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CeO2 nanospheres with different
hollowness and size induced by copper doping†
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and Yanzhao Yang*

In this paper, copper-doped ceria oxides with different hollowness and size are fabricated by changing the

Cu2+ doping concentration in the mixed water-glycol system. Results show that the copper-doped CeO2

oxides undergo a morphology transformation from the solid nanospheres to core–shell, then to hollow

nanospheres with the increase of the Cu2+ doping concentration. The corresponding size becomes

smaller during this transfer process. The Cu2+ doping induced acceleration in the nucleation and growth

process is further investigated. The resultant Cu2+-doped CeO2 oxides exhibit enhanced CO conversion

performance and better reduction behaviors.
Introduction

Recently, designs of functional micro- and nano-materials have
attracted much interest because of their wide application and
potential properties in different elds such as biomedical
science,1 physics,2 environment protection3 and chemistry.4 As
is well known, the theories about structure–function relations
act as a guide in the rational synthesis of functional micro- and
nano-materials.5 The exposure of active facets,6 large surfaces
area7 and element composition8 also have an inuence on the
performance of nanomaterials. According to this law, many
methods to structurally modify micro- and nano-materials have
been investigated in order to achieve innovative applications.
Thus far, the facile synthesis over shape and size has emerged
as a main synthetic methodology for the preparation of func-
tional nanomaterials. In recent research, except for conven-
tional morphological approaches,9–13 doping-induced control of
size and shape has been veried as a suitable modication to
improve the function of the prepared nanomaterials. Shen et al.
prepared Zr-doped hematite nanorods, and discovered the lm
thickness was inuenced by the concentration of ZrO(NO3)2 in
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the precursor solution; moreover, Zr4+ doping was found to
enhance the photocurrent for water splitting.14 Lu's group dis-
cussed that the morphology of SnO2 could be controlled by
varying the concentration of the added Zn2+. Moreover, the
hierarchical Zn-doped SnO2 nanocones displayed a higher
response to ethanol compared with the pure urchin-like SnO2

nanostructures based on gas sensors.15 In fact, recently, impu-
rity doping was found to have a crucial effect on the nucleation
and growth of many functional materials, as well as the
improvement of the performance, in a wide range of practical
applications.

As a well-known, important, rare-earth oxide, ceria (CeO2)
has attracted particular interest in many elds such as ultravi-
olet blocking materials,16 fuel cells,17 oxygen sensors18 and
catalysis.19 CeO2 is especially considered to be a promising
catalytic material due to its wide application in three-way cata-
lysts (TWCs),20 water-gas-shi (WGS) reactions21 and light-
catalyzed reaction.22 However, it is noticed that the catalytic
property of CeO2 benets from its good oxygen capacity (OSC),
which is associated with the facile redox cycle between Ce3+ and
Ce4+. Generally, when the doped ion with similar or smaller
radii was introduced to the CeO2 lattice host by replacing Ce4+

ions, lattice defects increased and excess oxygen vacancies
generated.23,24 To date, many endeavors have been devoted to
investigate the inuence of doping elements on the corre-
sponding better catalytic behavior of doped ceria.8,25–29 However,
literature is rare concerning the impurity doping-induced
control on the morphology growth and phase transformation of
the CeO2 materials.

Even though it is encouraging that Li et al. once proposed
controllable formation of CeO2–ZrO2 solid solution nanocages
by a two-step method with the introduction of Zr4+,30 it still
remains an open challenge to establish a one-pot facile
synthesis for the preparation of doped ceria with easy control
Nanoscale, 2014, 6, 10693–10700 | 10693
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over size and shape. In our current work, a series of Cu2+-doped
CeO2 spheres with different hollowness and size have been rst
prepared via a one-step, mild solvothermal process. In striking
contrast to conventional techniques, which require a more
cautious coordination of several experimental parameters to
control the size and shape, our Cu2+-doped approach only needs
a single variable-Cu2+ doping concentration. When the Cu2+

concentration increased from 0 to 40 g L�1 in the above process,
the nal products changed from the initial solid spheres to
core–shell spheres, then to hollow spheres obviously. The whole
synthetic mechanism involved a Cu2+-induced fast nucleation
and a slow growth based on the Ostwald ripening in the water-
glycol system. Remarkably, the as-prepared Cu2+-doped CeO2

products display better reduction behaviors and enhanced
catalytic performance towards CO oxidation.
Experimental section
Materials

