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catalytic oxygen evolution over
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A series of Mo-doped Ca2NiWO6 (Ca2NiW1�xMoxO6, x¼ 0–0.05) samples were synthesized by a solid-state

reaction. The physical and optical properties of these photocatalysts were characterized by X-ray

diffraction, X-ray absorption fine structure, UV-visible diffuse reflectance spectra, and the band structure

along with density of states were calculated by the plane-wave-based density functional theory. The

photocatalytic activity of oxygen evolution from water was evaluated under visible light irradiation. The

Mo doping significantly increased the photocatalytic activity of Ca2NiWO6. The optimal

Ca2NiW0.97Mo0.03O6 showed an oxygen evolution rate approximately 2 times higher than that of the

pure Ca2NiWO6. The characterization results indicated that the Mo-doped Ca2NiWO6 maintained the

double perovskite structure. The Mo6+ ions were substituted into the W6+ sites in the lattice, causing

a certain amount of lattice distortion and promoting the formation of oxygen vacancies. Furthermore,

the Mo doping introduced impurity energy levels into the band structure of Ca2NiWO6. Consequently,

the conduction band changed from discrete to continuous and the bottom of the conduction band was

shifted to more positive potential, compared to that of pure Ca2NiWO6, leading to a lower band gap and

higher absorbance in the wider visible light region. These characteristics are responsible for the high

photocatalytic activity of the oxygen evolution reaction.
Introduction

With increasing demands for clean energy, photocatalytic water
splitting to generate hydrogen and oxygen has attracted signif-
icant attention because of the low energy consumption, simple
operation process and mild reaction conditions.1–5 An ideal
photocatalyst for overall water splitting should have proper
band position, i.e., the conduction band minimum (CBM)
should be more negative than the hydrogen evolution potential
(H+/H2 0.0 eV vs. normal hydrogen electrode (NHE)), mean-
while, the valence band maximum (VBM) should be more
positive than the oxygen evolution potential (O2/H2O +1.23 eV
vs. NHE). Despite several decades of intensive studies, to date,
only a few photocatalysts have been discovered to be active for
overall water splitting into hydrogen and oxygen under visible
light irradiation.6–9 Many attempts have been made to increase
the activity of the half reaction of water splitting, the oxidation
of water to form oxygen or the reduction of protons to produce
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hydrogen.10 For the oxygen evolution reaction (OER), high
energy is required to undertake the O–H bond breaking and the
attendant O–O bond formation, thus requiring a more positive
VB level of the efficient photocatalyst.11–13 In recent years,
notable progress has been achieved in the search for highly
active oxygen evolution photocatalysts, including simple oxides
(e.g. TiO2 (ref. 14) and CoOx (ref. 15)), complex oxides (e.g.
SrTiO3 (ref. 16) and BiVO4 (ref. 17)), nitrides (e.g. C3N4 (ref. 18)),
and suldes (e.g. Cu2ZnSnS4 (ref. 19)).

Perovskite structured compounds have attracted signicant
attention as photocatalysts due to their unique physicochemical
properties, demonstrating the potential for application in water
splitting and decontamination.20–23 It was found that the band
structure, optical properties, and chemical stability of perov-
skite photocatalysts can be modied and the photocatalytic
activity can be improved by doping or partial replacement, on
the basis of maintaining the basic structure. Some researchers
have reported that doping with transition metal ions such as
rhodium, chromium, vanadium and tungsten results in the red
shi of the light absorption of perovskite-type compounds to
the visible light region.24–27 For instance, Kim et al.28 have found
that the W-doped Sr2FeNbO6 showed a photocatalytic quantum
yield two times higher than that of the pristine sample under
visible light irradiation. A similar conclusion was arrived at
from La2Ti2O7 perovskite nanosheets with a narrow band gap
RSC Adv., 2017, 7, 5821–5826 | 5821
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aer Ni doping.29 Cheng et al.30 reported that the La1�xSrxCoO3

perovskites have good photocatalytic activity for OER. The
experimental and theoretical investigation conrmed that Sr3+

substitutions straightened the octahedral cage, aligned atoms
along the Co–O–Co axis, and increased the average oxidation
state of the Co ions. Consequently, the overlap between the
occupied O 2p VB and the unoccupied Co 3d CB increased and
thus improved the OER activity. Recently, the perovskite-type
(Ln0.5Ba0.5)CoO3�x (Ln ¼ Pr, Sm, Gd and Ho) have also been
reported as a family of efficient photocatalysts for the OER in
alkaline solution.31

