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on Cu/Co double-doped CeO2

nanospheres and their greatly enhanced catalytic
activity†

Fan Wang,b Wang Li,a Xilan Feng,a Dapeng Liu*a and Yu Zhang*a

In this paper, we report an efficient strategy for the synthesis of Cu/Co double-doped CeO2 nanospheres

(CuxCo1�x–CeO2–Pt, 0 # x # 1), which were fabricated via a simple water–glycol system. The following in

situ surface decoration of Pt nanoparticles make these nanospheres highly active for the catalytic reduction

of nitrophenol and CO oxidation. Detailed tests show that their catalytic performance strongly depends on

the doping components and ion concentration of Cu and Co ions. The best samples of Cu0.50Co0.50–

CeO2–Pt and Cu0.34Co0.66–CeO2–Pt demonstrate an excellent turnover frequency (TOF) of more than

450 h�1 after five cycles and retains about 99% conversion by using NH3BH3 as a reductant to reduce

nitrophenol. Moreover, Cu0.50Co0.50–CeO2–Pt possesses a much lower light-off and T100 (the

temperature for 100% CO oxidation) temperature compared with the other catalysts.
Introductions

Among the metal oxides, CeO2 has attracted great attention due
to its excellent physicochemical properties including its good
optical properties, mechanical strength, oxygen ion conduc-
tivity, and high thermal stability. CeO2 has a uorite-like cubic
structure with each Ce4+ ion surrounded by eight O2� ions in
a face-centered cubic (fcc) arrangement, whereas each O2� ion
is tetrahedrally surrounded by four Ce4+ ions. Intrinsic oxygen
vacancy defects can be rapidly formed and eliminated in the
lattice of CeO2, which favors mediation of lattice expansion and
strain, and hence contributes signicantly towards stable grain
boundary structures. Hence, CeO2 has been successfully
employed in various applications such as in energy and
magnetic data storage,1 photocatalytic applications,2–4 as
sensors for CO,5–9 H2O2,10 NH3,11 and nitrophenol,12,13 as a UV
blocker,14 in solar fuel synthesis,15 water oxidation,16,17 oxygen
transfer,18 fuel cells,19,20 gates for metal-oxide semiconductor
devices,21 as a promoter in three-way catalysts for the elimina-
tion of polluted auto-exhaust gases from vehicles,22–24 and so on.

The larger the amount of oxygen vacancies that CeO2

possesses, the more efficient it will be for storing oxygen. Thus,
it seems meaningful to control the generation of oxygen
vacancies to improve its physicochemical properties.
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Endeavours have been devoted to introduce dopants to improve
the catalytic performance of CeO2. It has been reported that its
catalytic activity can be considerably enhanced by tuning the
surface and interface structure through doping with isovalent/
aliovalent cations into the CeO2 lattice.25–30 The isovalent
cations that are frequently used are Ti4+, Zr4+, Hf4+, and Sn4+,
while aliovalent cations used include Mn2+, Ni2+, Zn2+, Ca2+,
Mn3+, Sc3+, Y3+, Gd3+, Sm3+, Eu3+, La3+, etc. The substitution of
isovalent dopants into the CeO2 lattice decreases the oxygen
vacancy formation energy due to structural distortion, whereas
in the case of aliovalent dopants, the decrease in the defect
formation energy is due to structural distortion as well as
electronic modication, resulting in the generation of extra
oxygen vacancies.31,32 So once noble metals or metal oxides form
hybrids with CeO2, they oen exhibit greatly enhanced catalytic
activity, stability and selectivity.

