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Litchi-peel-like hierarchical hollow copper-ceria microspheres:

aerosol-assisted synthesis and high activity and stability for
catalytic CO oxidation

This illustration depicts litchi-peel-like hierarchical copper-
ceria microspheres synthesized via a facial aerosol route.

Highly dispersed CuO, species and abundant surface steps are
obtained in this novel structure. The as-synthesized catalysts
exhibit outstanding catalytic activity and stability toward CO
oxidation, and can act as strong warriors to eliminate poisonous
gas in automotive emissions. Furthermore, the aerosol-assisted
technique paves a new way to the fabrication of low-cost and
highly efficient environmental catalysts.
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Litchi-peel-like hierarchical hollow copper-ceria
microspheres: aerosol-assisted synthesis and high
activity and stability for catalytic CO oxidationt

Wenge Li, Yanjie Hu, @ * Hao Jiang, @@ Nan Jiang, Wei Bi and Chunzhong Li & *

Copper-ceria is considered to be a promising system used in exhaust treatment due to its low cost and
decent catalytic activity. Herein, we have developed novel litchi-peel-like hollow copper-ceria micro-
spheres with varying Cu contents via an aerosol-assisted route. It is found that the dextrin in the spray
solution plays a significant role as a sacrificial template and leads to the formation of this hierarchical
hollow structure, in which higher surface area and active CuO, species with higher dispersion result in
better catalytic activity compared to the usual hollow samples. The litchi-peel-like sample with 20% Cu
exhibits the best reactivity for CO oxidation, namely 50% conversion at 83 °C and 100% conversion at
120 °C. Importantly, this novel copper-ceria sample displays outstanding catalytic stability involving cycle
stability, long-term stability and thermal stability, which is attributed to step-stabilized strong interaction
between CuO, species and CeO,. The superior catalytic activity and stability beyond commercial 5 wt%

rsc.li/nanoscale

Introduction

Ceria has gained increasing attention in the field of hetero-
geneous catalysis such as CO oxidation, soot oxidation, NO
reduction and the water—-gas shift reaction, due to its unique
redox properties and high oxygen storage capacity.'® For CO
oxidation, which is an essential functional unit in the treat-
ment of automobile exhaust, a number of ceria-supported
noble metal catalysts including Au/CeO,, Pt/CeO, and Pd/CeO,
have been reported.” ** Although desirable catalytic activity
has been obtained over them, their high cost and their de-
activation when subjected to high temperature hinder their
wide application. On the other hand, some transition metal
substituted ceria have attracted considerable attention due to
their comparable activity to noble metal catalysts and competi-
tive prices."**® In particular, copper-ceria, which has an analo-
gous catalytic activity to cobalt oxides,'”*® has been con-
sidered to be a promising alternative that could substitute
noble metal catalysts since it was first reported by Flytzani-
Stephanopoulos in 1994.>' Although CeO,-Cu,O with a hollow
cage structure and ultrasmall copper doped ceria nanocrystals
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Pt/Al,O5 provides it with the potential to be a substitute for Pt-based catalysts in practical applications.

display enhanced activity and achieve full CO conversion
below 200 °C, their catalytic reactivity cannot yet meet the
requirement for emission control in current advanced
engines.”>*® Furthermore, owing to the complexity of its
intrinsic composition and the various effects of preparation
methods and synthesis parameters on catalytic activity, design-
ing a high-performance copper-ceria catalyst is still
challenging.

Understanding the nature of active entities and the reaction
mechanism can provide a rational strategy for the design of
copper-ceria. As revealed in previous studies, the interfaces
between finely dispersed CuO, species and ceria support have
been identified as the active sites for CO oxidation, where the
strong interfacial interaction induces enhanced oxygen mobi-
lity and redox properties via the synergetic reaction between
Cu’/Cu®" redox pairs and Ce**/Ce** redox pairs.”**? Increasing
the dispersion degree of active copper species can create abun-
dant interfacial sites and hence improve the catalytic oxidation
activity. In addition to the shape effect and the crystal plane
effect of ceria,>*® which has been extensively explored, the
structure and textural properties also have a significant influ-
ence on interfacial site population and the corresponding cata-
Iytic activity of ceria-supported metal oxides. For instance,
Chen et al. have fabricated Ce-Mn binary metal oxide hollow
nanotubes by an interfacial oxidation-reduction reaction and
realized full CO oxidation at 220 °C.*° In this case, the hollow
nanotube structure exposes quantities of interfacial active sites
and promotes the catalytic reaction rate. Also, Zhang and co-
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workers have prepared MnO,/CeO,-MnO, double shelled
hollow spheres, and showed that the synergetic interaction
dependent on MnO,/CeO, interfaces contributes to the
superior catalytic activity.’ Therefore, a hollow structure is
believed to favor the dispersion of active species and the for-
mation of interfacial sites and has to be extended to the
design of a copper-ceria catalyst.

Although many efforts have been devoted to improving cata-
lytic activity, catalytic stability involving cycle stability, long-
time stability and thermal stability is also a concern. Since the
surface copper species and crystal structure of ceria can be
changed during the reaction process and affects catalytic
activity, it is necessary to maintain the structural stability of
Cu0,/Ce0, interfaces.**> On the other hand, sintering at
high temperature leads to the aggregation of highly dispersed
CuO, clusters and thereby results in the decrease of interfacial
sites and the reduction of catalytic performance.**™*> A typical
example is in Curran’s report, where the temperature required
for full conversion increases from 200 °C to 290 °C as the calci-
nation temperature is ramped from 350 °C to 650 °C.*
Considering that the temperature of exhaust could be up to
800 °C, remarkable resistance against thermal treatment is
required to meet the operating conditions.