Cerium nitrate hexahydrate (99.9%, Ce(NO3)3$6H2O) was
purchased from Tianjin Kermel Co. Ltd. Polyvinylpyrrolidone
(PVP, K30), copper chloride dihydrate (99%, CuCl2$2H2O),
cupric nitrate trihydrate (99%, Cu(NO3)2$3H2O) and ethylene
glycol were obtained from Sinopharm Chemical reagent Co.
Ltd. All the reactants were of analytical grade and were used
without further purication or modication. Deionized water
and absolute alcohol were used throughout.
The synthesis of CeO2 nanospheres (P1)

0.5 g cerium nitrate hexahydrate (Ce(NO3)3$6H2O) and 0.2 g PVP
were dissolved in 15 mL ethylene glycol, and then 1 mL
deionized water was added to the above solution. Aer contin-
uous stirring for 30 min, the clear solution was transferred into
a Teon-lined autoclave of 20 mL capacity and heated for 8 h at
160 �C. When the autoclave was cooled at room temperature,
the light purple products were collected and washed with
deionized water and absolute alcohol three times sequentially.
Finally, the products were dried at 70 �C overnight, and then
calcined at 300 �C for 1 h.
The synthesis of Cu2+ doped CeO2 spheres (P2–P6)

0.5 g cerium nitrate hexahydrate Ce(NO3)3$6H2O and 0.2 g PVP
were dissolved in 15 mL ethylene glycol, and then 1 mL
CuCl2$2H2O solution of different concentration (2, 10, 20, 30,
40 g L�1) was added to the above solution. Aer continuous
stirring for 30 min, the mixed solutions were transferred into a
Teon-lined autoclave of 20 mL capacity and heated for 8 h at
160 �C. When the autoclave was cooled to room temperature,
the gray products were collected and washed with deionized
water and absolute alcohol three times sequentially. Finally, the
products were dried at 70 �C overnight, and then calcined at
300 �C for 1 h. The above products with different Cu2+ doping
concentration were labeled as P2–P6 samples.
10694 | Nanoscale, 2014, 6, 10693–10700
Characterization

The phase purity of the sample was examined by using a Bruker
D8 Avance X-ray diffractometer with Cu-Ka radiation (l ¼
0.15418 nm) in the 2q range from 10� to 80�. The micro-struc-
ture andmorphology of the products were characterized using a
transmission electron microscope (TEM, JEM 100-CXII, 80 kV),
a eld-emission scanning electron microscope (FE-SEM, Hita-
chi, S4800) equipped with a energy-dispersive X-ray spectrom-
eter (EDS) and a high-resolution transmission electron
microscope (HRTEM, JEM-2100, 200 kV). Raman data were
obtained using a LabRAM HR4800 spectrometer while using a
514 nm laser line as an excitation source. N2 adsorption–
desorption isotherms were measured on a QuadraSorb SI at
77.3 K. Before the measurement, the samples were outgassed at
200 �C under vacuum for 4 h. The surface areas were calculated
by the Brunauer–Emmett–Teller (BET) method, and the pore-
size distribution was calculated from the desorption branch
using the Barrett–Joyner–Halenda (BJH) theory. Temperature-
programmed reduction under a H2 environment (H2-TPR) was
carried out on a PCA-1200 instrument. Typically, 50 mg CeO2

catalyst was pretreated under 5% O2–Ar stream at 300 �C for 0.5
h (heating rate ¼ 5 �C min�1). Aer cooling down to room
temperature, a ow of 5% H2–Ar was introduced into the CeO2

sample with a ow rate of 30 mL min�1, and then the temper-
ature was increased to 500 �C at a rate of 5 �C min�1.
Measurement of catalytic activity

