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Insights into the multiple effects of oxygen
vacancies on CuWO, for photoelectrochemical
water oxidationt
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The multiple effects of oxygen vacancies on a CuWO, photoanode for photoelectrochemical water
oxidation are investigated. A shorter electron transfer time across the photoanode is obtained for CuWO,4
with oxygen vacancies as compared to the pristine CuWOQy,. This provides direct evidence of the enhanced
electrical conductivity for CuWO4 by oxygen vacancies. The water oxidation kinetics of CuWOy, is also
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found to be boosted by oxygen vacancies. This experimental result is further investigated using density
functional theory calculations, which reveal that the activation barriers for H,O dehydrogenation on the
surface of CuWO, with oxygen vacancies are much lower than those of CuWOy,. Interestingly, despite

these advantages, oxygen vacancies are also found to be charge recombination centers on the

rsc.li/catalysis photoanode’s surface.

1. Introduction

Copper tungstate (CuWO,) is a promising photoanode for
solar water splitting due to its relatively small band gap (~2.3
eV), good photostability, and high selectivity for water
oxidation."™ Unfortunately, the photoelectrochemical (PEC)
performance of this semiconductor is limited by its poor
charge separation and transfer properties and sluggish
kinetics for the oxygen evolution reaction.” Therefore,
various strategies have been applied to alleviate these
shortcomings, including doping with metals (Ag,'® Fe,"
Mo,"* Zn,"* Co," etc.), depositing with cocatalysts (FeOOH,"
CoPi,’* NiPi,’//’ MnNCN,"® etc), and constructing
heterojunctions with other semiconductors (BiOI,'® C030,,*
CdS,"™ W0;,*! Biv0O,,>* Cu0,”® Mn;0,4,** etc.).

In addition to these efforts, the introduction of oxygen
vacancies has been regarded as an effective method to
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enhance the PEC performance of metal oxide
photoanodes.>*® Several groups have created oxygen
vacancies on CuWO, by post-annealing the films in hydrogen
or oxygen-deficient inert atmospheres.>> With oxygen
vacancies, higher photocurrent densities are achieved
compared with the pristine films. The improvement of the
PEC activity is generally attributed to an enhanced
conductivity which has been explained by an increased
carrier concentration as measured by Mott-Schottky
curves.>*>? Nevertheless, more studies are needed to
understand the intrinsic mechanism(s) for the increased
electrical conductivity by oxygen vacancies. Additionally, it is
well known that the catalytic activity is closely related to the
adsorption energy of the reaction molecules on the material's
surface.*®** Oxygen vacancies will provide an unsaturated
coordination environment and provide dangling bonds.****
These conditions are able to facilitate the adsorption of the
reactants and the charge transfer between the reactants and
the catalyst.’’*® Therefore, oxygen vacancies are expected to
affect the kinetics of water oxidation on CuWO,, which has
rarely been studied to date. In addition, recent studies on
WO; and a-Fe,O; photoanodes have found that oxygen
vacancies can create trap states on the surface leading to
serious charge recombination,®”*° which has not been
verified on CuWO,.

Hence, in this work, the multiple roles of oxygen vacancies
in CuWO, for PEC water oxidation are investigated using
experimental measurements combined with density
functional theory (DFT) calculations. It is found that oxygen
vacancies are able to not only shorten the electron transfer

This journal is © The Royal Society of Chemistry 2020
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time but also promote the water oxidation kinetics at the
CuWO, photoanode. Furthermore, oxygen vacancies also
aggravate the problem of charge recombination on the
surface of CuWO,. Our work deepens the understanding of
the influence of oxygen vacancies on CuWO,, which is
helpful for designing more efficient photoanodes for solar
water splitting.

2. Results and discussion

First, a lowering of the electron binding energies and both a
weakening and broadening of the vibration spectra
demonstrate the generation of oxygen vacancies in CuWO,
after post-annealing in a nitrogen atmosphere (see the
analyses in Fig. S1 and $21).>°°°?? X-ray diffraction and
scanning electron microscopy show that the crystalline
structure and morphology of the CuWO, films are basically
unchanged after the introduction of oxygen vacancies (Fig. S3
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and S471). UV-vis spectroscopy indicates that the N,-treated
CuWO, has a slightly increased light harvesting ability
compared with the non-treated CuWO, (Fig. S51). There is a
weak absorption beyond 700 nm for these two films. A
similar phenomenon has been widely observed in Cu®'-
containing oxides and ascribed to the local ligand field
excitations of Cu®" cations.'**®°°>> A band gap of 2.32 eV is
assigned to both the N,-treated CuWO, and the pristine
CuWO, according to the Tauc plots. The calculated
photocurrent density based on the absorbed photon flux of
the CuWO, films before and after the N, treatment is 3.57
and 4.06 mA cm >, respectively.