In the present work, we have fabricated hollow and novel
litchi-peel-like hierarchical hollow copper-ceria microspheres
using a facial one-step aerosol spray pyrolysis. Tuning the
amount of dextrin used as a sacrificial template in the spray
solution results in different hollow structures. High dispersion
of copper species and relatively high surface area are obtained
in litchi-peel-like hierarchical hollow samples. Interestingly,
abundant surface steps are created on the secondary hemispheri-
cal hollow shells attached to the main hollow microsphere. In
addition, they exhibit better redox properties, as well as superior
catalytic activity for CO oxidation, in comparison with the usual
hollow samples. Furthermore, the litchi-peel-like sample with
20% Cu content realizes a preferable catalytic activity and stabi-
lity compared to the commercial 5 wt% Pt/Al,O; catalyst,
suggesting its great potential in practical application.

Experimental section

Chemicals

Cu(NO3),-3H,0 (99.0%) was purchased from Sinopharm
Chemical Reagent Co., Ltd, Ce(NO;);-6H,O (99.5%) and com-
mercial 5 wt% Pt/Al,O; catalyst were purchased from Alfa Aesar,
and dextrin was purchased from Shanghai Macklin Biochemical
Co., Ltd. All reagents were used without further treatment.

Catalyst preparation

Copper-ceria microspheres were prepared by a facile ultrasonic
spray pyrolysis approach. The setup is shown in Fig. S1. For
the synthesis of copper-ceria with varying Cu contents,
designed amounts of Cu(NO;); and Ce(NOj3); salts and addi-
tive dextrin were dissolved in 100 mL deionized water to form
the spray solution. The total metal ion concentration was fixed
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at 0.2 M, and the mass of dextrin was set at 0.2 g and 2 g for
the preparation of hollow and litchi-peel-like hierarchically
hollow samples, respectively. With the help of an ultrasonic
nebulizer with three vibrators (1.7 MHz), numerous droplets
were generated from the spray solution and were carried by air
flow at a rate of 10 L min™" to obtain a homogeneous aerosol.
The quartz tubular reactor was maintained at 800 °C. The
aerosol containing precursor droplets were passed through the
tubular reactor and then the product was collected on filter
paper. The as-synthesized hollow copper-ceria samples with
Cu contents (molar ratio of Cu/(Cu + Ce)) of 10%, 20% and
30% were denoted as 10CuCe-H, 20CuCe-H and 30CuCe-H,
and the litchi-peel-like hierarchically hollow samples were
similarly denoted as 10CuCe-L, 20CuCe-L and 30CuCe-L.

Catalyst characterization

Scanning electron microscopy (SEM) analysis was performed
using a Hitachi S-4800 instrument. Transmission electron
microscopy (TEM) including bright field scanning trans-
mission electronic microscopy (BF-STEM) and high angle
annular dark field scanning transmission electronic
microscopy (HAADF-STEM) was performed using a JOEL
JEM-2100F instrument equipped with an Oxford energy dis-
persion X-ray (EDX) detector. The specific surface areas and
pore structures were obtained from N, adsorption/desorption
isotherms at —196 °C recorded using a Micromeritics ASAP
2460 workstation. Surface areas were determined according to
the Brunauer-Emmett-Teller (BET) method, and the corres-
ponding pore size distributions were determined from the
adsorption branches based on the Barrett-Joyner-Halenda
(BJH) method. The crystal structures of samples were investi-
gated by the X-ray diffraction technique. XRD profiles were
recorded on a Bruker D8 Advance diffractometer using Cu Ko
radiation (1 = 1.5418 A) at an operating potential of 40 mV and
a current of 40 mA. The measurement was carried out in the
26 range from 10° to 80° with a step size of 0.2°. The crystallite
size was calculated by using the Debye-Scherrer formula as
shown in eqn (1),
0.894

D= (1)

~ pcosé

where D is the crystallite size along the given plane, 4 is the
wavelength of X-ray radiation, f is full width at half maximum
of the diffraction peak, and 0 is the Bragg angle. Raman
spectra were collected using a Horiba Jobin Yvon LabRAM HR
microscope equipped with a 532 nm laser. Electron paramag-
netic resonance (EPR) analysis was carried out at 25 °C on a
Bruker EMX-8/2.7 spectrometer operating at about 9.8 GHz.
The microwave power is 2 mW, the modulation frequency is
100 kHz and the modulation amplitude is 0.4 mT. Inductively
Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) ana-
lysis was carried out using a Perkin-Elmer Optima 5300DV to
measure the content of Cu and Ce elements of the as-prepared
samples. The X-ray photoelectron spectroscopy (XPS) analysis
was performed using a Thermo ESCALAB 250Xi spectrometer

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8nr04642e

Published on 07 2018. Downloaded by Fail Open on 07.5.2025 15:34:37.

Nanoscale

with an Al Ka source (1486.6 eV), and the calibration of
binding energies was implemented according to the bench-
mark of the C 1s peak located at 284.8 eV. Temperature pro-
grammed reduction with H, (H,-TPR) analysis was carried out
on a chemisorption analysis system (Micromeritics AutoChem
II 2920). Prior to the measurement, a 50 mg sample was
treated in situ in 20% O,/Ar flow at 300 °C for 0.5 h, and
cooled to room temperature. Then it was heated up to 900 °C
at a ramp rate of 10 °C min™" in 5% H,/Ar flow (50 mL min™").