Noble metal nanoparticles have been extensively studied for
decades due to their high performance in many kinds of cata-
lytic reactions. Smaller sized noble metal nanoparticles oen
have a larger fraction of exposed atoms on the particle surface,
demonstrating better catalytic activity. Moreover, the strong
synergistic effect between noble metals and the support greatly
favors improvement of the catalytic performance,33–38 especially
for Pt–CeO2 systems.39–44 A recent report by Chowdhury et al.,
reveals that doping can inuence the surface acid–base prop-
erties of mesoporous CeO2 and its catalytic behavior.43 It is
highly expected that incorporation of the cations into a ceria
lattice structure will inuence the redox properties of ceria in
favour of synergistic interactions with noble metal nano-
particles towards enhanced activity for catalytic nitrophenol
reduction and CO oxidation.
Chem. Sci., 2016, 7, 1867–1873 | 1867
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In this paper, an efficient strategy was developed for the
synthesis of CuxCo1�x–CeO2–Pt hybrids. First, double-doped
CeO2 nanospheres were fabricated in a water–glycol mixed
system, followed by a self-assembly process to in situ deposit Pt
nanoparticles on the surface of the as-obtained double-doped
CeO2 nanospheres to form the nal hybrids. Then, the as-ob-
tained catalysts with different doping components were studied
in detail to nd the optimal doping ratios with the best catalytic
performance for the reduction of 4-NP (4-nitrophenol) by
NH3BH3 and the oxidation of CO. Furthermore, a detailed
discussion has been made to clarify the role of the doping
elements in the reduction of 4-NP and oxidation of CO,
according to the analytical results.

Experimental section
Synthesis of CeO2 nanospheres:

The synthesis of CeO2 nanospheres was carried out by a previ-
ously reported method.45 500 mg of Ce(NO3)3$6H2O and 200 mg
of PVP were dissolved in 14 mL of ethylene glycol, and then 1
mL of deionized water was added to the above solution. Aer
continuous stirring for 30 min, the clear solution was trans-
ferred into a Teon-lined autoclave of 20 mL capacity and
heated for 8 h at 160 �C. When the autoclave was cooled at room
temperature, the products were collected and washed with
deionized water and absolute alcohol several times. Finally, the
products were dried at 60 �C overnight, and then calcined at 300
�C for 1 h at 1 �C min�1.

Synthesis of CuxCo1�x–CeO2 nanospheres

500 mg of Ce(NO3)3$6H2O and 200 mg of PVP were dissolved in
14 mL of ethylene glycol, and then 0.66 mL of 20 mg mL�1

CuCl2$2H2O and 0.34 mL of a 20 mgmL�1 CoCl2$2H2O solution
were added to the above solution. The mixed solutions were
transferred into a Teon-lined autoclave of 20 mL capacity and
heated for 8 h at 160 �C. When the autoclave was cooled to room
temperature, the products were collected and washed with
deionized water and absolute alcohol several times. Finally, the
products were dried at 60 �C overnight, and then calcined at 300
�C at 1 �C min�1 for 1 h. The above products were labeled as
Cu0.66Co0.34–CeO2. Cu–CeO2, Cu0.50Co0.50–CeO2, Cu0.34Co0.66–
CeO2 and Co–CeO2 were prepared in a similar process, except
for changing the CuCl2$2H2O/CoCl2$2H2O (v/v) to 1 mL
CuCl2$2H2O and 0mL CoCl2$2H2O, 0.5 mL CuCl2$2H2O and 0.5
mL CoCl2$2H2O, 0.34 mL CuCl2$2H2O and 0.66 mL CoCl2-
$2H2O, and 0 mL CuCl2$2H2O and 1 mL CoCl2$2H2O,
respectively.

Synthesis of CuxCo1�x–CeO2–Pt hybrids

70 mg of CuxCo1�x–CeO2 nanospheres and 42 mg of PVP were
rst dissolved in 60 mL of ethylene glycol. Aer that, 0.84 mL of
0.02 M K2PtCl4 aqueous solution was added to the above solu-
tion. Then, the mixture was heated to 110 �C and was main-
tained at this temperature for 2 h. The product was collected by
centrifugation and washed with deionized water several times
and dried in an oven.
1868 | Chem. Sci., 2016, 7, 1867–1873
Characterization

The X-ray diffraction patterns of the products were collected on
a Rigaku-D/max 2500 V X-ray diffractometer with CuKa radiation
(l ¼ 1.5418 Å), with an operation voltage and current main-
tained at 40 kV and 40 mA. Transmission electron microscopic
(TEM) images were obtained with a TECNAI G2 high-resolution
transmission electron microscope operating at 200 kV. Induc-
tively coupled plasma (ICP) analyses were performed with
a Varian Liberty 200 spectrophotometer to determine the
contents. X-ray photoelectron spectroscopy (XPS) measure-
ments were taken on an ESCALAB-MKII 250 photoelectron
spectrometer (VG Co.) with AlKa X-ray radiation as the X-ray
source for excitation. Decreases in the concentration of 4-NP
were analyzed by UV-vis-NIR (SHIMADZU, UV-3600) spectro-
photometer. The catalytic performances of the catalysts for CO
oxidation were monitored on-line by gas chromatography
(GC9800).

