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Engineering CuO,-ZrO,-CeO, nanocatalysts with
abundant surface Cu species and oxygen
vacancies toward high catalytic performance in
CO oxidation and 4-nitrophenol reduction

Baolin Liu,? Yizhao Li, ©*3° Shaojun Qing,® Kun Wang,? Jing Xie® and Yali Cao @ *?

Highly dispersed surface Cu species and oxygen vacancies are important for CuO,-CeO, catalysts in many
reactions, but it is difficult to increase the concentrations of highly dispersed Cu species and oxygen
vacancies simultaneously by only adding a Cu component. Herein, CuO,~ZrO,-CeO, (CZC) nanocatalysts
with different ratios of Cu/Zr have been effectively produced by a simple solvent-free synthetic strategy.
The effect of Zr doping on the structure and reactivity of the CuO,-CeO, catalysts has been investigated
with the help of carbon monoxide (CO) oxidation and 4-nitrophenol (4-NP) reduction as model reactions.
It is revealed that the introduction of Zr relieved the agglomeration of surface Cu species, produced more
oxygen vacancies in the interior and Cu* species on the surface of the catalyst, and increased the
reducibility of CuO,-CeO,. The CZC catalysts show remarkably enhanced catalytic activity due to the
abundant surface active sites and the improved redox properties provided by the suitable doping of Zr into
CuO,-CeO,. This work not only offers a practicable way to reconstruct the distribution of active metals on
the metal oxide support but also provides a high-efficiency strategy to prepare oxide catalysts with

rsc.li/crystengcomm excellent catalytic performance.

Introduction

Ceria (CeO,) has been potentially used in some fields due to
its excellent charge transfer properties and thermal stability.
In particular, benefiting from the oxygen vacancy defects and
high oxygen storage capacity formed by the Ce*"/Ce** redox
couple, CeO, has become one of the important catalysts for
catalytic reactions.'™ Researchers in previous studies have
found that the oxygen vacancies play a crucial role in reactant
activation.>*® The Ce®" sites could promote the generation of
oxygen vacancies on the surface, which could activate and
transfer oxygen, thus enhancing the catalytic properties.®’
Therefore, it is crucial to create more oxygen vacancies to
improve the catalytic performance of ceria-based catalysts.
The incorporation of Cu species is an efficient method to
improve the catalytic performance of CeO, due to the
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creation of active Ce®* and oxygen vacancies.®® It has been
recognized that CuO-CeO, binary catalysts possess excellent
catalytic performance in some catalytic reactions according
to previous reports.” Wang and coauthors'® synthesized
CuO-CeO, catalysts by the colloidal crystal template route,
which exhibit excellent soot combustion efficiencies. Maria
Lykaki'* also researched the catalytic performance for CO
oxidation of Cu/CeO, catalysts synthesized by the
hydrothermal method which showed good catalytic activity.
Maria Ronda-Lloret'* developed a pyrolytic route to prepare
Cu0,/CeO, catalysts using metal-organic frameworks as
precursors, which showed excellent catalytic properties for
the reverse water-gas shift reaction. In these studies, the
catalytic performances of CuO-CeO, are closely related to the
concentration of oxygen vacancies. Simultaneously, the
dispersion of Cu species on the CeO, surface has the same
significant impact on the catalytic properties. It was found
that the oxygen vacancies on the CeO, surface play a vital role
in oxygen activation and transfer,"**® while the highly
dispersed Cu species can also act as the active centers for
catalytic reactions.*"®

However, the Cu species on the CeO, surface would tend to
agglomerate under the conditions of overload or high-
temperature calcination, and Cu® is easily oxidized to Cu*",
which is adverse for the adsorption and reaction of gas
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molecules in the catalytic process."'®™"® Therefore, it is a
meaningful study to improve the dispersion of Cu species and
increase the number of active oxygen species in the CuO,-CeO,
catalyst. Recently, a ZrO,-CeO, binary compound has been
employed as a catalyst for CO oxidation, and it was found that
the addition of Zr species can increase the oxygen vacancies
and the redox properties of CeO,.">*° It is very possible that the
introduction of the third component ZrO, may be an effective
way to improve the catalytic performance of the binary oxide
CuO,-CeO,. However, the suitable doping of Zr species into the
CuO,-CeO, system is still a challenging research task, thus give
full play to the synergistic effect of the three components and
show excellent catalytic performance.