Catalyst test

The catalytic activity test was carried out by using a continu-
ous-flow fix-bed reactor. Typically, 50 mg catalyst diluted with
200 mg quartz sand (60-100 mesh) was placed between two
quartz wool plugs in a quartz tube (LD. 6 mm). A K-type
thermocouple connected to a heating system was embedded in
the catalyst bed to control the reaction temperature. Before the
measurement, the catalyst was heated in 20% O,/Ar at 300 °C
for 30 min to remove any absorbed residuals and cooled to
room temperature. Then a mixed gas consisting of 1% CO,
10% O,, and balanced Ar was introduced into the tubular
reactor with a flow rate of 50 mL min™", corresponding to a
weight hourly space velocity of 60 000 mL h™" g., . The reac-
tion temperature was ramped from 50 to 200 with a step of
10 °C and maintained at each plateau for 30 min to reach a
steady state before gas sample analysis. The analysis of outer
gas samples was performed on an online gas chromatograph
system (GC 2060, Shanghai Ruimin) equipped with a FID
detector connected to a methanation oven. The CO conversion
was determined according to eqn (2),

Cin —

Xoo = U 100% (2)

in

where X0 is the CO conversion, and Cj, and C,, are the CO
concentrations in the inlet gas and outlet gas, respectively.

The catalytic reaction rate measurement was also carried
out in the above reactor. 50 mg sample was purged with the
mixed gas at a flow rate of 100 mL min~" to make sure that the
CO conversion was below 15%. The mass normalized reaction
rate in units of pmol s™* g~ was determined using eqn (3),

Xco - F
T =— 3
mass 6 - Vm * Meat ( )

where F is the gas flow rate in units of mL min™", V,, is the
ideal gas molar volume in units of L mol™, and m. is the
mass of the catalyst in units of gram. The area normalized
reaction rate was calculated using eqn (4),

r
Farea = mass (4)
SBET

where Spgr is the surface area of the sample in units of m? g_l
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Fig. 1 Schematic formation mechanisms of hollow and litchi-peel-like
hierarchical hollow copper-ceria microspheres.

Results and discussion

The schematic formation processes of hollow and litchi-peel-
like samples are illustrated in Fig. 1. It can be seen in Fig. 1a
that fast drying occurs when the droplet enters the front side
of the tubular furnace. At this stage, water evaporates and
metal salts and dextrin precipitate on the surface of the
droplet to form a hollow spherical mixture. On further heating,
the salts begin to decompose into metal oxides, and meanwhile,
combustion of dextrin takes place. Afterwards, crystal growth
and aggregation under high temperature conditions results in
the hollow copper-ceria microsphere. As the mass of the addi-
tive dextrin is much less than that of metal salts, its contri-
bution to the pore structure could be neglected. Finally, a usual
hollow structure is obtained. As shown in Fig. 1b, the presence
of ten times the dextrin amount of the former, however, leads to
the formation of quantities of molten dextrin blocks as a result
of phase separation in the hollow mixture. Subsequent heating
induces the generation of crystallites along the surface of these
blocks, but does not cause the combustion of dextrin due to its
relatively high thermal decomposition temperature. Thus, a
litchi-peel-like hierarchical hollow structure is obtained after
sintering. It can be seen that the large amount of dextrin in the
spray solution serves as a sacrificial template for the formation
of secondary hollow hemispheres.

Fig. 2 depicts the morphologies and structural properties of
hollow and litchi-peel-like hierarchical hollow copper-ceria
samples. As shown in Fig. 2a, 20CuCe-H displays the usual
spherical feature, and has a wide size distribution, which is
found to be 0.3-2.0 pm. It can be seen from their enlarged
SEM image (Fig. S2t) that the microspheres have a relatively
smooth surface. TEM characterization is employed to further
investigate the copper dispersion and the structure of the as-
prepared copper ceria samples. In the TEM image (Fig. 2b),
20CuCe-H presents a typical hollow microstructure, which has
never been seen in previous reports related to spray pyrolysis
synthesis. The HAADF-STEM image (Fig. 2¢) and the BF-STEM
image (Fig. S3at) evidence a distinct hollow spherical structure
with a single shell and the thickness of the shell is found to be
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Fig. 2 (a) SEM image, (b) TEM image and (c) HAADF-STEM image of
20CuCe-H, (d) SEM image, (e) TEM image, (f) HAADF-STEM image, (g)
magnified TEM image and (h) HRTEM image of 20CuCe-L, (i) SAED
pattern of a single microsphere in (f), and (j) elemental EDX mapping of
20CuCe-L.

about 60 nm. It can be clearly seen that the hollow micro-
sphere is constituted by masses of nanocrystallites, which is
further confirmed by the enlarged TEM image (Fig. S3bf).
Plentiful pores formed by the assembly of nanocrystallites are
also observed in the shell.

In the high-resolution TEM (HRTEM) image (Fig. S3ct), the
spacings of the selected three lattice fringes are found to be
0.304 nm, 0.268 nm and 0.269 nm, corresponding to the (111)
plane, (200) plane and (200) plane of ceria, respectively. It
should be noted that no separate CuO or Cu,O crystal phase
can be detected in the HRTEM image, indicating the high dis-
persion of copper species in the ceria substrate. The selected
area electronic diffraction (SAED) image (Fig. S3dt) shows a
typical concentric annular pattern, in accord with the behavior
of ceria polycrystals. Likewise, the presence of the main
characteristic diffraction rings attributed to the (002) plane
and (111) plane of CuO or Cu,O cannot be detected yet. To
further investigate the element distribution in the micro-
sphere, an EDX mapping analysis was carried out. As revealed
by Fig. S4,% the three elements, Cu, Ce and O, are all homoge-
neously distributed in the hollow shell, and no aggregation of
EDX signals is detected in each mapping graph.