The PEC performance of CuWO, films post-annealed in a
N, atmosphere at various temperatures is evaluated and 300
°C is found to be the optimum treatment temperature (Fig.
S6t). CuWO, (OV) hereinafter represents the CuWO,
photoanode with N, treatment at 300 °C. A comparison of
the PEC activities of CuWwO, and CuWO, (OV) tested in
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Fig. 1 Linear sweep voltammetry (LSV) curves of CuWO, and CuWO, (OV) tested in 0.2 M Na,SO, electrolyte (a) without and (b) with 1 M Na,SOs3
as a hole scavenger (pH 7). The illumination is AM 1.5G simulated solar light with an intensity of 100 mW cm™. The scan rate is 25 mV s*.
Calculated (c) charge separation and (d) charge injection efficiencies of CuWO,4 and CuWO, (OV).
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sodium sulfate solution with and without sulfite as a hole
scavenger is shown in Fig. 1a and b. For the water oxidation,
CuWO, (OV) shows a higher photocurrent density and a more
negative onset potential than CuWO,. For the sulfite
oxidation, CuWO, (OV) also exhibits a superior activity
compared with CuWO,. These results confirm that a
moderate concentration of oxygen vacancies is able to
improve the PEC performance of the CuWwO, photoanodes,
consistent with previous work.>** In order to understand
the improvement of the PEC performance, the separation
efficiency of photogenerated carriers and the hole injection
efficiency into the electrolyte are calculated and shown in
Fig. 1c and d. Compared with CuWO,, higher separation
efficiencies are obtained for CuwWO, (OV). This is in
agreement with the higher activity for the sulfite oxidation of
CuWO, (OV), that is, more holes reach the surface of CuWO,
(OV) during the PEC process due to the improved charge
separation. In addition, the charge injection efficiency of
CuWO, (OV) is higher than that of CuWO,, corresponding to
an earlier onset potential of CuWO, (OV). This suggests that
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oxygen vacancies accelerate the charge transfer at the
interface between the material surface and the electrolyte,
that is, the kinetics for water oxidation is boosted.
Additionally, the water oxidation stabilities of CuWO, and
CuWO, (OV) are tested for 6 h at different biases and these
two films show comparative and reasonable PEC stabilities
(Fig. S97).

The widely accepted explanation for the improved PEC
activity of metal oxides with oxygen vacancies is that the
electrical conductivity is increased due to the enhanced
carrier  concentration.”®*”**3*  The Mott-Schottky
measurements in this work verify this phenomenon, in which
the slope of CuWwO, (OV) is smaller than that of CuWO,,
suggesting a higher carrier concentration in CuwoO, (OV).
Specifically, the carrier concentrations of CuWO, and CuWO,
(OV) are calculated to be 2.56 x 10** and 3.93 x 10*> cm™>,
respectively. To further investigate this enhanced electrical
conductivity, a controlled intensity modulated photocurrent
spectroscopy (CIMPS) study was conducted to measure the
charge separation and transfer properties in the bulk
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Fig. 2 (a) Mott-Schottky plots of CuWO, and CuWOQO, (OV) obtained in a 0.2 M Na,SO, solution at a frequency of 3 kHz. Plots of the CIMPS
complex plane of (b) CuWO,4 and (c) CuWO,4 (OV) measured in a 0.2 M Na,SO, solution at various biases under a light intensity of 300 mW cm? (1
= 365 nm). (d) Calculated electron transport time of CuWO,4 and CuWQO, (OV) at various applied potentials.
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material. The CIMPS Nyquist plots of CuWO, and CuWO,
(OV) at various applied potentials illuminated by a 365 nm
LED are shown in Fig. 2b and c. For both photoanodes, the
radii of the semicircular shapes in the third and fourth
quadrants gradually increase with the enhancement of the
biases, indicating that more holes are collected.*"**
Additionally, the transfer time of photogenerated carriers is
useful for evaluating the charge transport properties of the
inorganic photoanodes.”*** The electron transfer times of
CuWO, and CuWO, (OV) at various applied potentials are
calculated based on the frequency of the lowest point in the
CIMPS complex plane as shown in Fig. 2d. These values give
an estimation of the average transfer time of photogenerated
electrons from the surface to the substrate across the
photoanodes with similar film thickness.*> Apparently, the
electron transfer times of CuWO, (OV) are generally shorter
than those of CuWO,, demonstrating the better carrier
mobility of the CuWO, (OV) photoanode.