In order to improve the dispersion of Cu species and
increase the oxygen vacancies on the CeO, surface, CuO,-
Zr0,-Ce0O, (CZC) nanocatalysts with different ratios of Cu/Zr
were facilely and efficiently fabricated by a simple solid-state
chemical strategy in our study. After the adjustment of the
Cu/Zr ratio, abundant active sites including highly dispersed
Cu species and oxygen vacancies were eventually realized on
the surface of the CZC catalysts. CO oxidation and 4-NP
reduction were selected as probe reactions to study the
catalytic performance of CZC systematically. The effects of the
increased oxygen vacancies and the improved dispersity of the
Cu component on the catalytic activity were investigated.

Results and discussion

As shown in Scheme 1 and Fig. S1a,i the CZC nanocatalysts
can be acquired by straightforward grinding using a metal
salt and KOH. This processing allows for the mass
production of such samples without the need for organic
solvents. The X-ray powder diffraction (XRD) patterns,
average crystallite sizes, and lattice parameter (LP) values of
the different samples are presented in Fig. 1a and Table 1,
respectively. For all the as-prepared samples, the diffraction
peaks in the range of 20-80° well correspond to the cubic
fluorite phase of ceria (JCPDS No. 34-0394). The diffraction
peaks derived from the ZrO, and CuO, components of all the
samples are not observed in the XRD profiles, and the shift
of diffraction peaks for the CZC samples are less remarkable

Ce(NO,), 61,0
0 Zr(S0,)5H,0

I 3 ¥ Cu(NO, 30,0

® KOH

Products *

N grinding e
. .

" >
ashing w08 <7 ¢

Scheme 1 The synthetic schematic diagram of the CZC catalyst
obtained by a solid-state chemical approach.
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Fig. 1 The powder XRD patterns of the different samples: (a)
complete profiles; (b) partially enlarged profiles.

compared to that for the pure CeO, standard reference
(Fig. 1b), indicating the high dispersion of ZrO, and CuO,
components on the surface of CeO, or a very small particle
size.’* In order to further investigate the structure of the
catalysts, the powder XRD patterns of the samples with
different ZrO, doping contents were obtained. As shown in
Fig. S1b,i the diffraction peaks derived from ZrO, for all the
samples are not observed in the XRD profiles, and the
diffraction peaks shift to lower angles for the CZC samples
compared to the pure CeO, standard reference, indicating
the formation of a CeO,-ZrO, solid solution.** However, there
isn't an obvious shift for the sample CZC0-5 with only Cu
loading, which demonstrates that the CuO, components are
highly dispersed on the surface of CeO,. Meanwhile, the
crystalline particle sizes of the samples calculated using the
Scherrer equation applied for the (111) plane of CeO,
(Table 1) show a decrease with the addition of Zr species.
From Table 1, the lattice constants of CZC seem to exhibit
no obvious trend with the increase of Zr. This may be caused
by two factors, the doping effect, since Zr(wv) is smaller than
Ce(v), and the size effect, due to the lower grain size of the
sample with more Zr to enlarge the lattice. In addition, the
thermal stability of the samples was also tested (Fig. Sict).
For the CZCO0-5 sample, the diffraction peaks became sharper
and stronger after thermal treatment at 800 °C. However, for
the CZC samples with Zr species, these changes are
inconspicuous, indicating a good thermal stability after the
incorporation of Zr into the CuO,-CeO, system. It is
beneficial to the high dispersion of Cu species in CZC1-5
when going through the elevated temperature process, which
very likely enhances the catalytic activity of the CZC catalysts.