As for the 20CuCe-L sample, it can be seen in Fig. 2d that
the microspheres have a more regular spherical shape than
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the 20CuCe-H sample (Fig. 2a). Obviously, the TEM image
(Fig. 2e) displays a hierarchical hollow spherical structure, as
well as an average microsphere size of 1.1 pm. The
HAADF-STEM (Fig. 2f) and BF-STEM (Fig. S51) images clearly
illustrate the architecture of the wunique microsphere.
Numerous protuberant semispherical hollow bubbles are
found to be supported on the main big hollow spherical shell.
Overall, the whole microsphere seems to be a litchi without
the sarcocarp. Interestingly, the secondary semispherical pro-
trusion due to the combustion of dextrin is hollow rather than
dense, which is different from the particles on the litchi peel.
This novel hierarchical hollow structure is further evidenced
by the magnified TEM image (Fig. 2g). The thickness of the
primary hollow shell is found to be about 10 nm, which is
much less than that of 20CuCe-H.

As shown in Fig. 2h, the three distinct crystal fringes are
assigned to the (111) plane, (111) plane and (200) plane of
cubic ceria, respectively. It should be noted that there is no evi-
dence of a copper-related crystal phase in the ultrathin second-
ary shell with a thickness of about 4 nm. More importantly,
abundant steps can be observed on the surface of the thin
shell in the HRTEM image, as well as in Fig. S6.7 In order to
accommodate the physics construction of hollow semispheres
with ultrathin shells, the surface steps are required to form.
Furthermore, no trace of any characteristic electronic
diffraction patterns associated with copper oxides can be
observed in the SAED image (Fig. 2i). The EDX mapping
(Fig. 2j) indicates that the copper species is well dispersed
within the whole microsphere. To explore the element dis-
persion in the local region of the litchi-peel-like microsphere,
selected-area EDX characterization was also carried out. It can
be observed in Fig. S7f that the copper species is highly
dispersed in the secondary hollow semispherical shells, as
well as in the main spherical shell. The above results demon-
strate that the spray pyrolysis technique realize highly dis-
persed copper species in ceria-based catalysts. Additionally,
the effects of Cu content on the morphology and structure of
the copper-ceria samples prepared by spray pyrolysis have been
investigated. As presented in Fig. 3a and e, 10CuCe-H and
30CuCe-H samples display typical spherical behavior, which is
similar to 20CuCe-H. It can be seen from their enlarged SEM
images (Fig. 3b and f) that the microspheres have a relatively
smooth surface. Notably, some larger particles, which likely

Fig. 3 SEM images of (a, b) 10CuCe-H, (c, d) 10CuCe-L, (e, f) 30CeCe-
H and (g, h) 30CuCe-L.

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8nr04642e

Published on 07 2018. Downloaded by Fail Open on 07.5.2025 15:34:37.

Nanoscale

arise from the segregation of excess copper species, are
detected on the surface of 30CuCe-H. On the other hand,
10CuCe-L and 30CuCe-L samples (Fig. 3c and g) have similar
features to the 20CuCe-L sample.

As for the size of the microspheres, 10CuCe-L possesses a
wide range of 0.3-2.5 pm, while 30CuCe-L possesses a rela-
tively narrow distribution of 0.4-1.8 pm. The enlarged SEM
images (Fig. 3d and h) show that they have rather different
surface morphologies in comparison with the hollow samples.
Quantities of protuberant semispherical hollow bubbles are
found to be distributed on the surface. It should be noted that
the size of hollow bubbles decreases with the increase of Cu
content in the sample, suggesting that increasing Cu-contain-
ing salt prevents the molten dextrin liquid block from aggre-
gating to form larger blocks. Segregated particles are also
observed on the surface of the microsphere in the case of 30%
Cu content (Fig. 3f and h). This confirms that the high content
is in excess of the doping limit of Cu ions in the ceria lattice.

The structure of hollow and litchi-peel-like samples with
varying Cu contents was also studied by TEM characterization.
In the case of 10% Cu content, 10CuCe-H (Fig. S8a and b¥) dis-
plays a hollow structure similar to 20CuCe-H, while 10CuCe-L
(Fig. S8c and df) exhibits a litchi-peel-like hierarchical hollow
architecture similar to 20CuCe-L. On account of the lower Cu
substitution, it is well understood that the copper species is
highly dispersed in the ceria matrix, which is confirmed by
their HRTEM images and EDX mapping analysis (Fig. S9, S10
and S11). Importantly, distinct surface steps on the secondary
shell can also be observed in the 10CuCe-L sample (Fig. S9b).
On the other hand, with the Cu content increasing to 30%, the
two samples also present similar morphologies in comparison
with those with low Cu content, as shown in Fig. S8e-h.} It
should be noted that there are a few large particles on the
surface of the microspheres, which can be clearly seen in
Fig. S12.f The HRTEM images (Fig. S131) demonstrate that
they are segregated CuO crystals due to the excess doping, in
agreement with the observation in SEM images (Fig. 3f and h).
Thus, the above results indicate that the Cu content has no sig-
nificant influence on the structure of copper-ceria micro-
spheres until it exceeds the limit required for the substitution
in ceria.

N, absorption-desorption experiment was carried out to
determine the surface area and pore structure of the copper-
ceria samples. As shown in Fig. 4a, the six samples all exhibit
a characteristic type IV isotherm, suggesting their mesoporous
structure. On the basis of the BET model, the surface areas of
10CuCe-H, 20CuCe-H, 30CuCe-H, 10CuCe-L, 20CuCe-L, and
30CuCe-L were found to be 13.9 m* g', 10.5 m*> g, 4.5
m?® g™, 48.0 m* g™, 56.0 m* g " and 58.6 m” g, respectively.
The litchi-peel-like hierarchical hollow samples have much
larger surface area than the usual hollow samples, which
results from the quantities of pores produced by gases gener-
ated by the decomposition of enough dextrin in the pyrolysis
process. The corresponding pore distributions of the above
samples are presented in Fig. 4b. The hollow samples display a
narrow distribution of 2 nm to 4 nm, whereas the litchi-peel-
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Fig. 4 (a) N, adsorption/desorption isotherms and (b) BJH pore distri-
butions of the as-prepared copper-ceria samples.

like samples display a wide distribution of 2 nm to 90 nm,
which is consistent with the results observed in TEM images.
The average pore sizes of 10CuCe-L, 20CuCe-L, and 30CuCe-L
are found to be 12.2 nm, 12.9 nm and 11.5 nm, respectively.
The high surface area and the appropriate pore structure are
beneficial for the adsorption of gaseous reactant over the
catalysts.