The catalytic activity of the as-obtained samples were evaluated
by a continuous ow xed-bed microreactor operating under
atmospheric pressure. In a typical experiment, catalyst particles
(25 mg) were placed in the reactor. The reactant gases (1% CO,
10% O2, and 89% N2) passed through the reactor at a rate of 40
mL min�1. The composition of the gas exiting the reactor was
analyzed with an online infrared gas analyzer (Gasboard-3121,
China Wuhan Cubic Co.), which simultaneously detects CO and
CO2 with a resolution of 10 ppm. The results were further
conrmed with a Shimadzu gas chromatograph (GC-14).
Results and discussion
Structural analysis

Fig. 1 shows the typical diffraction patterns of the as-prepared
CeO2 products, including pure CeO2 (P1) and the series of
Cu2+-doped CeO2 samples (P2–P6). The diffraction peaks of all
the products illustrated that they can be well indexed to a pure
phase of face-centered cubic ceria structures (JCPDS no.
34-0394). It is noticed that no other impurities, such as cerium
alkoxide or copper oxide, could be found. The high purity of all
products indicates the formation of homogeneous Ce–Cu–O
solid solutions. Furthermore, the broadening peaks shown in
Fig. 1 indicated the formation of small nanocrystallites in all
products. However, Cu2+-doped CeO2 samples are composed of
smaller crystallites than pure ceria because of the broader
peaks.31,32 The substitution will be ascertained in the following
text.
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 The XRD patterns of the as-obtained P1–P6 samples.
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The morphology and structures of the as-prepared P1–P6
samples are explored by transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). The low
magnication TEM and SEM images of P1 sample show that the
products consist of well-dispersed uniform nanospheres with a
size ranging from 180 to 240 nm (Fig. 2a and c). The magnied
SEM image (Fig. 2b) makes it clear that the surface of the
nanosphere is very rough, which indicates that there are many
small nanoparticles on the surface. Furthermore, the high
magnication technology was applied to analyze the detailed
structure of the rough nanospheres (inset in Fig. 2c). The lattice
fringes measured from the HRTEM image (Fig. 2d) was about
0.272 nm, which matched well with the spacing of the (200)
planes of ceria. The selected area electron diffraction (SAED)
pattern (inset in Fig. 2d) of a single nanosphere indicates the
polycrystalline structure of the pure CeO2.
Fig. 2 The SEM and TEM images of the as-prepared undoped CeO2 (P1).
(a) The low-magnification SEM images; (b) the high-magnification SEM
image taken from the area marked in (a); (c) the TEM image; (d) the
HRTEM image taken from an individual sphere, which is shown in the inset
in (c); the inset image is the corresponding SAED pattern of P1 sample.

This journal is © The Royal Society of Chemistry 2014
In our experiment, an interesting phenomenon has
appeared when the appropriate amount of CuCl2 was intro-
duced to the ceria host. When the concentration of CuCl2
solution is lower, the core–shell spheres emerged such as P2 and
P3 samples. However, the hollow spheres and even amorphous
particles dominate in the products with an increase in the CuCl2
concentration (P4–P6 samples). Fig. 3 and S1† provide the
intuitive information of the structures and morphologies of
Cu2+-doped CeO2 samples (P2–P6). Here, the P3 and P4 samples
are taken as typical models to illustrate the morphology trans-
formation. As shown in Fig. 3, several important characters can
be distinguished: (1) the primary morphology (Fig. 2) disap-
pears and is replaced by hollow structures obviously when the
CuCl2 was introduced. (2) The morphology and size of the as-
obtained doped CeO2 are different when the concentration of
the added CuCl2 solution changed. When the concentration is
10 g L�1, the P3 sample are mainly composed of core–shell
spheres with an average diameter of 110 nm, which can be
veried by the color contrast from the SEM and TEM images
(Fig. 3A1 and A2).