Table 1 Average crystallite size, lattice parameter (LP), and Tso and Tigo
values of the different samples

Sample D* (nm) LP” (A) Ts0 (°C) T100 (°C)
CeO, 21.6 (1) 5.413 (7) 250 280
CZC0-5 13.9 (5) 5.415 (1) 103 160
CZC1-5 13.6 (5) 5.417 (3) 93 120
CZC5-5 12.8 (4) 5.404 (9) 98 130
CZC10-5 11.3 (4) 5.417 (6) 95 140

% Calculated from the CeO, (111) lattice plane using the Scherrer
equation. ? Calculated using the MDI Jade software.
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As shown in Fig. 2, the microstructures of CZCO0-5 and
CZC1-5 samples were further investigated by transmission
electron microscopy (TEM). For CZC0-5 and CZC1-5 catalysts,
nanoparticles with a diameter of about 11-13 nm can be
observed, which is consistent with the value acquired from
XRD measurements. The HRTEM images and corresponding
fast-Fourier-transform patterns (Fig. 2b and d) of the samples
show interplanar spacings of 0.3089 nm and 0.3072 nm,
which can be indexed to the (111) plane of CeO,. The lattice
fringes related to ZrO, and CuO, cannot be observed in the
above images, indicating that they have been highly
dispersed over Ce0,.'"® The elemental composition of the
series of CZC samples was also analyzed by EDS
measurement, and the results are summarized in Table S1,f
which clearly demonstrated that the catalysts are composed
of Ce, Cu, Zr and O elements. The obtained Zr/Ce and Cu/Ce
ratios are intensely close to the expected values for each
sample. Element mapping analyses (Fig. 2e-h) reveal that Zr
and Cu elements are well distributed in CeO, nanoparticles,
which would be favorable for the catalytic performance. In
addition, the contents of Ce, Cu, and Zr elements were
analyzed by ICP (in Table S21). From Table S2,f the real
contents of Zr and Cu (molar ratio) are less than the
theoretical contents (molar ratio) in all the samples. It can be
attributed to the loss of Cu during the synthesis of the CZC
samples.

XPS was performed to identify the chemical state and
elemental composition on the surface of the different

Fig. 2 TEM and HRTEM images of (a and b) CZCO0-5 and (c and d)
CZC1-5 catalysts (inset: corresponding fast-Fourier-transform
patterns); (e-j) the corresponding element mapping patterns of the
CZC1-5 sample.
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samples. The Ce 3d XPS spectra of the pure CeO, sample is
shown in Fig. 3a, which can be deconvoluted to two types of
cerium oxides, Ce** and Ce*", respectively. The V (883.3 eV)
and U (902.0 eV) peaks correspond to the 3ds, and 3dj),
contributions derived from the spin-orbit coupling,
respectively.>>>® As reported in several relevant studies, six
peaks labeled as V, V", V", U, U"” and U" are the evidence of
the presence of Ce*",*>” while other four peaks denoted as
V% V' and U°, U’ are assigned to the final Ce®*" states which
can be used as an indicator of the existence of oxygen
vacancies."**>?® The increase of the intensity of V° and U°
peaks indicates the increase of Ce** content on the surface of
CeO,. The surface composition has been also confirmed by
XPS quantitative analysis shown in Table 2. The amount of
Ce*" is calculated from the area ratio of the Ce** species to
the total cerium species. The amount of Ce®" is estimated to
be 41% for the CZC5-5 sample, which is higher than those of
the other samples (in the order CZC5-5 > CZC1-5 > CZC10-5
> CZC0-5 > Ce0,), reflecting the high oxygen vacancy
concentration in this CZC sample.

Cu 2p XPS spectra were further studied as shown in
Fig. 3b. The peak at 933-935 eV combined with the
appearance of a shake-up peak is characteristic of Cu 2pjz,,

Table 2 XPS results of the different samples

Sample Ce* (%) Ladlmp’ 045 (%)  Opf (%)  OF (%)
CeO, 19 — 76 24 —
CZCO-5 22 0.37 76 24 —
CZC1-5 38 0.22 74 26 —
CZC5-5 41 0.23 73 27 —
CZC10-5 33 0.36 66 23 11

