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Film Synthesis and Characterization

All chemicals were obtained from commercial sources and used without further 

purification. The CuWO4 films were synthesized according to the literature with some 

modifications.1,2 Briefly, 0.4625 g of sodium tungstate was dissolved into 120 mL 

deionized water. Then, 10 mL of 1 M HCl and 0.1931 g oxalic acid were added and 

stirred to dissolved. Subsequently, 16 mL of the above solution was transferred into a 

Teflon-lined autoclave (20 mL) and a FTO glass substrate was placed diagonally in 

the autoclave. The FTO substrates were ultrasonically treated for 15 mins in acetone, 

ethanol, and water respectively. The autoclave was kept at 180 °C for 3 h and 

naturally cooled to room temperature. After the reaction, the FTO glass substrate with 

thin film was rinsed with water. 200 μL Cu2+ precursor solution (0.1208 g 

Cu(NO3)23H2O dissolved in 5 mL acetic acid) coated the surface of this as-prepared 

film and then the film was annealed in air at 550 ℃ for 2 h with a heating rate of 2 

℃/min. The annealed film was soaked in 0.5 M HCl solution for 30 mins to remove 

the excess copper oxide. To introduce oxygen vacancies, the obtained CuWO4 films 

were subsequently treated under a nitrogen atmosphere (1 bar, 50 sccm gas flow) at 

various temperatures for 3 hours. Nickel phosphate (Ni-Pi) was deposited on the 

CuWO4 films according the literature.20 Briefly, 0.5 mM Ni(NO3)2 was added into 0.1 

M potassium phosphate buffer (pH 7) and then this mixture was sonicated for 30 mins 

to form a homogeneous suspension. Drop-casting method was used to deposit the Ni-

Pi on CuWO4 films and a 100 μL/cm2 of the suspension was found to be the optimum 

load according to the PEC tests.  

The phases of the synthesized films were determined using X-ray diffraction (XRD) 

measurements with Cu Kα X-rays (SHIMADU). The morphologies of the films were 

obtained using a scanning electron microscope (SEM, FEI Inspect F50 (FSEM)). The 

light absorption properties were evaluated using UV-vis spectroscopy (SHIMADU). 

Vibration spectra were collected using a confocal Raman spectrometer (Saimofei 

DXR). The electron binding energy of Cu, W, O, Ni, and P elements were acquired 

with X-ray photoelectron spectroscopy (XPS, Escalab). 



Electrochemical and Photoelectrochemical Measurements

Electrochemical and photoelectrochemical measurements were conducted in a 

three-electrode cell. In this cell, the working electrode is the CuWO4 thin film, the 

counter electrode is a Pt sheet (99.95%, Chenhua), the reference electrode is a 

Ag/AgCl electrode in the saturated KCl (CHI111). The illumination source is a 300 W  

xenon lamp (PLS-SXE 300) with an AM1.5G filter. The illumination area of the film 

is 1 cm2 and the light intensity of 100 mW/cm2 was measured by a thermopile 

detector (FZ-A). The incident light impinges on the film surface. All electrochemical 

and photoelectrochemical measurements were conducted using an electrochemical 

workstation (CHI 760E). 

The separation efficiency ( ) and injection efficiency ( ) of CuWO4 and  ƞ𝑠𝑒𝑝  ƞ𝑖𝑛𝑗

CuWO4 (OV) photoanodes are calculated based on Eqs. (1) and (2) respectively,

          (1)
ƞ𝑠𝑒𝑝 =  𝑗𝑁𝑎2𝑆𝑂3

 / 𝑗𝑎𝑏𝑠

       (2)
ƞ𝑖𝑛𝑗 =  𝑗𝑁𝑎2𝑆𝑂4

 / 𝑗𝑁𝑎2𝑆𝑂3

where  is the photocurrent density of the photoanode tested in a 0.2 M Na2SO4 
𝑗𝑁𝑎2𝑆𝑂3

electrolyte with 1 M Na2SO3 as a hole scavenger;  is the photocurrent density  𝑗𝑎𝑏𝑠

derived from the light absorption. is the photocurrent density of the 
𝑗𝑁𝑎2𝑆𝑂4

photoanode measured in a 0.2 M Na2SO4 solution. 