Catalytic tests

Chemical reduction of nitrophenol by NH3BH3: aqueous solu-
tions of 4-NP (0.01 M) and NH3BH3 (0.1 M) were freshly
prepared. 20 mL of the 4-NP solution and 100 mL of the NH3BH3

solution were added to a quartz cuvette containing 2 mL of
water. Then, 20 mL of 5 mg mL�1 catalysts were injected into the
cuvette to start the reaction. Since the spectrophotometer has
a function to display the instant absorbance of a xed absorp-
tion peak such as 400 nm, we can easily monitor the intensity of
the absorption peak at 400 nm as a function of time. Aer each
round of reaction, another 20 mL of 4-NP solution and 100 mL
NH3BH3 aqueous solution were added to the reaction solution.
This step was repeated 10 times to study the stability of the
catalysts. The reduction of 4-NP by NH3BH3 can be briey
expressed as follows:

CO oxidation

20mg of catalysts were put in a stainless steel reaction tube. The
CO oxidation tests were performed under conditions in 1% CO
and 20% O2 in N2 at a total ow rate of 30 mL min�1, and
a space velocity (SV) of 90 000mL h�1 gcat

�1. The composition of
the gas was monitored on-line by gas chromatography.

Results and discussion

The synthesis of the CuxCo1�x–CeO2–Pt hybrid nanocatalysts
involved two steps. Uniform CuxCo1�x–CeO2 nanospheres were
rst acquired by tuning the doping concentration of Co2+ and
Cu2+, and then they served as a support for the in situ deposition
of Pt nanoparticles on their surface. Fig. 1 shows typical SEM
images of the as-obtained CuxCo1�x–CeO2 samples, in which
some detailed morphological and structural features can be
found. All these samples are sphere-like with no obvious
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 SEM images of (A) Cu–CeO2; (B) Cu0.66Co0.34–CeO2; (C) Cu0.50Co0.50–CeO2; (D) Cu0.34Co0.66–CeO2; (E) Co–CeO2; (F) CeO2.
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fragments. Their size distributions are shown in Fig. 1 (inset)
and are listed in Table S1.† Compared with the pure CeO2

nanospheres of 174 nm, the Cu-rich ones are much smaller and
are even less than 100 nm, while those Co-rich samples show
a bigger size around 200 nm. Fig. 2 shows the SEM images of the
as-obtained samples aer the addition of K2PtCl4 aqueous
solution and aer being reuxed at 110 �C for 2 h. However, it is
hard for us to distinguish the differences of the surface from the
CuxCo1�x–CeO2 nanospheres, and no Pt particles can be found,
indicating that the size of the deposited Pt nanoparticles should
be very small in the CuxCo1�x–CeO2–Pt hybrids. The sizes of the
as-obtained CuxCo1�x–CeO2–Pt hybrids are shown in Table S2.†

TEM characterization can tell us more information about the
nal CuxCo1�x–CeO2–Pt hybrids. As shown in Fig. 3, these
CuxCo1�x–CeO2–Pt hybrids maintained their initial morphol-
ogies and inner nanostructures well. With a decrease in the
amount of Cu2+ doping, the double-doped CeO2 nanospheres
obviously underwent a morphology transformation from hollow
to core–shell, and then to be solid. The high-resolution TEM
Fig. 2 SEM images of (A) Cu–CeO2–Pt; (B) Cu0.66Co0.34–CeO2–Pt; (C)
(F) CeO2–Pt.

This journal is © The Royal Society of Chemistry 2016
image in Fig. 3 shows that each CuxCo1�x–CeO2–Pt nanosphere
is decorated by hundreds of ultra-small Pt nanoparticles (less
than 2 nm) and the CuxCo1�x–CeO2 nanospheres are composed
of closely packed CeO2 nanoparticles with diameters of about 5
nm as primary building blocks. The clearly observed lattice
spacing listed in Table S3† agrees well with that of Pt (200)
(0.196 nm) and CeO2 (111) (0.312 nm). The high angle annular
dark eld scanning transmission electron microscopy (HAADF-
STEM) images of Cu0.66Co0.34–CeO2–Pt demonstrate the evenly
distributed Cu, Pt and Co elements, as shown in Fig. 4.