The double-perovskite-type compound Ca2NiWO6 consists of
a layered structure of corner-sharing regular octahedrons, WO6

and NiO6, with a unique chain of the –Ni–W–O–. The VB of
Ca2NiWO6 is controlled by the hybrid O 2p and Ni t2g orbitals,
and the CB is composed of two discrete energy levels, the W 5d
and Ni eg levels.32 The excited electrons from the VB to the W 5d
CB are responsible for the absorption in the UV region, and the
other from the VB to the Ni eg CB corresponds to the absorption
in the visible light region. Consequently, the Ca2NiWO6 perov-
skite showed photocatalytic activity for oxygen evolution under
visible light irradiation. However, the band gap (2.61 eV) is still
relatively large, limiting its further application in the visible
light region. It is expected that the doping modication may
expand the spectral response of the photocatalyst and increase
the photocatalytic activity by introducing the appropriate
impurity level into the band gap. To the best of our knowledge,
the study on the modication of Ca2NiWO6 by metal doping has
not been reported so far.

In this study, the role of the Mo dopant in the structural
features of Ca2NiWO6 and the photocatalytic activity for the
OER were investigated. A series of Mo-doped Ca2NiWO6 with
different doping levels was synthesized by a conventional solid-
state reaction. The Mo-doped samples showed much higher
OER activity than that of the pristine sample under visible light
irradiation. With a combination of experimental and theoretical
investigations, the effects of Mo6+ ion doping on the crystal
structure, band structure and optical properties of double-
perovskite Ca2NiWO6 were studied in detail and the struc-
ture–performance relationship was discussed.

Experimental

Ca2NiW1�xMoxO6 (x ¼ 0, 0.01, 0.02, 0.03, 0.04, 0.05) was
prepared by a conventional solid-state reaction. The starting
materials consisted of CaCO3, WO3, NiO and MoO3, which were
mixed in the molar ratio Ca : Ni : W : Mo ¼ 2 : 1 : 1 � x : x (x ¼
0.0.01, 0.02, 0.03, 0.04, 0.05). The solid mixture was ground
thoroughly and then calcined in air at 1273 K for 20 h. Aer
cooling to room temperature, the mixture was reground and
calcined once again at 1553 K for 10 h.

The as-prepared samples were characterized by various
analytical techniques. X-ray diffraction (XRD) patterns were
recorded on a Rigaku (D/MAX-A) X-ray diffractometer using a Cu
Ka radiation source. UV-visible diffuse reectance spectra (UV-
vis DRS) were measured on a UV-visible spectrophotometer
(Solidspec DUC-3700) using BaSO4 as a reference. The Mo K-
5822 | RSC Adv., 2017, 7, 5821–5826
edge X-ray absorption ne structure (XAFS) measurements
were performed at the endstation of 1W1B of the Beijing
Synchrotron Radiation Facility (BSRF, China). The storage ring
energy was 2.5 GeV with an average current of 200 mA. Spectra
were collected in the uorescence mode using a Si (111) double
crystal monochromator. The energy calibration of the Mo K-
edge was performed using a Mo foil. Data processing was
carried out using the ATHENA soware package.33 The elec-
tronic band structures, along with densities of states were
calculated by the plane-wave-based density functional theory
(DFT), using the CASTEP program.34,35 The exchange correlation
potential and ultraso pseudopotentials for electron–ion
interactions were modeled using the generalized gradient
approximation (GGA) of Perdew–Burke–Ernzerhof (PBE). The
kinetic energy cut-off was taken to be 380 eV for Ca2NiWO6. A
supercell consisting of a (2 � 2 � 1) unit cell was used in the
calculations. The lattice parameter of Ca2NiW1�xMoxO6 was
based on the structure of Ca2NiWO6: a¼ 5.4048 Å, b¼ 5.5369 Å,
c ¼ 7.6889 Å, which formed a layered crystal structure with the
space group P21/n.

The photocatalytic O2 evolution of the as-prepared samples
were evaluated on commercial water splitting equipment
(LABSOLAR-IIAGA, Beijing PERFECTLIGHT Technology Co.
Ltd.). In a typical test, 0.185 g of photocatalyst powder were
dispersed into 100 ml of distilled water in a quartz reaction cell
with an external cooling jacket. AgNO3 (1.85 mmol) was used as
the sacricial electron acceptor. A 300 W xenon arc lamp (PLS-
SXE300 UV, Beijing Perfectlight Technology Co. Ltd) with
a 400 nm cut-off lter was used as the light source. Prior to
irradiation, the closed gas circulation system and reaction cell
were well evacuated. The amounts of evolved gases were
analyzed by an on-line gas chromatograph (GC1690, Hangzhou
Kexiao Scientic Instruments Co. Ltd) equipped with a thermal
conductivity detector (TCD) and a KX-112 packed column
(Lanzhou Institute of Chemical Physics).

