free radicals such as HO,-, O,-, and O, have also been
suggested.'>'® However, several researchers have attributed the
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ethylbenzothiazoline-6-sulfonic acid) (ABTS), methylene blue (MB), and congo red (CR) in the presence

oxidation ability of nanoceria to some brown peroxide-like
intermediates,””** which oxidize organic substances through
intermolecular rearrangement.'”*"** Although the exact struc-
ture of the active oxidative species responsible for the peroxi-
dase mimetic activity of nanoceria have not been fully
elucidated, it is believed that the pH value of the reaction
medium has a significant influence on the peroxidase mimetic
properties of nanoceria.® Most studies have shown that nano-
ceria could be used as a peroxidase mimic in the pH range of
2.0-6.0,** whereas a few studies have shown that the peroxi-
dase mimetic activity of nanoceria could be observed at even
higher pH values.'*** Therefore, further study is still needed to
understand the relationship between the pH of the solution and
the nature of the oxidative species and their oxidation abilities.

The peroxidase mimetic property of nanoceria originates
from the redox cycles between Ce*" and Ce**.** Generally, the
easier the redox cycles between Ce®" and Ce*’, the better the
peroxidase mimetic activity of nanoceria."” Up to now, several
strategies including doping ceria with heteroatom ions such as
Zr*" and decreasing the particle size of the ceria particles has
been used to enhance the peroxidase mimetic activity of
ceria.*»”** Zhou et al. reported that the redox performance of
nanoceria could also be optimized by tuning the crystal planes
exposed on the surfaces.” Since then, a series of studies have
been carried out to optimize the catalytic performance of
nanoceria for various reactions by tuning the morphology of
CeO, nanocrystals.”*** However, to the best of our knowledge,
the influence of the exposed crystal facet on the peroxidase
mimetic activity of nanoceria has only been reported in a recent
paper, which found that the Fenton-like reactivity of CeO,

This journal is © The Royal Society of Chemistry 2018
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nanocrystal was related to their exposed facets.*® Therefore, it is
worth applying nanoceria with different morphologies as
peroxidase mimetics to optimize the catalytic activity and
understand the underlying mechanisms of the nanoceria
mimic enzyme.

In this work, CeO, nanocubes and nanorods were prepared
by a hydrothermal method and their peroxidase mimetic
properties were investigated under both acidic and basic
conditions. Our studies revealed a strong morphology-
dependent peroxidase mimetic activity of nanoceria. The
nature of the active oxidative species at different pH values and
their oxidation abilities were investigated to gain a deep
understanding of the mechanism of the peroxidase-mimetic
activity of nanoceria.

2 Experiments
2.1 Materials

Ce(NO;3);-6H,0, NaOH, HCl, H,0, (30%, w/w), n-butyl alcohol,
methylene blue (MB) and congo red (CR) were purchased from
Sinopharm Chemical Reagent Co. Ltd (Shanghai, China).
Catalase, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) were ob-
tained from Sigma-Aldrich Co. LLC. (Saint Louis, USA). All
reagents were of analytical reagent grade and were used without
further purification.

2.2 Synthesis of CeO, nanocubes and CeO, nanorods

CeO, nanocatalysts were synthesized through a hydrothermal
process.>?" Typically, Ce(NO3);-6H,0 (1.5 g) was dissolved in
distilled water, and an appropriate amount of 10% NaOH
solution was rapidly added to give a final NaOH concentration
of approximately 2.0 M. After stirring for approximately 15 min,
the slurry (approximately 40 mL) was placed into a 50 mL
Teflon-sealed autoclave and heated. The morphology of the as-
prepared nanoceria depended on the hydrothermal tempera-
ture and reaction time, that is, nanocubes were formed by
heating at 180 °C for 24 h and nanorods were formed by heating
at 120 °C for 12 h. After cooling, the final product was collected
by filtration, washed with deionized water, and then dried at
60 °C.