In the X-ray diffraction (XRD) patterns of the CuxCo1�x–

CeO2–Pt and CeO2–Pt nanospheres (Fig. 5), the diffraction
peaks of all the products can be indexed to a pure phase of fcc
CeO2 structures (JCPDS no. 34-0394). The peaks at 2q¼ 28.549�,
33.077�, 47.483�, 56.342�, 59.09�, 69.416�, 76.704� and 79.077�

correspond to the characteristic (111), (200), (220), (311), (222),
(400), (331) and (420) reections, respectively. No signals related
to impurities, such as cobalt oxide or copper oxide, can be
found for all samples, indicating the homogeneous doping of
Cu0.50Co0.50–CeO2–Pt; (D) Cu0.34Co0.66–CeO2–Pt; (E) Co–CeO2–Pt;

Chem. Sci., 2016, 7, 1867–1873 | 1869
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Fig. 3 TEM images of (A) and (B) Cu–CeO2–Pt; (C) and (D) Cu0.66Co0.34–CeO2–Pt; (E) and (F) Cu0.50Co0.50–CeO2–Pt; (G) and (H) Cu0.34Co0.66–
CeO2–Pt; (I) and (J) Co–CeO2–Pt; (K) and (L) CeO2–Pt.

Fig. 4 HAADF-STEM images of Cu0.66Co0.34–CeO2–Pt nanospheres.

Fig. 5 XRD patterns of (A) Cu–CeO2–Pt; (B) Cu0.66Co0.34–CeO2–Pt;
(C) Cu0.50Co0.50–CeO2–Pt; (D) Cu0.34Co0.66–CeO2–Pt; (E) Co–
CeO2–Pt; (F) CeO2–Pt.
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Cu and Co ions in the CeO2 solid solutions. The contents of the
elements Cu, Co, Ce and Pt for the CuxCo1�x–CeO2–Pt nano-
spheres were then determined by ICP-MS analysis and are listed
in Table S4.† It can be seen that the loading amounts of Pt
(mol%) are less than 1.4% if Cu2+ is introduced, however, in the
absence of Cu2+, this percentage increased to 4.1% for Co–
CeO2–Pt and 4.8% for CeO2–Pt, which were much higher than
the others. On the contrary, Co2+ doping has little effect on the
deposition amount of Pt.

XPS analysis was employed to determine the surface
elements and their valence states of the CuxCo1�x–CeO2–Pt and
CeO2–Pt nanospheres (Fig. 6). All of the samples show
1870 | Chem. Sci., 2016, 7, 1867–1873
characteristic peaks at the binding energies of 71.3 eV (Pt 4f7/2)
and 74.7 eV (Pt 4f5/2) of the element Pt, and the two peaks at
882.8 and 899.5 eV correspond well to the Ce 3d5/2 and Ce 3d3/2
spin–orbit peaks of CeO2. As previously reported, the XPS
spectrum of Co 2p shows twomajor peaks at 795.5 and 780.4 eV,
corresponding to Co 2p1/2 and Co 2p3/2 spin–orbit coupling,
respectively.46 Two major peaks lying at 932.2 and 954.2 eV are
characteristic signals of Cu2+ with Cu 2p3/2 and Cu 2p1/2 orbits,
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (A) XPS spectra of (a) Cu–CeO2–Pt, (b) Cu0.66Co0.34–CeO2–Pt,
(c) Cu0.50Co0.50–CeO2–Pt, (d) Cu0.34Co0.66–CeO2–Pt, (e) Co–CeO2–
Pt, (f) CeO2–Pt. (B) XPS spectra of (a) Cu–CeO2–Pt; (b) Cu0.66Co0.34–
CeO2–Pt; (c) Cu0.50Co0.50–CeO2–Pt; (d) Cu0.34Co0.66–CeO2–Pt; (e)
Co–CeO2–Pt.