The XRD patterns of the as-prepared samples with varying
Cu contents are presented in Fig. 5. Eight diffraction peaks
located at 28.6°, 33.1°, 47.5°, 56.3°, 59.1°, 69.4°, 76.7° and
79.1° can be clearly observed in each sample. They are
assigned to the (111), (200), (220), (311), (222), (400), (311) and

N = CeO,

30CuCe-L
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8
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<
g
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— 17—
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Fig. 5 XRD profiles of the as-prepared copper-ceria samples.
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(420) planes of the cubic ceria phase with a fluorite structure
(JCPDS No. 34-0394), respectively. There is no evidence of CuO
or Cu,0O phases when the Cu content is 10% and 20%,
suggesting the existence of copper species during the for-
mation of Cu ions doped in the ceria lattice and finely dis-
persed CuO, clusters. While the Cu content increases to 30%,
two weak peaks at 35.5° and 38.6° ascribed to the character-
istic peaks of CuO (JCPDS No. 48-1548) can be detected. This
indicates the presence of bulk CuO crystallites supported on
the ceria surface in addition to the highly dispersed Cu
species, in the case of a high Cu content.

The broadened diffraction peaks imply that these samples
are composed of ultrafine crystallites. According to the Debye-
Scherrer equation, the average crystallite sizes of the six
samples from the bottom to the top in Fig. 5 are found to be
8.8 nm, 7.3 nm, 7.9 nm, 6.8 nm, 6.6 nm and 5.7 nm,
respectively.

It must be noted that each litchi-peel-like sample exhibits
smaller crystallite size than the hollow sample with the same
Cu content, which is attributed to the inhibition effect of more
additive dextrin on the crystal growth in the spray pyrolysis
process. Furthermore, the diffraction peaks between 25° and
35° of all copper-ceria samples (Fig. S141) are found to be
slightly shifted to higher diffraction angles compared to the
standard ceria, corresponding to the decrease of the lattice
parameter. This is due to the incorporation of copper ions in
the ceria lattice during the formation of the Cu-O-Ce solution,
since the copper ion has a smaller radius than cerium ion.

Raman analysis was undertaken to obtain further infor-
mation about crystal defects related to oxygen vacancies of
ceria-based oxides. As shown in Fig. 6a, all copper-ceria
samples exhibit a prominent sharp peak at 450 cm™*, which is
considered to be the triply degenerate F,, vibration mode of
fluorite structural ceria with the Fm3m space group. Clearly, a
shift toward low wavenumber of the F,, band compared to
pure CeO, microspheres can be seen in each sample. This
observation indicates the lattice shrinkage attributed to the
incorporation of copper ions in the ceria lattice, in good agree-
ment with the results of XRD analysis. Moreover, all copper-
ceria samples display a broad so-called defect-induced band D
around 600 cm ™" due to relaxation of symmetry selection rules
as a result of structural perturbations of the ceria cubic lattice,
which is not detected in the pure ceria sample. The generation
of oxygen vacancies in copper-ceria samples supported by the
presence of the band D arises from the Cu substitution in the
lattice and self-doping of Ce®*" ions. As reported in previous
studies, the relative ratio of the area of band D to the area of
band F,, can describe the concentration of the oxygen
vacancies of copper-ceria materials.*®*” It can be seen that
this ratio over the litchi-peel-like sample is larger than that
over the hollow sample with the same Cu content. This
demonstrates that the litchi-peel-like hierarchical structure
with abundant steps favors the formation of oxygen vacancies.

To obtain further insight into the identification of copper
species and oxygen vacancies, X-band EPR spectra analysis was
conducted. As seen in Fig. 6b, each copper-ceria sample pos-
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Fig. 6 (a) Raman spectra and (b) EPR spectra of the as-prepared
copper-ceria samples.

sesses a sharp peak at g = 2.26, which is confirmed to be attrib-
uted to the Cu dimer formed by two equivalent and axially
symmetric Cu atoms. With the same Cu content, this peak
intensity of litchi-peel-like samples is much larger than that of
hollow samples, indicating the presence of more Cu dimers in
the former.*® Notably, the peak intensity increases when the
Cu content increases from 10% to 20%, but remains almost
the same when it increases from 20% to 30%. This implies
that extra Cu species exist in the form of bulked CuO particles,
in agreement with the results of TEM and XRD analyses.
Moreover, a broad peak at around g = 2.00 can be detected in
each sample. This feature peak is ascribed to the adsorbed
oxygen radicals associated with oxygen vacancies, according to
previous studies.*® It can be found that the oxygen signal
gradually decreases with the increase of Cu content,
suggesting that excess copper species could inhibit the gene-
ration of oxygen vacancies. Distinctly, litchi-peel-like samples
display much stronger oxygen signals compared to hollow
samples. This verifies the formation of larger oxygen vacancy
population in the novel hierarchical structure, in accordance
with the result of Raman spectra analysis.

To investigate the surface components and chemical state
of the elements in copper-ceria samples, an XPS experiment
was carried out. As shown in Fig. 7a, the characteristic peaks
of Cu 2p, Ce 3d and O 1s spin-orbits are observed in all
copper-ceria samples. The surface Cu concentration can be
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Fig. 7 (a) XPS survey spectra, (b) Cu 2p spectra, (c) Ce 3d spectra and (d) O 1s spectra of the copper-ceria sample.