Further, it is worth noting that hollow spheres (a few ones
are broken) hold the biggest ratio in P4 sample when the
concentration increased to 20 g L�1 gradually, and its
Fig. 3 The SEM and TEM images with different magnification of the
as-prepared Cu2+-doped CeO2. (A1 and B1) the SEM images of P3 and
P4; (A2 and B2) the TEM images of P3 and P4, the inset HRTEM image is
an individual core–shell and hollow spheres respectively; (A3 and B3)
the HRTEM image and SAED pattern of P3 and P4 taken from a single
core–shell and hollow sphere, which are shown as an inset in A2 and
B2; EDS-mapping image of an individual nanospheres, which is
marked in Fig. 3A1 and B1: (a) Ce (green), O (blue), and Cu (red).

Nanoscale, 2014, 6, 10693–10700 | 10695
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Fig. 4 The corresponding diameter distribution of the as-prepared
samples: (a) P1, (b) P2, (c) P3, (d) P4, (e) P5 and (f) P6.
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corresponding diameters continuously reduced to 40–80 nm
(Fig. 3B1 and B2). Different types of doped ceria (P2 and P6) are
shown in Table 1. The Cu–Ce atom ratio is highest in P4 samples
(3.8%). In addition, the EDS spectra corresponding to the doped
ceria samples also are displayed in Fig. S2 (ESI).† (3) From the
inset pictures of Fig. 3A2 and B2, we can see that the compact
small nanoparticles are the primary building units in these two
kinds of doped products. Moreover, the structures of P3 and P4
samples are more loose than the undoped ceria (P1). The poly-
crystalline properties provided by the selected area electron
diffraction (SAED) patterns from the HRTEM results of the P3
and P4 samples demonstrate that the products are formed of
many small nanoparticles. (4) The interplanar spacing of the
two planes is about 0.279 nm (Fig. 3A3) and 0.275 nm (Fig. 3B3),
which are comparable to the values of the (200) plane of face-
centered phase ceria. However, there are many “dark pits” and
bent lattice fringes occurring in both doped products, which is
shown in Fig. S3 (ESI),† and it is more obvious in the hollow
spheres. According to the research of Li's group, this phenom-
enon indicated that the surface of the P3 and P4 samples is
much rougher and more surface reconstruction happened in
the structures transformation,33 and this characteristic maybe
useful for catalytic performance.34 Elemental EDS-mapping
images conducted on a single sphere of P3 and P4 samples
conrmed the occurrence of homogeneous distributions of Ce,
Cu and O. (5) As shown in Fig. 4, the average diameter of the
products in P1–P6 samples decreases progressively with an
increase in CuCl2 concentration.

All the samples (P1–P6) are also characterized by the Raman
spectra with the exciting laser wavelength of 514 nm, illustrated
in Fig. 5. For P1 sample (pure ceria), the observed main Raman
band around 460 cm�1 is related to the triply degenerate F2g
Raman active mode of the CeO2 uorite structure, which is the
only one allowed in rst order and supported by XRD results.35,36

For the P2–P6 samples, two typical characteristics in the main
F2g mode band, which differ from the pure ceria, can be
described as follows: red shi appears and the width of peak
increases because of the lattice defects37–39 and the positions of
the above band in doped samples (P2–P6) are different. It can
obviously be seen that the peak values decrease, and then
increase with an increase in the Cu2+ doping concentration.
Note that the lowest value (432 cm�1) appeared in P4 sample
when the Cu2+ doping concentration is 20 g L�1, which is
in accordance with the EDS results. The lower doping
Table 1 N2 adsorption–desorption characterization and the compositio

Samples
The concentration of
CuCl2 (g L�1) SBET

a (m2 g�1)