Fig. 7 (A) ln(C/C0) versus t for the reduction of 4-NP catalyzed by (a)
Cu–CeO2–Pt; (b) Cu0.66Co0.34–CeO2–Pt; (c) Cu0.50Co0.50–CeO2–Pt;
(d) Cu0.34Co0.66–CeO2–Pt; (e) Co–CeO2–Pt; (f) CeO2–Pt. (B)
Conversion in successive reaction cycles of CuxCo1�x–CeO2–Pt and
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respectively.46 Unfortunately, due to the low doping content of
Co and Cu in CuxCo1�x–CeO2–Pt, no Co and Cu signals can be
detected in all the samples. However, in combination with the
HAADF-STEM characterization and ICP results, the successful
formation of CuxCo1�x–CeO2–Pt hybrids can be conrmed.

In the following, the reduction of 4-NP to 4-AP by NH3BH3

was selected to evaluate the catalytic performance of the as-
obtained CuxCo1�x–CeO2–Pt and CeO2–Pt samples. As is known,
4-NP exhibits a strong characteristic absorption peak at 317 nm
while at pH < 7, but it will be ionized as the alkalinity of the
solution increases, resulting in a spectral shi to 400 nm.35 In
our case, the absorption peak of 4-NP remained at 317 nm
despite adding NH3BH3 solution, indicating that the NH3BH3

molecules were stable enough in water in the absence of the
catalysts.34 However, aer addition of the CuxCo1�x–CeO2–Pt
hybrids, the absorption intensity at 400 nm gradually increased.
This journal is © The Royal Society of Chemistry 2016
The color of the reaction system changed from bright yellow to
colorless. Since NH3BH3 was in a large excess relative to 4-NP,
its concentration could be considered as constant during the
reaction period. Thus, the reduction rate can be evaluated by
pseudo-rst-order kinetics with respect to 4-NP. Fig. 7A shows
ln(C/C0) versus reaction time t, which was obtained from the
relative intensity ratio of the absorbance (A/A0) at 400 nm. Here,
C0 and C represent the initial and instantaneous concentrations
of 4-NP, respectively; and k and t stand for the rate constant and
the reaction time in turn. As all of these plots followed rst-
order reaction kinetics very well, the value k can be calculated
from the equation ln(C/C0) ¼ kt (Table 1). The catalytic activity
of the six samples follows this sequence: Cu0.66Co0.34–CeO2–Pt >
Cu0.50Co0.50–CeO2–Pt > Cu–CeO2–Pt > Cu0.34Co0.66–CeO2–Pt >
Co–CeO2–Pt > CeO2–Pt, showing a strong dependence on the
composition of Cu and Co. Furthermore, the turnover frequency
(TOF), dened as moles of the reactant 4-NP converted per mole
of active metal in the catalyst per hour was also calculated
CeO2–Pt.

Chem. Sci., 2016, 7, 1867–1873 | 1871
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Table 1 Comparison of the rate constant k, TOF and conversion for 4-NP reduction with CuxCo1�x–CeO2–Pt and CeO2–Pt catalysts
a

Sample k (s�1) MPt (mmol) M4-NP (mmol) t (min) TOF (h�1) P (%) Ref

Cu1.00–CeO2–Pt 0.451 3.35 � 10�6 2.00 � 10�4 3.83 935 80 This work
Cu0.66Co0.34–CeO2–Pt 0.995 7.24 � 10�6 2.00 � 10�4 1.88 882 51.2 This work
Cu0.50Co0.50–CeO2–Pt 0.633 7.22 � 10�6 2.00 � 10�4 3.46 480 98.8 This work
Cu0.34Co0.66–CeO2–Pt 0.614 8.24 � 10�6 2.00 � 10�4 3.17 459 99.2 This work
Co1.00–CeO2–Pt 0.555 2.05 � 10�5 2.00 � 10�4 3.66 160 97.8 This work
CeO2–Pt 0.285 2.09 � 10�5 2.00 � 10�4 6.15 93 89.9 This work
Pt@CeO2 — 1.00 � 10�4 1.00 � 10�3 — 46 — 34
Pt@CeO2/RGO — 1.00 � 10�4 1.00 � 10�3 — 90 — 34

a MPt: mole of noble metals; M4-NP: mole of 4-NP; t: conversion time; P: conversion percentage.
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(Table 1). Though the most stable sample of Cu0.50Co0.50–CeO2–

Pt shows a moderate catalytic activity compared to others for
catalytic 4-NP conversion, its TOF of 480 h�1 is still at least ve
times higher than our previously reported Pt@CeO2 catalysts.34

Good reproducibility and stability are also important for the
evaluation of catalysts. In order to avoid the loss of the Cux-
Co1�x–CeO2–Pt catalysts caused by the separation process,
cycling tests have been conducted in situ. Fig. 7B shows the
conversion in successive reaction cycles of the CuxCo1�x–CeO2–

Pt catalysts, and the conversions of 4-NP for the h cycle are
listed in Table 1. It is found that the stability of the samples
varied with the compositions of different doping ions, and that
the Co rich samples show better stability among these catalysts.