2.3 Catalyst characterization

The size and morphology of the nanoceria was characterized
with a JEM-2100F high-resolution transmission electron
microscope (HRTEM, JEOL, Japan). The powder X-ray diffrac-
tion (XRD) patterns were obtained on an D8 Advance X-ray
diffractometer (Bruker, Germany) with Ni-filtered Cu Ko radia-
tion (A = 0.1541 nm). The Brunauer-Emmett-Teller (BET)
surface area was evaluated from nitrogen adsorption-desorp-
tion data recorded at 77 K using a model NOVA 3200e auto-
mated gas sorption system (Quantachrome, USA). X-ray
photoelectron spectra (XPS) measurements were performed on
an ESCALAB 250Xi high-performance electron spectrometer
(Thermo Fisher, USA) using monochromatized Al Ko (hv =
1486.6 eV) as the excitation source. Raman spectra were
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collected by a Raman spectrometer (Renishaw inVia, UK) with
a laser wavelength of 514.5 nm. Hydrogen temperature-
programmed reduction (H,-TPR) was conducted with a Chemi-
Sorb 2750 apparatus (Micromeritics, USA) equipped with a TCD
detector. TPR was performed by heating the nanoceria samples
(50 mg) at 10 °C min~" from 50-700 °C in a 5 vol% H,-N,

mixture with a flow rate of 25 mL min .

2.4 Electron paramagnetic resonance (EPR) measurements

To monitor the potential radicals formed in the nanoceria/H,0,
system, DMPO was used as the spin trap and EPR spectra were
recorded using a JES-FA200 EPR spectrometer (X-band) with
dual cavities (JEOL, Japan). Typical parameters were as follows:
modulation frequency, 100 kHz; microwave frequency, 9.05
GHz; sweep width, 50 G; EPR microwave power, 3 mW; modu-
lation amplitude, 1 G; time constant, 0.03 s; and sweep time,
2 min.

2.5 Peroxidase mimetics activity of nanoceria

The catalytic reaction was performed at 25 °C using 1 g L' CeO,
with 2 mM ABTS, 15 mg L' MB or 70 mg L™ CR as substrate
and 20 mM H,0,, unless otherwise stated. Generally, catalyst
powder was added into a conical flask containing an aqueous
solution of the substrate. Then, a H,0, solution was added to
initiate the oxidation reaction. To avoid the influence of ions on
the nanoceria activity, ultrapure water was used in the test, and
the initial pH of the reaction system was adjusted using 0.1 M
HCI and 0.1 M NaOH solution. The concentration of organics
and H,0, in supernatant was analyzed by using a UV-vis
spectrophotometer (Beijing Purkinje General, China). The
maximum wavelengths (A ) of H,0,, ABTS'", MB and CR are
240, 734, 664 and 497 nm, respectively.

3 Results and discussion
3.1 Characterization of CeO, nanocubes and nanorods

The morphologies of the as-prepared samples were examined by
transmission electron microscopy (TEM). The CeO, nanocubes
had uniform cubic shapes with a size of 20-30 nm (Fig. 1a). The
HRTEM image in Fig. 1b shows an interplanar spacing of
0.27 nm, corresponding to the (200) lattice fringe of CeO,,
which indicates that the nanocubes were mainly enclosed by the
(100) facets.* As shown in Fig. 1c¢, CeO, nanorods had diame-
ters of approximately 15-20 nm and lengths of 100-200 nm. The
HRTEM analysis (Fig. 1d) revealed that the nanorods were
single-crystalline and their growth direction was (110). This was
consistent with the previously reported results that nanorods
expose their (110) and (100) facets.*

The XRD patterns of the CeO, nanocubes and nanorods are
shown in Fig. 2a. All the diffraction peaks of both samples can
be indexed to the pure fluorite structure of CeO, (JCPDS 34-
0394).® The sharper peaks of the nanocubes indicated their
higher crystallinity and bigger crystallite size than those of the
nanorods,*® which was consistent with the TEM and HRTEM
analysis. The specific surface areas of the nanocerias were
measured by a nitrogen gas adsorption-desorption isotherm
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Fig. 1 TEM images of (a) CeO, nanocubes and (c) nanorods, and
HRTEM images of (b) CeO, nanocubes and (d) nanorods.
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Fig. 2 XRD patterns (a) and Ce3d XPS spectra (b) of CeO, nanocubes
and nanorods.

and calculated by the BET method. The nanorods exhibited
a larger specific surface area (89.9 m”> g~ ') than that of the
nanocubes (39.7 m* g~ %).