@ Ce** (%) was calculated from the area ratio of the Ce®" species to
the total cerium species. b Iio/Imp Was calculated from the ratio of
the intensity of the shake-up satellite peak to the intensity of the Cu
2psn peak. © Oy, lattice oxygen; Og, surface adsorbed oxygen; O,,
chemisorbed water and/or carbonates.
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and another peak at 952-954 eV is characteristic of Cu
2p12.>7%° The peak at 932.0 eV can be observed after the Zr
species was incorporated, which is attributed to Cu” and Cu®
due to their essentially identical binding energy.*’ Here, the
peak at 932.0 eV is assigned to Cu’ because of the redox
reaction of metal ions originating from the strong metal-
support interaction (Cu** + Ce** — Cu" + Ce*").’™** In
addition, the chemical state of Cu species was further
analyzed by calculating the intensity ratio of the satellite peak
to the main peak (labeled as Isy¢/Inmp). For only CuO, this ratio
value should be 0.55.'%%% In the case of CZC0-5, CZC1-5,
CZC5-5, and CZC10-5 samples, the I/l values are lower
than 0.55 (Table 2), indicating the existence of Cu’
species.’"** The I/, values further decrease when the Zr
species is incorporated, suggesting that the Zr species
contributes to the enrichment of Cu" species on the surfaces
of the samples. Fig. 3c shows the XPS spectra of Zr 3d, and
the two peaks at approximately 182.8 eV and 185.3 €V are
consistent with the Zr 3ds, and 3ds, spin-orbit states,
respectively,®> which indicates that the Zr species mainly
exists in the Zr*" state.

The O 1s peaks are shown in Fig. 3d, the peak at 529.0 eV
is ascribed to the lattice oxygen of metal oxides (denoted as
0,),°%*” another peak at 531.0 eV corresponds to surface-
adsorbed oxygen (denoted as Op),*® and the peak at 533.5 eV
is attributed to chemisorbed water and/or carbonates (O,),
respectively.***° The binding energy of the most intense peak
(O4) in pure ceria shifts to higher binding energy with the
incorporation of Cu and Zr species, indicating a change in
structural arrangement and/or electronic structure alteration
as a result of the synergetic interaction among components.

CO oxidation is usually used as a model reaction to study
the structure-activity relationship of catalysts. Fig. 4 shows
the performance of the CZC catalysts with various contents of
Zr and Cu toward CO oxidation. The temperatures Tso (50%
of CO conversion) and Ty (100% of CO conversion) are

T T T 0
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Fig. 4 (a and b) The CO conversion performance over the series of
CZC catalysts; (c) the stability test of the CZC1-5 sample for CO
oxidation; (d) the catalytic cycling curves of the CZC1-5 sample.
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summarized in Fig. 4b and Table 1. The CZC0-5 sample
accomplished 100% CO conversion at 160 °C, while the pure
CeO, sample exhibited the lowest catalytic activity for CO
oxidation (Fig. S21), which could completely catalyze CO
oxidation to CO, at 300 °C. This result indicates that the
incorporation of Cu species drastically promotes the catalytic
activity for CO oxidation. However, the samples with higher
Cu loading show an obvious decrease in the conversion of
CO (Fig. S3at), which may be ascribed to the agglomeration
of CuO, species on the CeO, surface.*! The two different
profiles in “light off” curves for CO oxidation can be observed
in Fig. 4a. The CO conversion show “S” shaped behaviors
with an increase of reaction temperature for the samples
without the incorporation of ZrO,, showing relatively poor
catalytic activity. This phenomenon can be attributed to the
agglomeration of CuO, species on the CeO, surface,” which
is adverse for the adsorption and reaction of gas molecules
in the catalytic process. After ZrO, doping, the CO conversion
shows an exponential increase with reaction temperature.
Among all the samples, the CZC1-5 sample displays the best
catalytic activity (Fig. 4), which achieved 100% CO conversion
at 120 °C. The catalytic performance declines with the further
increase of Zr concentration, which follows the order: CZC1-5
> CZC5-5 > CZC10-5 > CZC0-5 > CeO,. The increase of
lattice disorder with the incorporation of Zr species improves
the oxygen mobility of the samples and enhances their
catalytic activity eventually. However, the CO oxidation
activity decreases after exceeding the optimal doping quantity
of the Zr species, which might be due to the coverage of the
active sites by the excess Zr species. Since CeO, and CuO, are
the active components for CO oxidation, the samples with
higher ZrO, doping content indicate that ZrO, is enriched on
the surface of the composites. This result is consistent with
that of EDS and previous studies.****