Besides, catalytic CO oxidation was employed to evaluate
these catalysts. In the catalytic process, the gas mixture of CO
and O2 was introduced into the inner space of a stainless steel
reaction tube lled with CuxCo1�x–CeO2–Pt catalysts. T100, the
temperature for 100% CO oxidation, is used to compare the
catalytic activity of these samples. Despite of the minor differ-
ence in the doped components, these samples show quite
different catalytic performance. Fig. 8 presents their CO
conversion curves, and the T100 values follow a sequence of:
Cu0.50Co0.50–CeO2–Pt (90 �C) < Cu0.66Co0.34–CeO2–Pt (120 �C) <
Co–CeO2–Pt (125 �C) < CeO2–Pt (135 �C) < Cu–CeO2–Pt (140 �C) <
Cu0.34Co0.66–CeO2–Pt (155 �C). It can be seen that the catalytic
Fig. 8 CO conversion curves of CuxCo1�x–CeO2–Pt and CeO2–Pt.

1872 | Chem. Sci., 2016, 7, 1867–1873
performance of our samples improves with the increase in the
doping amount of Co until the ratio of Cu2+/Co2+ ¼ 0.5/0.5 is
reached, and then this deteriorates quickly upon the doping of
more Co2+ ions. This result indicates that Cu2+ and Co2+ ions
can replace the tetravalent Ce4+ in the CeO2 uorite lattice to
produce more oxygen vacancies, but an appropriate doping
ratio of Cu2+/Co2+ ions is needed in order to realize optimal
catalytic performance in our case.
Conclusions

We have successfully prepared a series of CuxCo1�x–CeO2–Pt
hybrid nanospheres. Based on detailed characterization
including SEM, TEM, XPS, ICP and XRD, it is found that (I) in
the nucleation process, the introduction of Cu2+ accelerated the
nucleation rate compared with CeO2, leading to the formation
of the smaller sized CeO2. (II) The Cu2+ doping concentration
can affect the amount of Pt nanoparticles deposited to a greater
extent than Co2+. With the increase in Cu2+ doping concentra-
tion, the amount of Pt nanoparticles on the CuxCo1�x–CeO2

nanospheres decreases. However, the related effect of Cu2+ ions
was quite small. (III) The high purity of all products indicates
the formation of homogeneous Ce–Cu–Co–O, Ce–Cu–O or Ce–
Co–O solid solutions.

Based on the catalytic tests, it is also found that the doping
amount of Cu2+ greatly inuences the catalytic performance of
the CuxCo1�x–CeO2 nanospheres. Though the most stable
sample of Cu0.50Co0.50–CeO2–Pt shows a moderate catalytic
activity compared to others for catalytic 4-NP conversion, its
TOF of 480 h�1 is still much higher than our previously reported
Pt@CeO2 catalysts. Moreover, among the CuxCo1�x–CeO2–Pt
samples, the Cu0.50Co0.50–CeO2–Pt nanospheres exhibited the
best catalytic activity, attaining 100% CO conversion at 90 �C,
which is also higher than previously reported Pt catalysts. It can
be anticipated that this kind of double doped nanocatalysts will
have great potential for application.
Acknowledgements

This work was nancially supported by the fundamental
research funds for the central universities, and the National
Natural Science Foundation of China (Grant No. 51272249,
This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc04069h


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
no

ve
m

be
r 

20
15

. D
ow

nl
oa

de
d 

on
 2

02
6.

 0
2.

 0
2.