The valence state of the Ce ions in the nanocerias was
determined by XPS and the results are shown in Fig. 2b. The
Ce3d XPS spectra revealed that a mixed valence state (Ce** and
Ce*") was present and most of the Ce ions were Ce*" in both
nanoceria samples.®> However, the peaks attributed to Ce*" in
the nanorods, were clearly stronger than those for the nano-
cubes, as marked in Fig. 2b, indicating that more Ce** was on
the surface of the nanorods.>*** The Ce3d spectra were fitted
using PeakFit software to calculate the Ce*" concentration on
the surface of both samples. The relative concentration of Ce>*
on the surface of the nanorods was 34.7%, which was much
larger than that of the nanocubes (23.3%). The presence of more
Ce’" indicated that there were more oxygen vacancies in the
CeO, nanorods, which was further verified by Raman analysis.

Fig. 3a displays the Raman spectra of the samples; two bands
were observed for both samples. The presence of the prominent
F,, vibrational mode band at approximately 460 cm™' was
ascribed to the symmetric mode of the oxygen atoms around the
cerium ions.”® Compared with that of CeO, nanorods, the
Raman band of the nanocubes displayed a clear increase in
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Fig. 3 (a) Raman spectra and (b) H,-TPR profiles of CeO, nanocubes
and nanorods.

symmetry and a decrease in the full width at half maximum,
along with an evident shift towards higher wave numbers. This
was attributed to the higher degree of crystallinity and larger
crystallite size of the nanocubes.***® The weak band at approx-
imately 590 cm™" was associated to the defect-induced mode
(D).** The degree of defect sites on CeO, was estimated using the
relative intensity of D/F,..>**® The D/F,, ratio of the CeO,
nanorods was 0.056, which was higher than that of the nano-
cubes (0.023). This implied that CeO, nanorods had more defect
sites such as oxygen vacancies, which was consistent with the
XPS results.

The presence of more Ce*" and defects in CeO, nanorods
suggested that the nanorods could be more reducible than the
nanocubes. Subsequently, the redox properties of the nanoceria
samples were examined by H,-TPR. The TPR profiles (Fig. 3b) of
both samples showed two reduction bands, one located below
580 °C and one above 600 °C. The low-temperature reduction
band is related to the surface oxygen reduction and is of
particular interest in catalytic reactions.*” The low-temperature
peak position of the CeO, nanorods was at 450 °C, which was
much lower than that of the nanocubes (510 °C), indicating that
the CeO, nanorods were much more reducible than the nano-
cubes.”® The facile redox performance of the CeO, nanorods
indicated that the CeO, nanorods should perform well as
peroxidase mimetics.

3.2 H,0, decomposition and probing the possible oxidative
species

The decomposition of H,0, over CeO, nanocubes and nanorods
was first investigated from pH 3.0 to 9.0. This set of data is for
20 mM H,0, in the presence of 1 g L' CeO, at 25 °C. Fig. 4a
shows the H,0, concentration changes as a function of time.
The decomposition of H,0, in the presence of CeO, follows
first-order kinetics as previous reported (Fig. S1t).***” The rate
coefficients are given in Table S1.f It is clear that the effect of
the pH on the decomposition of H,0O, over nanoceria is not
obvious and only a slight increase in conversion can be
observed with increasing pH from 3.0 to 9.0.*®* However, CeO,
nanorods display higher activity over all reactivity towards
H,0,. When the amount of eliminated H,O, was normalized to
the surface area of nanocubes and nanorods, CeO, nanorods
still possessed higher level of activity (Fig. 4b).

It has been reported that nanoceria could facilitate the
decomposition of H,0, to produce HO" through a series of
reactions analogous to Fenton/Haber Weiss reactions:**?*°

This journal is © The Royal Society of Chemistry 2018
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Fig.4 Catalytic activity of CeO,: (a) concentration changes of H,O, as
a function of reaction time and (b) the eliminated H,O, was normal-
ized to CeO, surface area (20 mM H,0,, 1 g L™ CeO,, 25 °C).