Results and discussion
Characterization of photocatalysts

The XRD patterns of Ca2NiW1�xMoxO6 (x ¼ 0, 0.01, 0.02, 0.03,
0.04, 0.05) are shown in Fig. 1. For the undoped sample, the
positions and relative intensities of all diffraction peaks
matched well with the standard data of Ca2NiWO6 (JCPDS No.
47-0026), indicating that a pure perovskite phase was obtained.

Aer doping with Mo6+ ions, the XRD patterns did not show
signicant differences from that of the pure Ca2NiWO6, even at
a relatively high Mo doping level (x ¼ 0.05). The results indi-
cated that the doping of Mo6+ ions did not cause a signicant
change in the host structure or introduce any impurity phase.
The Mo-doped Ca2NiWO6 still maintained the perovskite
structure. It is suggested that the doped Mo6+ ions can be
substituted into the W6+ sites in the structure, due to their
similar ionic radii. Further evidence came from the XAFS
measurements, which can provide detailed information on the
local coordination structure of center atoms.

Fig. 2 shows the Fourier transforms of Mo K-edge EXAFS of
the Ca2NiW1�xMoxO6 (x ¼ 0.01, 0.03 and 0.05) and standard
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD patterns of Ca2NiW1�xMoxO6 (x¼ 0, 0.01, 0.02, 0.03, 0.04,
and 0.05).

Fig. 2 RDFs of Ca2NiW1�xMoxO6 (x ¼ 0.01, 0.03, and 0.05), Ca2-
NiWO6, MoO2, and MoO3 samples.

Table 1 XAFS fitting results for Ca2NiW1�xMoxO6 (x ¼ 0.01, 0.02, and
0.05)

Sample Shell Ra (Å) Nb sc (Å2)

Ca2NiWO6 W–O 1.411 6.0 —
W–Ca(I) 2.546 6.0 —
W–Ca(II) 3.221 2.0 —
W–Ni 3.344 4.0 —

x ¼ 0.01 Mo–O 1.411 5.21 0.001
Mo–Ca(I) 2.577 6.00 0.011

x ¼ 0.03 Mo–O 1.411 5.13 0.001
Mo–Ca(I) 2.608 6.00 0.012

x ¼ 0.05 Mo–O 1.442 4.87 0.001
Mo–Ca(I) 2.608 6.00 0.010

a Coordination distance. b Coordination number. c Debye–Waller
factor.

Fig. 3 Schematic of the crystal structure of (a) pure Ca2NiWO6 and (b)
Mo-doped Ca2NiWO6.
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compounds MoO2 and MoO3. For comparison, the theoretical
radial distribution function (RDF) of W atoms of the Ca2NiWO6

crystals was also calculated and presented in the gure. The
tting results are listed in Table 1. From the gure, it can be
seen that the RDFs of the Mo-doped Ca2NiWO6 were completely
different from that of the MoO3 and MoO2. In particular, no
signicant Mo–Mo coordination peaks assigned to MoO3 and
MoO2 were found in the doped samples. Furthermore, the RDF
curves of doped samples were very similar to those of pure
Ca2NiWO6. The Mo–O and Mo–Ca coordination peaks at about
1.41 Å and 2.55 Å exhibited similar characteristics to those of
W–O andW–Ca coordination peaks in Ca2NiWO6. These results
conrmed that no isolated molybdenum oxides were formed at
the present Mo doping levels. The Mo ions entered the crystal
This journal is © The Royal Society of Chemistry 2017
lattice of Ca2NiWO6, substituting for the hexa-coordinated W6+

sites.
According to the tting structural parameters, the schematic

diagrams of the crystal lattice of the samples were drawn by
Materials Studio as shown in Fig. 3. For the pure Ca2NiWO6

(Fig. 3a), each W atom was coordinated with six O atoms (the
rst shell) and six Ca atoms (the second shell). The Mo doping
induced internal stresses and exerted a certain effect on the
structure of Ca2NiWO6, leading to the lattice distortion, as
illustrated in Fig. 3b. The coordination distances of Mo–O and
Mo–Ca in Ca2NiW1�xMoxO6 were both larger than that of W–O
and W–Ca in pure Ca2NiWO6. Furthermore, the coordination
number of Mo–O atoms also decreased, leading to the forma-
tion of oxygen vacancies.