Table 1 [ICP-AES and XPS results for the as-prepared copper-ceria
samples

Samples  Cu (Wt%)® Cu (wt%)” Cu' (%)° Ce® (%)? Oaq (%)
10CuCe-H 3.7 8.9 53.6 15.0 24.2
10CuCe-L 3.7 8.5 57.4 15.8 28.3
20CuCe-H 7.6 13.4 47.9 16.7 18.1
20CuCe-L 7.5 13.0 52.7 16.3 59.3
30CuCe-H 124 22.0 47.6 16.5 19.1
30CuCe-L  12.6 25.1 22.1 17.2 37.6

“Cu concentration determined by ICP-AES. ” Cu concentration deter-
mined from XPS survey spectra. ‘The ratio of Cu’ with respect to
(Cu’ + Cu®") determined from Cu 2p spectra. ? The ratio of Ce*" with
respect to (Ce** + Ce‘”g determined from Ce 3d spectra.  The ratio of
0,4 with respect to (Ce”" + Ce"") determined from O 1s spectra.

obtained by a comparison of these integrated peak areas in the
survey spectrum. The calculated surface Cu concentration and
the bulk Cu concentration determined by ICP-AES analysis are
listed in Table 1. Clearly, the surface Cu content is approxi-
mately twice that in the bulk over all samples. The surface
enrichment of copper species, which has been seen in flame-
synthesized copper-ceria reported by Kydd et al,*® indicates
that the rapid pyrolysis process leads to the formation of extra
copper species on the surface rather than the perfect solid
solution and thereby increases the copper coverage.

Fig. 7b presents the Cu 2p spectrum of the above samples.
Two main peaks of Cu 2ps, (934.1 eV) and Cu 2p4, (954.0 eV),
as well as two shake-up satellite peaks at 943 eV and 963 eV
associated with Cu®* ions, are detected in all spectra. The wide

This journal is © The Royal Society of Chemistry 2018

Cu 2p3,, peak can be fitted to two refined parts, namely the
peak at 934.8 eV assigned to Cu®" and the peak at 933.6 eV
assigned to Cu" or metal Cu. Since the 2p photoelectron peaks
of Cu' and Cu have the same binding energy, it is difficult to
distinguish them. In order to determine the exact oxidation
states of copper species, Cu LMM Auger spectroscopy
(Fig. S157) was also carried out. After fitting, the peaks at 568.8
eV and 570.6 eV confirm the presence of Cu®** and Cu", and no
characteristic peak of metal Cu is detected. Thus, only Cu" is
responsible for the peak at 933.6 eV in Cu 2p spectra. It can be
observed in Table 1 that an increase of Cu content leads to the
decrease of the proportion of Cu’ in both xCuCe-H and xCuCe-
L samples (x = 10, 20, 30). Given that the generation of Cu' cor-
relates with the reduction of Cu®>" by Ce’’, the above effect
could be well understood. The stable existence of surface Cu”
species originates from the strong interaction of CuO, species
and CeO, support, which induces a synergetic reaction
between Cu’/Cu®" redox pairs and Ce**/Ce*" redox pairs.**?*
For the litchi-peel-like samples, the Cu' ratio is found to be
larger than that of hollow samples in the case of 10% and 20%
Cu content, indicating that the litchi-peel-like hierarchical
structure with secondary thin shells enhances the interfacial
interaction and leads to the generation of more Cu' species.
The Ce 3d spectra of the copper-ceria samples are illus-
trated in Fig. 7c. As reported in related studies, eight spin-
orbit components can be obtained by multiplet splitting. The
three pairs of peaks, usually labeled as (u, v), (u’, v') and (u”,
v"), are attributed to the photoelectron spectrum of Ce,
whereas the pair of peaks, denoted as u and v, are attributed
to the characteristic spectrum of the Ce®" species. All samples
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are found to have similar proportions of Ce** ions with regard
to the total cerium varying from 15.0% to 17.2%, which is
calculated by taking the area ratio of the characteristic peaks
of Ce®" species to that of total cerium species.

Fig. 7d shows the O 1s spectra of the copper-ceria samples
and three characteristic peaks can be observed for all the
samples. The main peak at around 529.7 eV designated as Oy,
elucidates the existence of lattice oxygen in CuO and CeO,
phases, the shoulder peak at around 531.3 eV is attributed to
the adsorbed oxygen species including O,” and 0,>~ or oxygen
in hydroxyl groups on the surface, and the weak peak at 532.6
eV is ascribed to the adsorbed water. It has been reported that
the adsorbed oxygen species serves as active oxygen to react
with adsorbed CO, and thus the relative O,q4 concentration
(0ad/(O, + O,q)) affects the catalytic oxidation of CO over
copper-ceria. The sample with higher O,q proportion is
expected to have a better oxygen storage capacity.’® It is found
in Table 1 that the litchi-peel-like hierarchical structure pro-
motes the oxygen absorption and consequently increases the
oxygen mobility. Note that xCuCe-L samples have higher O,q
concentration than xCuCe-H samples, which is attributed to
the abundant surface steps in litchi-peel-like samples that act
as adsorption sites for oxygen. In particular, 20CuCe-L has the
highest O,q proportion, implying its promising catalytic oxi-
dation activity.