The flat band potentials are investigated using Mott-Schottky measurements and 

determined using Eq. (3), 

      (3)1/𝐶2 = (2/𝜀𝜀𝑜𝑁𝑑)[𝑉𝑎 ‒ 𝑉𝑓𝑏 ‒ 𝑘𝑇/𝑒]

where C is the capacitance of the space charge layer; e is the electronic charge; ε is 

the dielectric constant; εo is the permittivity of free space; Nd is the carrier 

concentration; Va is the applied potential; Vfb is the flat band potential; k is the 

Boltzmann constant; and T is the temperature. The carrier concentration is calculated 

from the slope of Mott-Schottky curves based on Eq. (4),3 



              (4)
𝑁𝑑 =

2
𝑒0𝜀0𝜀(𝑑𝐶 ‒ 2

𝑑𝑉 ) ‒ 1

where e0 is the elemental charge; ε = 83 is applied as the dielectric constant of 

CuWO4.4 

  The transport time of the photogenerated electron from the surface to the substrate 

is evaluated by a controlled intensity modulated photocurrent spectrometer (CIMPS) 

based on the Eq. (5),5-7

τ=1/(2πfmin)                 (5)

where τ is the transport time and fmin is the frequency corresponding to the lowest 

point of the imaginary components. 

Computational Details

Vienna ab initio simulation package (VASP)8-10 was used to conduct the DFT 

calculations with a plane wave basis set and a cut-off energy of 420 eV.11,12 

Electronic-correlation energies were calculated through the generalized gradient 

approximation functional of the Perdew–Burke–Ernzerhof form.13,14 A (4×3×1) 

Monkhorst-Pack grid was used for Brillouin-zone integration for the (1×2) surface 

unit cell of the CuWO4 (010) surface.15 The surface was modeled using a slab 

geometry with four layers. In this structure, the top two layers were free to relax until 

all force components dropped below 0.01 eV/Å, while the bottom layers were 

constrained to bulk positions. 15 Å vacuum was used to separate the periodic images 

in the direction perpendicular to the surface. The climbing-image nudged elastic band 

(CI-NEB) method16 was used to search for transition states (TSs) of the water 

dehydrogenation reactions. The H2O adsorption energies ( ) were calculated as Eq. 𝐸𝑎𝑑𝑠

(6),

       (6)
𝐸𝑎𝑑𝑠 =  𝐸𝐶𝑢𝑊𝑂4/𝐻2𝑂 ‒ (𝐸𝐶𝑢𝑊𝑂4

 +  𝐸𝐻2𝑂)

where  is the total energy of the CuWO4-H2O system,  is the energy 
𝐸𝐶𝑢𝑊𝑂4/𝐻2𝑂 𝐸𝐻2𝑂

of an isolated water molecule, and  is the energy of the CuWO4 substrate 
𝐸𝐶𝑢𝑊𝑂4

without water adsorption. The activation barriers were used to calculate the rate 

constants of the elementary reactions based on the Eyring equation (7):



               (7)
𝑘 =

𝑘𝑏𝑇
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where k is the reaction rate constant; h is Planck’s constant; kb is Boltzmann’s 

constant; T is the reaction temperature; Q is the partition functions of the ground 

states; QTS is the partition functions of the transition states; Ea is the activation barrier; 

and  is the prefactor A which was taken as 1013 s-1 for simplicity.

𝑘𝑏𝑇

ℎ
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Figure S1. Raman spectra of CuWO4 and CuWO4 (OV) films.

   



  

Figure S2. XPS spectra of (a) Cu 2p, (b) W4f, and (c) O 1s collected from CuWO4 and CuWO4 
(OV) films. (d) Photoluminescence spectra of CuWO4 and CuWO4 (OV) films. 