Cce*t + H,0, + HY - Ce** + OH" + H,0 (1)
OH" + H202 - H027 + H20 (2)
Ce** + HO,” — 0, + Ce** + H* 3)

To probe the possible generation of HO" during the catalytic
decomposition of H,O, over nanoceria, EPR was performed
using the DMPO as a spin trap. As shown in Fig. 5, a 4-line EPR
spectrum characteristic of DMPO-OH adducts was detected for
a suspension of nanorods upon the addition of H,0,, but the
intensity of the DMPO-OH signal decreased from pH 3.0 to pH
9.0. Similar results were obtained for a suspension of nano-
cubes, except the intensity of the DMPO-OH peaks was signifi-
cantly lower than those of the nanorods under the same
conditions. These results clearly show that HO" can be gener-
ated in the catalytic decomposition of H,0, and the yield of HO"
is decreased with increasing pH from 3.0 to 9.0.>>** And CeO,
nanorods with better redox properties were more favorable for
the generation of HO' than their nanocube counterparts. Then
the ability of the nanoceria to generate HO" strongly depends on
its redox properties.*
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Fig. 5 DMPO spin trapping EPR spectra of CeO,/H,O, system.
Nanocubes/H,O, at pH 3.0 (a) and 9.0 (b); nanorods/H,O, at pH 3.0 (c)
and 9.0 (d). The incubation time is 2 min, and [CeO,] =14 L%, [H,0,]
=20 mM.

It should be noted that a rapid color change was observed
upon the addition of H,0O, into the nanoceria suspensions: the
nanocubes suspension became light yellow and the nanorods
suspension became deep yellow (Fig. 6). The color change was
attributed to the formation of another type of oxidative species
(the peroxide-like intermediates) from the reaction between
H,0, and CeO,."**** The small variations in the color change of
nanoceria from pH 3.0 to 9.0 were almost completely imper-
ceptible to the eye, indicating that the formation of peroxide-
like intermediates was independent of the pH value.
Compared with the suspension of the nanocubes/H,0,, the
deeper color of the nanorods/H,O, system indicated more

pH 3.0 pH 5.0 pH7.0 pH 9.0

;.. -

- ~ ” = -

pH3.0 pH 5.0 pH 7.0 pH 9.0

-

rod

Fig. 6 Photographs of nanoceria suspensions after the addition of
H,O; at various pH (50 mM H,0,, 0.5 g L™ CeO,).
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peroxide-like species were generated owing to the presence of
more Ce** and oxygen vacancies, as proved by XPS and Raman
analysis. A generally accepted view is that the ease of Ce**/Ce*"
redox cycles plays a significant role in the decomposition of
H,0, and the generation of peroxide-like intermediates.”* In
this process, the rate of Ce** oxidation is much faster than that
of Ce* reduction, and high concentration of Ce*" would
enhance the reducibility of ceria.****** Therefore, high peroxi-
dase mimetic activity of ceria nanorods can be attributed to the
high concentration of Ce** and the better reducibility.

The above results show that there were two types of oxidative
species, namely HO" and peroxide-like intermediates, which
can be generated in the nanoceria/H,0, systems. The formation
of these oxidative species was strongly dependent on the pH
value and the morphology of the CeO, nanocrystals, which
determined the peroxidase mimetic performance of nanoceria.

3.3 Peroxidase mimetic activity of CeO, nanocubes and
nanorods

The peroxidase mimetic activity of the CeO, samples was eval-
uated semiquantitatively by the oxidation of ABTS in the pres-
ence of H,O, from pH 3.0 to 9.0. ABTS is typically used as
a horseradish peroxidase substrate, which develops a green
color (ABTS™") upon oxidation in aqueous solution. Control
experiments showed that the color change of the systems was
negligible without the presence of nanoceria or H,O, (Fig. S27).
As shown in Fig. 7, a distinct and rapid change of the nanoceria/
H,0, suspension to a green color was observed upon the
addition of ABTS, indicating that nanoceria did exhibit high
peroxidase-mimetic  activity, as reported previously.”*
Compared with the nanocubes, the nanorods exhibited a higher
activity under the current conditions, which could be explained
by the generation of more HO- and peroxide-like intermediates
owing to their better redox property and high concentration of
Ce*" and oxygen vacancies. Moreover, it is evident that the color

pH3.0

cube pH 5.0

pH 3.0 PH 5.0 pH 7.0 pH 9.0

Fig. 7 The pH effect on the production of colored product owing to
ABTS oxidation in the nanoceria/H,O, system (0.2 g L™ CeO,, 10 mM
H>O5, 5 mM ABTS, t: 2 min).

rod
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of the suspensions changes from dark green to lighter with pH
value from 3.0 to 9.0, showing a strong pH-dependent peroxi-
dase mimetic activity of nanoceria. Nanoceria display higher
peroxidase mimetic activity at acidic conditions and the time-
dependent UV-vis spectra of the oxidized product of ABTS
(ABTS'") at room temperature are shown in Fig. 8. To further
understand the peroxidase mimetic behaviors of the ceria
nanocubes and nanorods, decolorization of MB and CR were
carried out.