P1 0 159.594
P2 2 167.282
P3 10 164.286
P4 20 165.554
P5 30 169.576
P6 40 174.097

a BET and BJH data of the samples come from Fig. S8 (ESI). b The atom r

10696 | Nanoscale, 2014, 6, 10693–10700
concentration in the CeO2 host (P5 and P6) may be a crucial
reason for the non-monotonic Raman peak shi. Additional
weak peaks at around 600 cm�1 are also observed in the doped
ceria samples (P3 and P4), which would be attributed to the
presence of the oxygen vacancies.40,41 The above phenomena is
powerful evidence of copper incorporation in the lattice for the
P2–P6 samples.42 Moreover, the Cu–O characteristic peak at
294 cm�1 is absent in the spectrum of the P2–P6 samples. This
agrees with the previous XRD results, which further certify the
incorporation of bivalent Cu2+ to the CeO2 uorite lattice. X-ray
photoelectron spectra (XPS) experiments were carried out to
further determine the existence and the valence states of the
elements in our samples. Fig. S4† shows the XPS spectra of the
pure ceria (P1) and the doped ceria (P4) as the typical samples.
Several typical BE peaks (such as those at 882.1, 898.5 and
916.8 eV) of the Ce 3d spectrum (Fig. S4b†) are observed in the
P1 and P4 samples, which suggest the existence of Ce(IV) in the
as-obtained products. The Cu 2p spectrum (Fig. S4d†) shows
weak peaks due to the low Cu concentration, which is veried by
the above EDS analysis, but it can be still determined that the
valence state of Cu is +2. The XPS O 1s spectrum for the samples
are also examined (Fig. S4c†). The BE peak located at a binding
energy of 529.2 � 0.4 eV is assigned to the lattice oxygen of
CeO2.29 It is obvious that the shoulder peak at around 531 eV,
corresponding to the adsorption oxygen appears in the P1 and
P4 samples.32 Yet this peak in the doped ceria (P4) seems much
stronger than that in the pure ceria (P1), revealing the better
capacity of oxygen storage in P4 sample. This phenomena would
be related to the catalytic oxidation activity.32
nal data of the as prepared P1–P6 samples

VBJH
a (cm3 g�1) DBJH

a (nm)
Atom ratiob

(Cu/Ce, %)

0.073 3.720 0
0.273 7.848 0.83
0.335 9.483 2.95
0.442 3.705 4.13
0.338 3.808 2.53
0.311 3.823 1.27

atio (Cu/Ce) data measured by EDS Analysis.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Raman spectra of the synthesized P1– P6 (a–e).

Paper Nanoscale

Pu
bl

is
he

d 
on

 0
9 

Ju
ly

 2
01

4.
 D

ow
nl

oa
de

d 
by

 T
he

 L
ib

ra
ry

 o
f 

Sh
an

do
ng

 U
ni

ve
rs

ity
 o

n 
16

/0
2/

20
15

 0
6:

53
:1

3.
 

View Article Online
Morphology mechanism

In order to understand the formation mechanism and the
growth process better, we made a lot of effort on the
morphology evolution with time-dependent experiments. For
the pure ceria (P1), the products obtained at different reaction
time are studied by TEM analysis. The clear solution without
precipitation was obtained aer the solvothermal reaction for
1 h. As illustrated in Fig. 2, the sample P1 contains a large
amount of solid nanospheres, which are composed of small
crystal grains aer 10 h. However, when the reaction time is
prolonged to 36 h, a homogenous hollow structure is created,
even some hollow spheres are broken (ESI, Fig. S6†). For
comparison, the morphology formation of the doped CeO2

samples is also studied. Herein, when the doping CuCl2
concentration is 10 g L�1, the P3 sample served as an illustrative
case study. When the solvothermal reaction time was 1 h, the
products were composed of loose solid spheres of uneven size
ranging from 80 to 150 nm (Fig. 6a). The XRD pattern has no
characteristic peaks and reveals that the sample was mainly
amorphous (ESI, Fig. S5†). In the following reaction, the density
decreased in the solid spheres with a coarse surface (Fig. 6b).
This phenomenon is more obvious when the reaction time is 4 h
(Fig. 6c). While at this time the sample could be observed with a
Fig. 6 The TEM images of P3 obtained at 160 �C for different sol-
vothermal time: (a) 1 h, (b) 2 h, (c) 4 h, (d) 8 h, (e) 12 h and (f) 16 h.