It is well known that the redox property of copper-ceria cor-
relates with its catalytic reactivity. The H,-TPR experiment was
employed to obtain information about the reducibility and the
identification of different copper species. As shown in Fig. 8,
two overlapped reduction peaks can be observed below 200 °C
for all the samples. According to previous reports, the peak at
the lower temperature denoted as o represents the reduction of
finely dispersed CuO, species that have a strong interaction
with ceria, while the peak at higher temperature denoted as f
is attributed to the reduction of the copper ions in the Cu-O-
Ce solid solution.’™* Notably, for the samples with 30% Cu
content, an additional peak at a higher temperature than
designated as y is observed. The presence of peak y results

B/\v
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3 B/\
. o 30CuCe-H
c
S B
- o
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a B
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Fig. 8 H,-TPR profiles of the copper-ceria samples.
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from the reduction of bulk CuO particles on the surface of
ceria, which have been confirmed by XRD and TEM analyses.
The temperature of each reduction peak for all the samples is
listed in comparison with the hollow sample, suggesting the
better reducibility of litchi-peel-like samples. Since each
reduction peak is responsible for particular copper species,
the relative ratio of the area of o associated with highly dis-
persed CuO, to the total area can be used to determine the dis-
persion degree of copper species. Similarly, the ratio (4y/Acotal)
for litchi-peel-like samples is higher than that of hollow
samples with the same Cu content. The higher A,/A¢a1 values
indicate that the hierarchical structure with secondary hollow
hemispheres facilitates better dispersion of copper species on
the ceria surface. In addition to the above three peaks, a weak
reduction peak around 750 °C can be detected for all the
samples. As unraveled in previous studies, this peak at extre-
mely high temperature refers to the reduction of bulk ceria
particles.

The catalytic performance of the as-synthesized copper-
ceria was evaluated in a fixed-bed device. As illustrated in
Fig. 9a, each litchi-peel-like sample exhibits a better catalytic
activity than a hollow sample with the same Cu content. The
temperatures required for 50% conversion (denoted as Ts)
and 100% conversion (Tyqo) are listed in Table 2. The lower
conversion temperature of litchi-peel-like samples is attributed

(a) 100 4
80
S
= 60
°
@ —=—10CuCe-H
2 w0 —e—20CuCe-H
8 —4A— 30CuCe-H
o —v¥—10CuCe-L
o 20 —<4—20CuCe-L
T ——30CuCe-L
——5wt% PYALO,
0
) L L] L] L] L] L] L}
60 80 100 120 140 160 180 200
Temperature (°C)
( ) 25 g 20CuCe-H
[ 20CuCe-L
2.0
‘TU,
T 1.5
("]
°
&
- 4
= 1.0
LE
0.5

40 50 60 70
Temperature (°C)

Fig. 9 (a) CO conversion as a function of temperature over the as-syn-
thesized copper-ceria samples, and (b) mass-normalized reaction rates
over 20CuCe-H and 20CuCe-L.
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Table 2 Redox properties and catalytic activity for the copper-ceria
samples

Samples T, (°C) T3(°C) T,(°C) AwAwora  Ts0 (°C)  Tioo (°C)
10CuCe-H 144 168 — 0.27 109 170
10CuCe-L 134 166 — 0.49 103 140
20CuCe-H 146 179 — 0.32 109 170
20CuCe-L 143 172 — 0.43 83 120
30CuCe-H 177 206 218 0.24 130 180
30CuCe-L 146 170 183 0.27 90 130

to the higher Cu dispersion degree as revealed by TPR analysis
as well as the higher surface area, compared to the hollow
samples. In particular, 20CuCe-L displays the best activity,
namely realizing half CO conversion at 83 °C and full CO con-
version at 120 °C. According to Guo’s report, a moderate
increase of Cu coverage enhances the interfacial interaction.>
In the case of litchi-peel-like samples, the rise of Cu content
from 10% to 20% greatly increases the surface Cu coverage
from 8.5% to 13.0% (see Table 1) and there remains a high Cu
dispersion with a slight drop from 0.49 to 0.43 in terms of A,/
Aoral (see Table 2), leading to the overall enhancement of the
CuO,—CeO, interaction. However, very high Cu content (30%)
causes the significant drop of Cu dispersion and the gene-
ration of bulk CuO particles with poor activity, and hence
leads to their degradation. As a result, the excellent catalytic
activity of 20CuCe-L originates from the combined effects of
high Cu coverage and high Cu dispersion. It can’t be excluded
that the relatively high oxygen vacancy concentration deter-
mined by Raman and EPR analyses and the enhanced oxygen
storage capacity determined from O 1s spectra also contribu-
ted to its high reactivity. This outstanding catalytic activity is
superior to those of copper-ceria samples in previous reports
under similar reaction conditions, as summarized in
Table S1.f Importantly, it is also better than that of the com-
mercial 5 wt% Pt-based catalyst.

It should be noted that increasing the Cu content from
20% to 30% leads to the decrease of catalytic activity, which is
ascribed to the drastic decline of Cu dispersion degree (see
Table 2), though the surface Cu coverage increases. Previous
studies have verified that the strong interaction between CuO,
and CeO, can promote CO adsorption and electron transfer
between the above two species and facilitate the catalytic reac-
tion cycle including reduction of Cu®" and oxidation of
Ce**.>>*! Due to the generation of large CuO particles, the
interfacial interaction becomes weaker and affects the accom-
plishment of the synergetic reaction process. This reveals that
highly dispersed Cu species can strengthen the CuO,-CeO,
interaction and contribute to a significant improvement of
catalytic activity in turn.