The influence of H,O on the activity of the CZC1-5 sample
was also tested with 5% vol H,O in a gas stream. As shown in
Fig. S3b,t the temperature for full CO conversion shifts to a
higher temperature (140 °C) compared with that in the dry
gas mixture (120 °C), indicating the partial blockage of the
active sites by H,O molecules.”” The stability of the CZC1-5
catalyst, as another index of catalytic performance, was
measured at 100 °C under 5% H,0. As can be seen from
Fig. 4c, the CZC1-5 catalyst did not exhibit deactivation
during the 120 h testing and maintained its activity over 5
runs (Fig. 4d), which implies the excellent stability of the
CZC1-5 sample for the CO oxidation reaction. The XRD
patterns and Raman spectra of the fresh catalyst and the
used one after the long-term stability test under moisture
conditions for 120 h are shown in Fig. S4a and b.f The
diffraction peaks and Raman peaks have no obvious change
for the used catalyst, indicating the high structural stability
of the sample during the durability test.

The structural properties of the samples were analyzed by
Raman spectroscopy. For the pure CeO, sample, the evident
peak centered at 463 cm ' corresponds to the triply
degenerate F,, active mode in the cubic fluorite structured

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0ce00588f

Published on 18 Mei 2020. Downloaded on 2026-06-20 4:03:19 nm..

CrystEngComm

(@) (b)°"

Intensity (a.u.)

. y 0.00
200 400 600 800 1000 1200 CeO, CZCO-5 CZC1-5 CLC5-5 CZC10-5

Wavenumber cm") Samples

Fig. 5 Raman spectra (a) and the value of ID/I,:Zg (b) of the samples.

ceria.'****3™*> The broad peaks present at about 600 cm™*

(denoted by D) and 1150 cm™" are assigned to the defect-
induced (D) mode and second-order longitudinal optical
(2LO) mode in the ceria lattice, which can be linked to the
formation of oxygen vacancies."®***” As shown in Fig. 5, we
observed the red shift and broadening of F,, peaks for the
CZC1-5 sample compared to pure CeO, and CZC0-5 samples
(the inset of Fig. 5a), indicating the decrease of ceria
crystallite size and the increase of oxygen vacancy defects.>***
These results are in accordance with the conclusion derived
from XRD measurement. Generally, the ratio of the peak
intensity of 600 to 463 cm " (denoted as the Ip/Ig,, value) can
be used for expressing the relative content of oxygen
vacancies.'** The ID/IFZg values for all the samples were
calculated from the Raman spectra (Fig. 5b), and the content
of oxygen vacancies is in well accordance with the catalytic
performance. As noted above, more oxygen vacancies are
created by the introduction of a small amount of ZrO,. The
structure distortion of the as-prepared samples may be
ascribed to a synergistic interaction among Zr, Cu and CeO,,
which is beneficial to the improvement of the ability to
activate and transfer oxygen.

In addition, the N, adsorption-desorption isotherms of
the samples were obtained. As shown in Fig. S5, the typical
type IV isotherms and pore size distribution curves (Fig.
S5bt) in the range of 2-50 nm are associated with the
features of mesoporous materials. The specific surface area,
pore volume, and pore size of the samples are shown in
Table S3,f respectively. From Table S3,f the BET specific
surface area decreases in the order CZC0-5 > CeO, > CZC1-5
> CZC5-5 > CZC10-5, differing from the sequence of catalytic
activity, which indicates that the BET specific surface area is
not the dominating factor that influences the catalytic
activity.