This journal is © The Royal Society of Chemistry 2014
poor crystallization. As the solvothermal process was prolonged
to 8 h, the core–shell characteristic structures were shown in the
Fig. 6d. Moreover, the samples could be observed with a better
crystallization. The core–shell sphere still remains aer 12 h.
Once the reaction time increased to 16 h, the hollow spheres
emerged. Furthermore, the hollow spheres appeared in the P4
sample when the reaction time is 2 h (ESI, Fig. S6†).

According to previous literature43-48 and the abovementioned
experiments, a possible mechanism is proposed which can be
concluded as the Cu2+-assisted nucleation and growth based on
the Ostwald ripening in the water-glycol system. As shown in
Fig. 7, Ce3+ ions hydrolyzed initially, and they can be oxidized to
Ce4+ by NO3

� in the acidic environment aer a short solvothermal
time49 and can be veried by the colour change from colorless
clear solution to yellow. As is well known, ethylene glycol with
high viscosity acts as an inhibitor, which can adsorb on the
surface of small nuclei and further prevent the growth of nuclei.29

Moreover, the concentration of water in the glycol solvent has a
crucial inuence on the size of ceria, which affects the nucleation
and growth of ceria. The high water concentration in the glycol
solvents will generate more aggregation of small particles with
more regular morphology.30 The reason lies in the increase of H2O
adsorption on the surface of small particles and the decrease of
HOCH2CH2OH adsorption. In our report, water molecules can
only adsorb on the surface of Ce4+ when the Cu2+ doping
concentration is 0 (P1). However, when the concentration of Cu2+

doping increased (P2–P6), the proportion of water molecules that
can adsorb on the surface of Ce4+ decreased, because the Cu2+

ion's complexation ability to H2O shared many water molecules.50

As a result, the relative increase in HOCH2CH2OH adsorption on
the surface of Ce4+ in the Cu2+ doped system will cause a smaller
size compared with the undoped ceria (P1). The small nuclei were
attached to each other and shaped into larger aggregations in the
initial stage of the high temperature sintering synthesis, with
precipitates emerging earlier because of the acceleration of Cu2+

in the preparation of doped CeO2 samples (P2–P6). In the
following solvothermal process of the P1–P6 samples, the unstable
precipitates underwent the inside-out ripening in the central part
of the nanospheres. Moreover, the solid spheres became loose
and the hollowness increased with the Cu2+ doping concentration
when the reaction time is 10 h. Certainly, the detailedmechanism
about the inuence of Cu2+ needs further exploration, which will
be presented in our future research.
Fig. 7 Schematic illustration of the morphology evolution of Cu2+

doped CeO2.

Nanoscale, 2014, 6, 10693–10700 | 10697
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Fig. 9 Conversion of CO over commercial ceria and as-prepared
P1–P6 samples.
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H2-TPR reduction behaviors

The redox properties of the Cu2+-doped ceria samples (P2–P6)
were also investigated by the H2-TPR technique (see Fig. 8). Only
one broad peak with peak temperature below 350 �C can be
observed in the P2–P6 products. The phenomena clearly pres-
ents that the reduction peak rstly shis to a lower temperature
as the Cu2+ doping concentration increases, and the tempera-
ture of the reduction peak is the lowest in P4 sample. However,
the temperature of the reduction peak shis to a higher
temperature when the Cu2+ doping concentration was further
increased, which is similar to the Raman data. Previous report
reveals that the pure ceria has two reduction peaks: one at
500 �C and the other above 700 �C, which can assigned to the
reduction of surface oxygen and bulk oxygen respectively.51–53

Here, the broad peak at the lower temperature can be attributed
to the reduction of the Cu2+ ion, which is incorporated into the
crystal lattice of the CeO2 host, and the well-dispersed copper
species on the surface of CeO2.54
Catalytic properties

CeO2 is a good catalytic material because of its high oxygen
storage capacity in the eld of three-way catalysts (TWCs) over
several decades.55,56 Here, the model reaction to evaluate the
catalytic property of our prepared samples is the CO conversion
reaction. Fig. 9 shows the catalytic proles of as-obtained pure
ceria and doped ceria series incorporated with Cu2+. Whether
pure or doped ceria, it can be obviously seen that the catalytic
performance of our products have been sharply improved by
comparison with commercial ceria. The conversion rate of
commercial ceria has failed to reach 40% at 300 �C, while all of
our samples have achieved their full conversion. As shown in
Table 1, the series of our samples have a large surface area,
while the commercial ceria have a surface area of only 8.5 m2

g�1.7 Thus, the surface area data can be the rst evidence to
explain the difference catalytic property between our products
and commercial ceria as a result of the higher surface area,
which can increase more active sites for conversion.5,53