The charge transfer properties across the electrode/
electrolyte interface, which are closely related to the water
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oxidation kinetics of the material, are explored using
electrochemical impedance spectroscopy (Fig. 3a). The
equivalent circuit as shown in the inset of Fig. 3a is applied
to interpret the Nyquist plots, where Ry is the solution
resistance, CPE is the constant phase element, and R is the
charge transfer resistance between the surface and the
electrolyte. It is found that the arc in the Nyquist diagram for
CuWO, (OV) is smaller than that for CuwO,, showing that
the charge transfer resistance is smaller for CuwQ, (OV).*’
Specifically, the R, values for CuWO, (OV) and CuWO, are
1190 and 1795 Q, respectively (Table S1t). These results are
consistent with the calculated injection efficiencies for
CuWO, and CuWO, (OV) shown in Fig. 1d. A lower
overpotential for electrochemical water oxidation on CuWO,
(OV) compared to that on CuWO, under dark conditions also
demonstrates the faster kinetics for water oxidation of the
electrode with oxygen vacancies (Fig. S77).

In order to further understand the improved kinetics, the
dissociation pathways and activation barriers of the water
molecule on the (010) surface of CuWO, and CuWO, with
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Fig. 3 (a) EIS plots of CUWO, and CuWO, (OV) in a 0.2 M Na,SO, solution under AM 1.5 G illumination (100 mW cm™) at 0.6 V vs. Ag/AgCL. The
solid lines are fitted using the Zview software; the inset is the equivalent circuit. (b) MEP plots for the H,O dehydrogenation pathway on CuWO,
and CuWO,4 (OV). The structures of intermediates and transition states involved in the reaction pathways of (c) CuWQO,4 and (d) CuWQO,4 (OV). Cu,
W, and O are blue, green, and red spheres, respectively. The adsorbed O and H atoms are yellow and white, respectively.
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oxygen vacancies are calculated using DFT. A detailed
discussion of the model structures is provided in Fig. S8.f
The (010) facet of the triclinic CuWO, considered here is one
of the dominant characteristic facets and has been
demonstrated to be a PEC active surface.*>*” The minimum
energy paths (MEPs) for H,O dehydrogenation on the (010)
facet of CuWwO, and CuWO, (OV) are shown in Fig. 3b. For
CuWO,, the dissociation energy barrier from H,O to OH is
calculated to be 0.99 eV, while the activation energy from OH
to O is 1.25 eV. These calculations suggest that the
dehydrogenation of OH is more kinetically difficult than the
dehydrogenation of H,O on the CuWO, surface. For CuWO,
(OV), the scission barrier of one of the O-H bonds in H,O is
0.67 eV, while the scission barrier of the resulting OH group
is 0.49 eV, indicating that the second proton more easily
dissociates than the first one for the water molecule on
CuWO, (OV). In comparison, the dehydrogenation reactions
of H,0 and OH are kinetically more favorable on the CuWO,
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surface with oxygen vacancies than on the stoichiometric
CuWO, surface, The reaction rate constants of the elementary
reactions are calculated using the activation barriers (Table
S2t). At 298.15 K, the rate constants for the H,0 and OH
dehydrogenation reactions on CuWO, are 2.10 x 10~* and
8.77 x 107° s, respectively. On CuWO, (OV), the rate
constants for these two elementary steps are 5.17 x 10" and
5.57 x 10* s, respectively. Apparently, the rate for the H,0
dissociation on CuWO, (OV) is much faster than that on
CuWO,, indicating superior water oxidation kinetics for
CuWO, (OV). The structures of the intermediates and
transition states involved in the H,O dehydrogenation
pathways are shown in Fig. 3¢ and d. For both CuwO, and
CuWO, (OV), H,0 adsorbs on the top site of the Cu atom
through the O atom. The first proton migrates to an adjacent
O atom in the lattice concerted with one O-H bond breakage.
Subsequently, the second H bond dissociates and the H atom
moves to another lattice oxygen atom, resulting in a metal-
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Fig. 4 (a) Transient photocurrent responses of the CuWO, and CuWO, (OV) films measured at 0.9 V vs. Ag/AgCl in 0.2 M Na,SO, electrolyte
under AM 1.5G illumination (100 mW cm™). (b) Normalized plots of the current-time dependence of the anodic transients for the CuWO, and
CuWO, (OV) films. (c) LSV curves of CuWO, (OV) and CuWO, (OV)/Ni-Pi tested in 0.2 M Na,SO, electrolyte under AM 1.5G illumination (100 mW
cm™). (d) Normalized plots of the current-time dependence of the anodic transients for the CuWO, (OV) and CuWO, (OV)/Ni-Pi films. The inset is
the transient photocurrent responses of the CuWO, (OV) and CuWQO, (OV)/Ni-Pi films measured at 0.9 V vs. Ag/AgCl in 0.2 M Na,SO, electrolyte.
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oxo species. It is worth noting that the H,O adsorption
energies on CuWO, and CuWO, (OV) are -1.19 and -1.54 eV,
respectively. The relatively strong interaction between H,O
and CuWO, (OV) facilitates the dehydrogenation reactions.