The UV-Vis DRS of Ca2NiW1�xMoxO6 (x ¼ 0, 0.01, 0.02, 0.03,
0.04, 0.05) are shown in Fig. 4a. The pure Ca2NiWO6 had three
distinct absorption bands in the range of 443–535 nm. The two
steep absorption bands at 443 and 492 nm were assigned to the
charge transition from the VB to the W 5d level and Ni 3d level,
respectively.32 The absorption band located at 535 nm may be
due to the charge transition from the VB to the impurity or
defect level. For the doped samples, the steps between different
absorption edges were gradually elevated with an increase in
Mo concentration, and nally combined into a gentle absorp-
tion edge. Furthermore, the absorption edge was shied to
longer wavelengths with increasing Mo content. Accordingly,
the color of the samples changed from light green to yellow (the
inset in Fig. 4a). The band gaps, Eg, of the samples were
calculated using the Tauc equation.36,37
RSC Adv., 2017, 7, 5821–5826 | 5823
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Fig. 4 (a) UV-visible DRS of Ca2NiW1�xMoxO6 (x ¼ 0, 0.01, 0.02, 0.03,
0.04, 0.05), the inset shows the color change after Mo doping; (b) the
corresponding Kubelka–Munk transformed diffuse reflectance
spectra.

Fig. 5 Band structure and density of states of (a) pure Ca2NiWO6 and
(b) Mo-doped Ca2NiWO6.
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ahn ¼ C1(hn � Eg)
2 (1)

where a is the optical absorption coefficient measured as
a function of photon energy hn, and C1 is the absorption
constant determined by the transition probability. Fig. 4b
shows the plots of (ahn)1/2 versus the photon energy (hn) for
Ca2NiW1�xMoxO6 (x ¼ 0, 0.01, 0.02, 0.03, 0.04, 0.05). The band
gap energy Eg was estimated from the intercept of the tangents
to the plots. The pure Ca2NiWO6 had three Eg values (2.32 eV,
2.52 eV and 2.81 eV), corresponding to the three absorption
bands as shown in Fig. 4a. The Eg value of the Mo-doped
samples monotonically decreased with an increase in Mo
content. At the doping level of x ¼ 0.05, the band gap Eg was
estimated to be about 2.15 eV. The result indicated that the
doping of Mo enhanced the absorption of Ca2NiWO6 in the
visible-light region.

To deeply understand the effect of Mo doping on the elec-
tronic structure of Ca2NiWO6, the band structure and the
density of states (DOS) of the pure and doped samples were
calculated and the results are shown in Fig. 5. For the pure
Ca2NiWO6, shown in Fig. 5a, the partial density of states of the
individual atoms clearly indicated that the Ni 3d level was split
into two main segments corresponding to the Ni t2g and Ni eg
5824 | RSC Adv., 2017, 7, 5821–5826
levels, respectively. The W 5d level was located at a higher
energy position than that of the Ni 3d level. From the total
density of states curves, the CB contained two discrete sub-
bands. The high energy one consisted of the W 5d orbital,
and another was mainly derived from the Ni eg level. The VB
consisted of the hybridization of O 2p and Ni t2g levels. The
calculation results indicated that there were two intrinsic band
gaps in the pure perovskite Ca2NiWO6, consistent with the DRS
experiment (Fig. 4). Similar results were also reported by Zou
et al.32 The Mo doping had a signicant impact on the band
structure of Ca2NiWO6. As shown in Fig. 5b, the doped sample
exhibited a higher DOS and more complex band structure with
respect to pure Ca2NiWO6, conrming that the Mo doping
formed impurity energy levels in the band gap of Ca2NiWO6.
The CB of the Ca2NiW1�xMoxO6 mainly arose from the hybrid-
ization of Mo 3d, W 5d and Ni eg orbitals. The electronic
structure of CB changed from discrete to continuous with the
Mo doping, consistent with the DRS result. It should be noted
that the top of the VB remained unchanged aer the Mo6+

doping, whilst the bottom of the CB was shied tomore positive
potentials, compared to that of the pure Ca2NiWO6. The result
indicated that the Mo dopant narrowed the band gap, thus
extended the absorption in the visible light region, as revealed
by UV-Vis DRS results.
Photocatalytic activity