Fig. 6 shows the H,-TPR profiles of the samples. Two
reduction peaks in the H,-TPR profile appear approximately
at 550 °C and 800 °C (Fig. S67), corresponding to the
reduction of ceria on the surface and bulk (Ce*" — Ce*"),
respectively.”"*® In general, the H, consumption peak of the
CuO sample is centered at around 300 °C (Fig. S7t). Here,
two reduction peaks (defined as o and ) assigned to two
different types of Cu species depending on their interaction
degree with the CeO, support can be observed in the H,-TPR
profiles.***>*® The reduction peak at low temperature (150~
170 °C, defined as a) originated from the reduction of highly
dispersed Cu species which strongly interacted with the CeO,

This journal is © The Royal Society of Chemistry 2020
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support, and the other reduction peak at high temperature
(180-220 °C, labeled as B) was assigned to the reduction of
larger CuO, particles weakly interacting with the CeO,
support, respectively." Moderate ZrO, doping shows better
reducibility at low temperature, indicating that the
incorporation of Zr species could promote the dispersion of
CuO, on the CeO, support and enhance the metal-support
interaction. However, worse reducibility is shown in the
sample with higher ZrO, doping content (CZC10-5 sample),
which is consistent with the catalytic activity. Besides, N,O
chemical adsorption was implemented to detect the changes
in dispersion of CuO, on the CeO, surface. The value of 4,/A;
(the total hydrogen uptake for different samples after and
before N,O oxidation) is used to indicate the dispersion. It
can be observed from Fig. 6b that the value of 4,/A, increases
with the incorporation of moderate amounts of ZrO, (CZC1-5
and CZC5-5 samples). The hydrogen consumption of the CZC
samples with fixed Cu loading (Table S51) changes with the
variation of ZrO, loading according to the quantitative
analysis of H,-TPR experiments, which is consistent with the
order of dispersion of CuO, on the CeO, surface. However, it
decreases with a further increase in the ZrO, loading (CZC10-
5 sample). This result implies that the appropriate
introduction of ZrO, facilitates the dispersion of CuO, on the
surface of CeO,, decreases the agglomeration of Cu species,
and improves the reducibility of copper-cerium species,
which could create more adsorption sites for CO oxidation.

To elucidate the effect of the oxygen vacancies and highly
dispersed surface Cu species on the catalytic activity more
clearly, Ry, the CO conversion rate at 110 °C normalized by
the catalyst weight, has been calculated and listed in Table
S4,+ which follows the sequence CZC1-5 > CZC5-5 > CZC10-5
> CZCO0-5, strongly confirming that the catalytic activity of
CuO,~-CeO, could be largely changed by ZrO, doping. In
addition, the relationship among the oxygen vacancies (Ip/
Ir,), highly dispersed surface Cu' species (La/Imp), and
catalytic activity (R,) of the catalysts is shown in Fig. 7.
Obviously, the R,, increases with the variation of the amount
of oxygen vacancies and the highly dispersed Cu' species on
the CeO, surface, elucidating that the oxygen vacancies and
Cu' species determine the catalytic activity of the catalysts.
The best catalyst (CZC1-5) with the highest R,, possesses the
maximum oxygen vacancies and surface Cu’ species.

In addition, the reduction of 4-NP was also chosen as a
model reaction to further evaluate the catalytic ability of the

CrystEngComm, 2020, 22, 4005-4013 | 4009
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Fig. 7 Catalytic activity versus oxygen vacancies and surface Cu®*
species of the catalysts with different loadings of Zr species. (a) R\,
versus Ip/lg, ; (b) Ry versus lsat/Imp.