Despite these advantages, the effect of oxygen vacancies
on surface charge recombination, which is a competitive
route with the water oxidation reaction for photogenerated
carriers, is examined using chronoamperometry.*®**° The
transient photocurrent responses of the CuwO, and CuwWO,
(OV) films are shown in Fig. 4a. In the inset of Fig. 4a, ji, is
the initial photocurrent and ji is the steady-state
photocurrent. A normalized parameter (D) is defined as
follows:

D= Ut _jst)/(]'in _‘].st)

where j; is the time-dependent photocurrent. A normalized
plot is made with In(D) as the y-axis and reaction time as the
x-axis. The transient time constant (z) is defined as the time
at which In(D) is equal to —1. By calculation, the 7 value for
the CuwO, and CuwO, (OV) films is 10.9 and 8.8 s,
respectively, suggesting that CuWO, (OV) suffers more from
surface charge recombination than CuWO,. To further verify
this inference, nickel phosphate (Ni-Pi) which can restrain
the surface states is deposited on CuWO, and CuWO,
(0v),"”"* which is characterized using the XPS measurement
(Fig. S107). On the one hand, Ni-Pi as an oxygen evolution
catalyst enhances the PEC activity for both CuWO, (OV) and
CuwO, (Fig. 4c and Si1lat), consistent with previous
work."”** On the other hand, Ni-Pi obviously prolongs the
transient time constant for CuWO,, (OV) as shown in Fig. 4d,
while the 7 values for CuWO, before and after the decoration
of Ni-Pi are similar (Fig. S11b¥). This further suggests that
oxygen vacancies can create trap states on the surface of
CuWOy,, which aggravates the charge recombination.

3. Conclusion

In this work, oxygen vacancies are introduced into a CuWO,
film by N, treatment and their multiple roles in this
photoanode for PEC water oxidation are investigated. With
oxygen vacancies, both the charge separation and injection
efficiencies of CuWO, are boosted. Aside from the increase of
the carrier concentration, the electron transfer time across
the photoanode for CuWO, (OV) is measured to be shorter
than that for CuWO,. This is direct evidence of the improved
electrical conductivity caused by oxygen vacancies. In
addition, the water oxidation kinetics of CuWO, is improved
by oxygen vacancies, which is studied using DFT calculations.
The activation energies for the H,O dehydrogenation on
CuWO, (OV) are much lower than those on CuWO,. Despite
these advantages, it is found that oxygen vacancies also
aggravate the charge recombination on the surface of
CuWO,. Our work highlights the multiple roles of oxygen
vacancies in the CuWO, photoanode for PEC water oxidation,
which is useful for the design and synthesis of more efficient

This journal is © The Royal Society of Chemistry 2020
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photocatalysts containing oxygen vacancies for solar water
splitting.
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