 1
6:

41
:1

7.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
51372007 and 21301014). The work is also supported by the
China Postdoctoral Science Foundation funded project.
Notes and references

1 S. Sen, T. Edwards, S. K. Kim and S. Kim, Chem. Mater., 2014,
26, 1918–1924.

2 M. Zeng, Y. Z. Li, M. Y. Mao, J. L. Bai, L. Ren and X. J. Zhao,
ACS Catal., 2015, 5, 3278–3286.

3 D. Jiang, W. Z. Wang, L. Zhang, Y. L. Zheng and Z. Wang, ACS
Catal., 2015, 5, 4851–4858.

4 W. Y. Lei, T. T. Zhang, L. Gu, P. Liu, J. A. Rodriguez, G. Liu
and M. H. Liu, ACS Catal., 2015, 5, 4385–4393.

5 Y. X. Liu, X. C. Sun, B. K. Li and Y. Lei, J. Mater. Chem. A,
2014, 2, 11651–11659.

6 J. Qi, J. Chen, G. D. Li, S. X. Li, Y. Gao and Z. Y. Tang, Energy
Environ. Sci., 2012, 5, 8937–8941.

7 J. M. Zhen, X. Wang, D. P. Liu, S. Y. Song, Z. Wang,
Y. H. Wang, J. Q. Li, F. Wang and H. J. Zhang, Chem.–Eur.
J., 2014, 20, 1–6.

8 F. Wang, X. Wang, D. P. Liu, J. M. Zhen, J. Q. Li, Y. H. Wang
and H. J. Zhang, ACS Appl. Mater. Interfaces, 2014, 6, 22216–
22223.

9 X. Wang, D. P. Liu, J. Q. Li, J. M Zhen and H. J. Zhang, NPG
Asia Mater., DOI: 10.1038/am.2014.128.

10 J. K. Edwards, J. Pritchard, L. Lu, M. Piccinini, G. Shaw,
A. F. Carley, D. J. Morgan, C. J. Kiely and G. J. Hutchings,
Angew. Chem., Int. Ed., 2014, 53, 2381–2384.

11 L. L. Wang, H. Huang, S. H. Xiao, D. P. Cai, Y. Liu, B. Liu,
D. D. Wang, C. X. Wang, H. Li, Y. R. Wang, Q. H. Li and
T. H. Wang, ACS. Appl. Mater. Interfaces, 2014, 6, 14131–
14140.

12 P. F. Xu, R. B. Yu, H. Ren, L. B. Zong, J. Chen and X. R. Xing,
Chem. Sci., 2014, 5, 4221–4226.

13 K. Zhao, J. Qi, S. L. Zhao, H. J. Tang, H. J. Yin, L. B. Zong,
L. Chang, Y. Gao, R. B. Yu and Z. Y. Tang, Chin. J. Catal.,
2015, 36, 261–267.

14 K. Anupriya, E. Vivek and B. Subramanian, J. Alloys Compd.,
2014, 590, 406–410.

15 P. Li, Y. Zhou, Z. Y. Zhao, Q. F. Xu, X. Y. Wang, M. Xiao and
Z. G. Zou, J. Am. Chem. Soc., 2015, 137, 9547–9550.

16 K. Zhao, J. Qi, H. J. Yin, Z. M. Wang, S. L. Zhao, X. Ma,
J. W. Wan, L. Chang, Y. Gao, R. B. Yu and Z. Y. Tang, J.
Mater. Chem. A, 2015, 3, 20465–20470.

17 J. Qi, K. Zhao, G. D. Li, Y. Gao, H. J. Zhao, R. B. Yu and
Z. Y. Tang, Nanoscale, 2014, 6, 4072–4077.

18 E. Aneggi, V. Rico-Perez, C. D. Leitenburg, S. Maschio,
L. Soler, J. Llorca and A. Trovarelli, Angew. Chem., Int. Ed.,
2015, 54, 1–5.

19 S. Snana, V. Esposito, J. W. Andreasen, J. Hjelm, W. Zhang,
T. Kasama, S. B. Simonsen, M. Christensen, S. Linderoth
and N. Pryds, Nat. Mater., 2015, 14, 500–504.

20 S. P. S. Badwal, D. Fini, F. T. Ciacchi, C. Munnings,
J. A. Kimptonb and J. Drennan, J. Mater. Chem. A, 2013, 1,
10768–10782.
This journal is © The Royal Society of Chemistry 2016
21 J. A. Rodriguez, S. Ma, P. Liu, J. Hrbek, J. Evans andM. Pérez,
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