as-prepared samples. Transforming toxic 4-NP into less toxic
4-aminophenol (4-AP) with catalysts is regarded as an
effective environmental remediation tool. The catalytic
process of reduction of 4-NP into 4-AP was monitored by UV-
vis spectroscopy. Fig. 8a-d show the UV-vis absorption
spectra of 4-NP with the prepared catalysts. The change of
absorbance at 4 = 400 nm corresponds to the degradation of
4-NP, while the development of a new band at 4 = 300 nm is
observed according to the formation of 4-AP with time.”" As
shown in Fig. S8,f it's hard to transform 4-NP into 4-AP
without a catalyst or solely with CeO,. The catalytic activity is
promoted drastically by the incorporation of Cu and Zr
species. Clearly, the catalytic activities follow the order:
CZC1-5 > CZC5-5 > CZC10-5 > CZCO0-5 > CeO,, which
matches well with the activity for CO oxidation of the
catalysts. As shown in Fig. 8e, the conversion rates for the
reduction of 4-NP on these catalysts are compared. It can be
noticed that 98% conversion has been completed at 6 min
when the CZC1-5 sample was applied (0.04 mg mL™" catalyst,
0.1 mM 4-NP, and 2 mM NaBH,), while 90%, 83%, 79% and
1.7% conversion for CZC5-5, CZC10-5, CZC0-5 and CeO, were
obtained at the same time, respectively. The apparent
reaction rate (k,pp) of the samples was calculated at room
temperature (Fig. 8f).

For the CZC1-5 sample, the value reaches 10.6 x 107 57,
which is much higher than those of CZC5-5 (7.4 x 107 s7%),
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CZC10-5 (4.6 x 107 s7'), CZCO-5 (5.4 x 107 s™") and CeO,
(0.026 x 107® s7"). The synergistic effect among components
is responsible for the enhancement of the catalytic
performance. The relationship among the oxygen vacancies
UD/IFZg)’ surface Cu species (Is/Imp), and catalytic activity
(kapp) of the catalysts is displayed in Fig. 8g and h. Obviously,
the k,pp of the catalysts increases with the variation of the
number of oxygen vacancies and the highly dispersed Cu®
species on the CeO, surface. The catalyst (CZC1-5) with the
maximum oxygen vacancies and surface Cu’ species
possesses the highest k,pp,, which clarifies that the oxygen
vacancies and the highly dispersed Cu® determine the
catalytic activity of the catalysts.

Based on the above results, the effects of ZrO,-doping on
the structure and catalytic performance can be clarified. The
reaction pathway is shown in Fig. 9 for CO oxidation and
4-NP reduction models. The catalytic performance of the
samples with Zr species is improved compared to that of the
CZC0-5 catalyst, confirming the significant role of Zr species
incorporated in the samples. The introduction of Zr species
facilitates the formation of a host of Ce*" species, decreases
the agglomeration of Cu species, and improves the
reducibility of copper-cerium species, which could create
more adsorption sites. As confirmed by Raman, XPS, H,-TPR,
and N,O titration, a large number of oxygen vacancies and
highly dispersed Cu’ species existed on the surface of the
CZC samples. The presence of more active oxygen vacancies
and Cu’ sites for chemisorbing gas molecules is responsible
for the better catalytic performance.

In CO oxidation, the catalytic activity is closely related to
oxygen vacancies and highly dispersed Cu’ species existing
on the surface of the CZC samples. CeO, with abundant
oxygen vacancies could activate and transfer oxygen, which
preferentially takes place at the interface between CuO and
CeO,. The activated oxygen further reacts with the CO
molecules adsorbed on the interface Cu" sites. Therefore, the
strong CO adsorption of highly dispersed Cu' together with

e
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Fig. 8 UV-vis spectra of the 4-NP reduction reaction on the as-prepared catalysts: (a) CZCO0-5; (b) CZC1-5; (c) CZC5-5; (d) CZC10-5; (e)
conversion rate of 4-NP over the as-prepared nanocomposites as a function of time (min); (f) the relationship between In(C/Cy) and reaction time

(min) for various catalysts; (9) kapp versus ID/IFZQ; (h) Kapp versus lsai/lmp.
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CeO, catalysts toward CO oxidation and 4-NP reduction.

the efficient oxygen activation of CeO, should be responsible
for the enhanced catalytic activity. However, a higher ZrO,
doping content in the samples results in worse reducibility,
and the dispersion of CuO, on the surface of CeO, is
reduced, which are proved by H,-TPR and N,O titration.
Therefore, the catalytic activity decreases with the amount of
Zr species.