Compared to the sample with 10% Cu content, the lithic-
peel-like sample with 30% Cu content displays an enhanced
catalytic activity, while the hollow sample with the same Cu
content exhibits a reduced catalytic activity. The activity
decrease over hollow samples could be attributed to the
shrinkage of the redox property along with the significant drop
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of the Cu dispersion resulting from the formation of quantities
of bulked CuO particles, which is verified by the H,-TPR ana-
lysis. However, the proportion of CuO particles with poor
activity in 30CuCe-L is relatively smaller than that in 30CuCe-
H, resulting in a slight decrease of reducibility compared to
10CuCe-L as seen in Fig. 8 and Table 2. Therefore, the balance
effect between greatly increased copper coverage and slightly
decreased redox property gives rise to the activity enhancement
over 30CuCe-L. This comparison demonstrates that the litchi-
peel-like hierarchical hollow structure could buffer the
decrease of the copper dispersion subjected to the increase of
the copper content and maintain high catalytic activity.

The catalytic reaction rate measurement was performed to
investigate the reactivity at the low temperature. As presented
in Fig. 9b, 20CuCe-L shows a much faster mass-normalized
rate than 20CuCe-H at each temperature. Additionally,
20CuCe-H displays a relatively high catalytic activity of
0.20 pmol s~ g~' even at 40 °C, which is superior to that of
Cuy1Ceo90,_, at a similar temperature (0.1 pmol s™* g') in
Elias’s report.”® In order to eliminate the influence of surface
area, area-normalized reactivity measurements were con-
ducted. It can be seen in Fig. S16f that the area-normalized
rate for 20CuCe-L is also larger than that of 20CuCe-H, imply-
ing the presence of higher active interfacial site concentration
in the litchi-peel-like sample. At 70 °C, a decent rate of
0.045 pmol s™* m™? is achieved over 20CuCe-L, whereas the
rate over 20CuCe-H is only 0.029 pmol s~* m™>. This difference
is in good agreement with the higher dispersion of copper
species in the former.

Fig. 10a illustrates the catalytic cycle stability of 20CeCe-L.
As seen in the CO conversion curves, Ts, increases from 83 °C
to 87 °C, and Tj, Stays at 120 °C after three catalytic reaction
cycles. In contrast, Tso increases from 110 °C to 124 °C and
T100 also increases from 170 °C to 190 °C for 20CuCe-H (see
Fig. S177). The slight activity decay over 20CuCe-L suggests its
decent structural stability.

Additionally, measurements in terms of thermal stability
were carried out. As seen in Fig. 10b, Tjo of 20CuCe-L
increases from 120 °C to 140 °C after calcination at 800 °C for
2 h, whereas those of 20CuCe-H and 5 wt% Pt/Al,O; both
increase by 40 °C. More importantly, this T4, increase over
20CuCe-L is much less than that of copper-ceria catalyst in
Sun’s and Curran’s reports, in which Tjq, of the best sample
increases about 100 °C after calcination.?*** This further
demonstrates the remarkable resistance against thermal treat-
ment of litchi-peel-like samples. It has been proposed that the
chemical potential for the Cu dimer at step edges is much
lower than that on stoichiometric terrace sites, and is con-
sidered to be more stable.>® So we can attribute the improved
thermal stability to the stabilization effect of plentiful surface
steps as a kind of crystal defect on the CuO,/CeO, interfacial
sites, which is also revealed by Mock et al>® Thus, step-
enhanced strong interaction on interfacial sites maintains the
high activity of the copper-ceria sample toward CO oxidation.

Furthermore, in the long-term stability test (Fig. 10c), the
CO conversion for 20CuCe-L only decreases from 100.0% to
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before (solid) and after (hollow) calcination at 800 °C for 2 h, and CO conversion as a function of time on stream without water (c) and with 5%

water (d) at 120 °C over 20CuCe-H, 20CuCe-L and 5 wt% Pt/Al,Os3.

98.3% after 40 h on the continuous stream at 120 °C. In con-
trast, a decrease from 70.1% to 61.5% and another from 29.7%
to 22.9% are observed for 20CuCe-H and 5 wt% Pt/Al,O3,
respectively. When 5% H,O is introduced in the feed gas, both
copper-ceria samples display a decrease of catalytic activity, as
can be seen in Fig. 10d. After 40 h on stream, the CO conver-
sion drops from 74.2% to 71.1% for 20CuCe-L and from 15.2%
to 7.2% for 20CuCe-H. Although the introduction of water
somewhat blocks the active sites for CO oxidation, 20CuCe-L
still exhibits a much higher CO conversion and a milder
shrinkage in comparison with 20CuCe-H and 5 wt% Pt/Al,O5
catalysts, indicating its relatively higher resistance against
water. Overall, the slight decay over 20CuCe-L indicates that
the abundant interfacial active sites remain during long-term
catalytic reaction with and without the presence of water, veri-
fying the stability of the litchi-peel-like hierarchical hollow
structure.

Conclusions

In this work, a series of copper-ceria with hollow architecture
are synthesized by a facial aerosol spray pyrolysis. The copper
coverage is tuned by the Cu concentration in the spray solu-
tion, while the simple hollow structure and litchi-peel-like
hierarchical hollow structure are tailored by the amount of
additive dextrin. The production of this novel hollow construc-
tion results from the critical role of the sacrificial template
dextrin, which induces the formation of secondary hollow

22784 | Nanoscale, 2018, 10, 22775-22786

hemispheres on the microsphere host. Higher surface area
and better Cu dispersion and redox properties are achieved in
litchi-peel-like samples in comparison with hollow samples.
The optimized litchi-peel-like sample with 20% Cu content
shows a low T, of 83 °C and a T, of 120 °C for CO oxidation,
which is better than that of 5 wt% commercial Pt/Al,O; cata-
lyst. The outstanding catalytic activity is attributed to the high
dispersion of copper species and abundant CuO,/CeO, inter-
face sites. Meanwhile, a remarkable catalytic stability is also
realized over this novel copper-ceria sample due to step-
promoted stable interfacial active sites. Furthermore, the
aerosol-assisted synthesis provides an effective strategy for the
rational design of high-performance catalytic systems.
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