Furthermore, in our prepared products, the P2–P6 samples with
Fig. 8 The H2-TPR profiles corresponding to the synthesized Cu2+

doped CeO2: P2–P6 samples.
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different Cu2+ doping concentration show higher catalytic
activity compared with the as-prepared undoped ceria (P1). For
example, the initial reaction temperature for P4 is 100 �C and P3
becomes active at 110 �C, whereas the P4 sample starts to react
with CO at 180 �C; furthermore, the T100 temperature of the
prepared ceria with or without Cu2+ doping are as follows:
215 �C (P4) < 250 �C (P3) < 300 �C (P1). With the minor difference
in the surface area data, what needs to be emphasized is the
large different catalytic activity among our samples. Based on
the previous research, surface area is of little importance when a
number of oxygen vacancies exist.57 Here, the oxygen vacancy
theory can be used to make the above question clear. The
oxygen vacancies are generated in order to compensate the
charge balance when the bivalent Cu2+ replace the tetravalent
Ce4+ in the CeO2 uorite lattice.32,58 Thus, the increased
concentration of oxygen vacancies can provide the effective
adsorption sites to CO gas molecules, and then guarantee the
reduction property of our samples. However, the further
increase of the Cu2+ concentration in the glycol system results
in the decrease of the catalytic activity (P5, P6), which is sup-
ported by the Raman and H2-TPR results. This phenomenon
indicated that an appropriate doping concentration is needed
in order to enhance the catalytic activity.

In order to investigate the thermal stability of Cu-doped
CeO2 products, the catalytic tests are performed in six cycles.
Taking the example of the Cu-doped P3 sample, the recycling
catalytic proles were represented and compared in Fig. 10.
Obviously, the catalytic efficiency remains nearly constant
during the second to sixth runs, which is even more active
than that in the rst run. And all the nal conversion
temperature is about 250 �C. Particularly, the initial starting
temperature was lower by 20–25 �C, and the catalytic rates
were greater than that in the rst run. This can be explained
by the more active sites participating in the CO conversion
reaction. While the similar catalytic reaction occurred in the
next run, the surface oxygen sites increased, which may
promote the CO conversion.32,59
This journal is © The Royal Society of Chemistry 2014
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Fig. 10 Catalytic performance of the obtained P3 in different runs.

Paper Nanoscale

Pu
bl

is
he

d 
on

 0
9 

Ju
ly

 2
01

4.
 D

ow
nl

oa
de

d 
by

 T
he

 L
ib

ra
ry

 o
f 

Sh
an

do
ng

 U
ni

ve
rs

ity
 o

n 
16

/0
2/

20
15

 0
6:

53
:1

3.
 

View Article Online
Conclusion

In summary, we have obtained a series of designed Cu2+-doped
ceria nanospheres via a one-pot solvothermal approach. The
hollowness of these samples increased with the Cu2+ doping
concentration while the size decreased. Based on the shape
evolution and formation time, the hollow nanospheres can be
nally prepared. Consequently, the whole mechanism process
is explored as follows: (i) in the nucleation process, the intro-
duction of Cu2+ doping ions not only accelerated the nucleation
rate compared with the undoped CeO2, but also affected the
adsorption proportion of HOCH2CH2OH and H2Omolecules on
the surface of the host Ce4+ ions. Moreover, the accelerated
nucleation process by Cu2+ can be responsible for the smaller
size of the doped ceria. (ii) The Cu2+ can assist Ostwald ripening
occurring in the following solvothermal reaction. We hope
these ndings could provide a rational preparation way for
novel doped CeO2 with the desirable morphology and size, as
well as other functional nanomaterials.
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