In the 4-NP reduction model, 4-NP and NaBH, are firstly
adsorbed on the CZC catalyst surface.”>>* BH, reacts with
the highly dispersed Cu species to form a hydride complex.>
Subsequently, 4-NP accepts hydrogen ions from the Cu-based
hydride complex, converts to 4-AP, and desorbs from the
catalyst surface.”® The enhanced catalytic activity of the CZC
catalyst might be attributed to the highly dispersed Cu
species due to the introduction of Zr species, which improves
the highly-efficient utilization of Cu species. Engineering the
CZC catalysts with abundant surface Cu active sites and
oxygen vacancies was eventually realized by doping a
moderate amount of Zr species into the CuO,-CeO, system,
which exhibited excellent catalytic performance.

Conclusions

To regulate the dispersion of Cu species and the
concentration of oxygen vacancies in CuO,-CeO, catalysts,
ternary oxide CZC catalysts with different ratios of Cu, Zr and
Ce were fabricated by a facile solid-state chemical approach.
The CO oxidation and 4-NP reduction reactions have been
selected to probe their catalytic activity. It has been revealed
that the addition of ZrO, could produce a large number of
Ce*" cations and improve the thermal stability of CuO,~CeO,
catalysts. The Zr species could promote the dispersion of
CuO, on the CeO, support and enhance the interaction
between the metal and support, which induced the
generation of a large amount of oxygen vacancies and highly
dispersed Cu" species due to the synergistic effect among
components. In consequence, the CZC nanocatalysts showed
enhanced catalytic activity for CO oxidation and 4-NP
reduction. It provides a feasible way to reconstruct the
distribution of active metals on the metal oxide support. The
simple solid-state chemical strategy reported in this work
may show great potential for the preparation of other

This journal is © The Royal Society of Chemistry 2020
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catalysts with excellent catalytic performance for the removal
of contaminants.

Experimental

Materials

Ce(NO3)3:6H,0 (AR), Zr(SO4),-5H,0 (AR), Cu(NO3),-3H,0 (AR),
KOH (AR), NaBH, (AR), and 4-NP (AR) were purchased from
Aladdin Ltd. (Shanghai, China), respectively.

Preparation of CZC catalysts

As shown in Scheme 1, the CuO,-ZrO,-CeO, catalysts with
different loadings of ZrO, and CuO, were fabricated through
a simple solid-state chemical approach. Typically, 5 mmol of
Ce(NO3)36H,0, 0.25 mmol of Cu(NO3),-3H,O and various
amounts of Zr(SO,),-5H,0 (0 mmol, 0.05 mmol, 0.25 mmol,
0.5 mmol) were sufficiently ground to powder in an agate
mortar, and then 22 mmol of KOH was added into the agate
mortar. The mixture was continuously ground for about 30
min in the surrounding environment. The obtained product
was washed and filtered with distilled water to eliminate
impurities. Finally, these samples were dried for about 10 h
at ambient temperature, and then calcined at 600 °C for 2 h
(2 °C min™") in a muffle furnace. The obtained samples were
labeled as CZC X-Y, where C, Z, and C represent CuO,, ZrO,
and CeO,, respectively; X and Y represent the different Zr/Ce
and Cu/Ce ratios (e.g. Zr/Ce = 0.01, X = 1; Cu/Ce = 0.05, Y =
5). Therefore, the obtained oxides were labeled as CZCO0-5,
CZC1-5, CZC5-5, and CZC10-5, respectively. As a comparison,
CZC1-10 and CZC1-15 were prepared. In addition, samples
calcined at 800 °C were also acquired, and the samples were
denoted as CZC0-5-8 and CZC1-5-8.

Characterization of catalysts

Detailed characterization and testing processes are
demonstrated in the ESLj such as X-ray powder diffraction
(XRD), high resolution transmission electron microscopy
(HRTEM), energy dispersive spectrometry (EDS), X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy
(Raman), N, adsorption-desorption isotherm measurement,
and H, temperature-programmed reduction (H,-TPR).

Determination of the redox properties of CZC catalysts
before/after N,O oxidation

Detailed testing processes of the redox properties of the CZC
catalysts before/after N,O oxidation are presented in the ESL}

Test of CO catalytic oxidation and 4-NP reduction

Detailed testing processes of CO catalytic oxidation and 4-NP
reduction are presented in the ESL}
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