3.4 Decolorization of MB and CR in nanoceria/H,0, system

First, decolorization of 15 mg L' MB with 1.0 g L™ " nanoceria
and 20 mM H,O0, at pH 3.0 was investigated. It turned out that
the decolorization of MB over nanorods was 11.6% after 30 min,
while only 4.8% was achieved over nanocubes. To investigate
the role of HO- and peroxide-like intermediates in the decol-
orization process, we performed this experiment by adding
200 mM n-butanol as a radical scavenger before the reaction was
initiated. Excess n-butanol in solution can scavenge all the HO-
produced in the H,0, decomposition process and inhibit the
degradation of MB.*® As expected, the decolorization of MB was
completely inhibited in the presence of n-butanol. This result
verified that the peroxidase mimetic activity of nanoceria was
mainly owing to the formation of HO- under acidic condi-
tions."™ It is well known that HO" exhibits high reactivity and
can non-selectively oxidize most organic compounds at near
diffusion-controlled rates under acidic condition.** Although
the peroxide-like intermediates were also present, it seemed
they did not work. In fact, Chen et al.** and Hamoud et al.*?
reported that the peroxide-like intermediates were prone to
decompose in to HO" under acidic conditions. This can be used
to explain the complete inhibition decolorization of MB in the
presence of n-butanol.

Subsequently, the decolorization of MB at pH 9.0 was carried
out. Because of the strong adsorption on ceria arising under
these conditions (pH 9.0), both adsorption and oxidative
degradation contributed to the total decolorization. After

2.0
—=— cube-pl1 3.0
—&— cube-pH 5.0
1.64 —*—rod-pH 3.0
—¥—rod-pH 5.0
. 1.2+
2
<
0.8 -
0.4+
0.0 - atspo_g-0 0 - — T - T ‘T
0 100 200 300 400 500 600
T @)

Fig. 8 Time-dependent absorbance changes at 734 nm of ABTS in
different systems (0.1 g L™ CeO,, 5 mM H,O, and 2 mM ABTS).
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eliminating the interference arising from adsorption, the
degradation of MB was obtained (more information is provided
in the ESIt). After 0.5 h, the degradation of MB in the presence
of CeO, nanorods and nanocubes was only 5.3% and 3.4%,
respectively. These results suggested that nanoceria/H,O,
system could degrade MB at pH 9.0 but the peroxidase mimetic
reactivity of nanoceria was much lower than that at pH 3.0. To
further understand the peroxidase-mimetic activity of nano-
ceria under basic conditions, the degradation of CR, a typical
anionic azodye, was investigated at pH 9.0. The CR (70 mg L")
could be completely degraded after 1 h in the presence of
nanorods, whereas the degradation was only 8.2% in the pres-
ence of nanocubes. Interestingly, this time, the addition of n-
butanol could not completely inhibit the degradation of both
MB and CR under basic conditions, although the degradation
rates of dye were decreased with a certain extent. For example,
the complete degradation time of CR in nanorods/H,O system
was delayed from 1 h to 2.5 h upon addition of n-butanol. These
results suggested that both HO- and the peroxide-like inter-
mediates were acting as the oxidative species in the nanoceria/
H,0, system under basic conditions.” According to previous
reports, under neutral and basic conditions, the peroxide-like
intermediates can directly function as peroxidase-like active
sites**** or induce an intermolecular rearrangement to achieve
the oxidation of organics.*** Because oxidation ability of HO"
was much weaker under basic conditions than acidic condi-
tions,*>* the importance of the peroxide-like intermediates was
raised.

4 Conclusions

Nanoceria possesses strong morphology- and pH-dependent
peroxidase-like activity for the degradation of ABTS, MB and
CR. Two types of oxidative species were generated in the
nanoceria/H,0, systems, namely, HO" and peroxide-like inter-
mediates. Under acidic conditions, HO" are primarily respon-
sible for the peroxidase mimetic activity of nanoceria; under
neutral and basic conditions, HO" and peroxide-like interme-
diates are responsible for activity. Compared with CeO, nano-
cubes, ceria nanorods exhibited a higher peroxidase activity
owing to their excellent redox property and more Ce*" and
oxygen vacancies.
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