The photocatalytic O2 evolution from water under visible irra-
diation was applied to evaluate the photocatalytic performance
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Schematic of the band structure of (a) pure Ca2NiWO6 and (b)
Mo-doped Ca2NiWO6.
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of the as-prepared photocatalysts and the results are shown in
Fig. 6a. The pure Ca2NiWO6 had a rather low O2 evolution rate
of 1.38 mmol h�1 g�1. The Mo doping signicantly enhanced the
oxygen production. With an increase in the Mo doping, the
oxygen evolution rate increased and reached the highest level at
the Mo doping content of 3 at% (Ca2NiW0.97Mo0.03O6). On this
catalyst, the O2 evolution rate was 2.65 mmol h�1 g�1, approxi-
mately 2 times higher than that of pure Ca2NiWO6. Fig. 6b
shows the cyclic tests of oxygen production of the optimized
Ca2NiW0.97Mo0.03O6 photocatalyst. No great change in the
photocatalytic activity was observed aer three cyclic tests,
which suggested that the doped sample had good stability.

The XRD and XAFS results indicated that the Mo6+ ions
entered the crystal lattice of Ca2NiWO6, substituting for the
hexa-coordinated W6+ sites and promoting the formation of the
oxygen vacancies. It is well known that the oxygen vacancies
play an important role in the photocatalytic reaction. The
surface oxygen vacancies can directly provide the formation
sites of the active species for the photocatalytic reaction and
thus increase the photocatalytic activity.38 Furthermore, from
the DRS and DOS results, the Mo doping introduced impurity
energy levels into the band structure of Ca2NiWO6, leading to
a lower band gap energy and higher absorbance in a wider
visible light region, compared to that of pure Ca2NiWO6. These
characteristics contributed to the generation of more photo-
generated carries and enhanced the photocatalytic activity.
Based on the characterization results, the band structures of the
as-prepared photocatalysts are proposed and shown in Fig. 7.
The pure Ca2NiWO6 had two discrete CBs, consistent with
a previous report by Zou et al.32 The high energy band consisted
of the W 5d orbital and the low energy band was derived from
the Ni eg level. The VB was composed of the hybridization of O
2p and Ni t2g levels. Accordingly, there existed two intrinsic
band gaps (Fig. 7a). For the Mo-doped Ca2NiWO6, shown in
Fig. 7b, its CB was formed by the hybridization of the Mo 3d
orbital with the W 5d and Ni 3d orbitals. With respect to the
pure Ca2NiWO6, the CB of the Mo doped sample was contin-
uous, due to the formation of impurity energy levels. The
bottom of the CB of the doped sample was more positive, while
the top level of the VB remained unchanged. The results indi-
cated that the Mo doping broadened the absorption band in the
visible light region, but had no inuence on the oxidation
Fig. 6 (a) OER activity of Ca2NiW1�xMoxO6 (x ¼ 0, 0.01, 0.02, 0.03,
0.04, and 0.05) under visible irradiation; (b) cyclic tests of oxygen
production of the optimized Ca2NiW0.97Mo0.03O6 photocatalyst.

This journal is © The Royal Society of Chemistry 2017
potential; therefore it was conducive to the oxygen evolution
reaction. The photocatalytic activity of the Mo-doped Ca2NiWO6

decreased when the Mo doping content exceeded 3 at%. The
reason may be that the high dopant level increased the extent of
defects in the oxide structure, which acted as electron–hole
recombination centers, with a consequent decrease in the
photocatalytic reaction rate.39 Further investigation of the
defects and electronic structure are in progress. This work
provides some new insight into the dopant effects on the crystal,
band structure and performance of photocatalysts.
Conclusions

The Ca2NiW1�xMoxO6 (x ¼ 0, 0.01, 0.02, 0.03, 0.04, 0.05) pho-
tocatalysts with a double perovskite structure were successfully
synthesized by a solid-state reaction method. The Mo-doped
samples exhibited much higher photocatalytic activity for the
oxygen evolution reaction under visible light irradiation than
that of the pure Ca2NiWO6. The characterization results indi-
cated that the Mo6+ ions can be substituted into the hexa-
coordinated W6+ ions in the Ca2NiWO6 lattice, leading to
a certain degree of lattice distortion and the formation of
oxygen vacancies. The Mo doping introduced impurity energy
levels in the band structure of Ca2NiWO6, forming a continuous
CB. The bottom of the CB was more positive, while the top level
of the VB remained unchanged as compared to the pure Ca2-
NiWO6. As a result, the Mo-doped Ca2NiWO6 had a lower energy
band gap and higher absorbance in the wider visible light
region, compared to that of pure Ca2NiWO6. These character-
istics contributed to the generation of more photogenerated
carriers and enhanced the photocatalytic activity of the oxygen
evolution reaction.
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