Discussion of Figures S1 and S2: Vibration spectra of CuWO4 films before and after 

the N2 treatment at 300 ℃ for 3 h are shown in Figure S1. It shows that, compared to 

the pristine CuWO4, the intensity of the Raman peaks decreases and the width 

broadens for the post-annealed CuWO4 film. These changes reveal the decline of the 

crystallinity and the formation of defects, demonstrating the generation of oxygen 

vacancies. This phenomenon is also observed in previous work.17 XPS measurements 

were conducted to further verify the existence of the oxygen vacancies for the CuWO4 

film post-annealed in N2 atmosphere (Figure S2). The binding energies of Cu 2p, W 

4f, and O1s electrons of the post-annealed CuWO4 film all become lower than those 

of the non-treated CuWO4. This suggests that the shielding effect of the outer 

electrons enhances and the chemical valences of elements are reduced, confirming the 

generation of oxygen vacancies.17,18 Compared to CuWO4, the photoluminescence 

emission spectrum of CuWO4 (OV) is weaker. This is due to the increase of the 

nonradioactive recombination caused by the oxygen vacancies on the surface.21  



Figure S3. XRD patterns of (green curve) CuWO4 and (orange curve) CuWO4 (OV) films 
(PDF#70-1732). The heart-shaped symbols indicate the characteristic peaks of the substrate 
(SnO2). 

Figure S4. Typical morphologies of CuWO4 and CuWO4 (OV) thin films.



  

Figure S5. (a) Absorbance spectra of CuWO4 and CuWO4 (OV) thin films and the derived (b) 
Tauc plot; (c) Absorbed photon flux of CuWO4 and CuWO4 (OV) films. 

Figure S6. PEC performances of CuWO4 films post-annealed in the N2 atmosphere at various 
temperatures for 3 h.  



Figure S7. LSV curves of CuWO4 and CuWO4 (OV) films tested in 0.2 M Na2SO4 electrolyte in 
dark. 

  

Figure S8. Optimized structures of (010) surfaces for (a) CuWO4 and (b) CuWO4 with oxygen 
vacancies. Optimized structures of (c) CuWO4 and (d) CuWO4 with oxygen vacancies adsorbed 
with a water molecule. Cu, W, and O are blue, green, and red spheres, respectively. The adsorbed 
O and H atoms are yellow and white, respectively.

Discussion of Figures S8:

Optimized structures of the CuWO4 (010) surface with and without oxygen vacancy 



(OV) are shown in Figures S8a and b. The OV is located on the outermost oxygen 

layer in the crystal lattice and connected by one Cu atom and one W atom with a 

coordination number of 2. It is known that TiO2 can easily generate OVs; the 

formation energy of an OV is about 3.55 eV.19 In contrast, the formation energy of an 

OV is 1.44 eV on the CuWO4 (010) facet which is smaller than that on the TiO2 (110) 

facets, indicating that the OV can also be easily formed on the CuWO4 (010) facet. 

The structures of a water molecule adsorbed on the CuWO4 (010) surface with and 

without an OV are shown in Figures S8c and d. On both of these surfaces, H2O 

approaches the surface by connecting with the terminal Cu through the O end, which 

is the most stable configuration. The calculated Cu-O distance is 1.970 and 1.968 Å 

on the perfect and OV-containing surfaces, respectively. The adsorption energy of 

H2O on the CuWO4 and CuWO4 with OV is -1.19 and -1.54 eV respectively, implying 

that the interaction between H2O and the surface containing an OV is stronger than 

that between H2O and the stoichiometric surface.

 
Figure S9. PEC water oxidation stabilities for CuWO4 and CuWO4 (OV) tested in 0.2 M Na2SO4 
electrolyte at (a) 0.6 and (b) 0.95 V vs Ag/AgCl for 6 h. The illumination is AM 1.5G simulated 
solar light with an intensity of 100 mW/cm2.



 

Figure S10. XPS spectra of the CuWO4/Ni-Pi film for (a) P 2p and (b) Ni 2p. The binding 
energies in the XPS spectra were calibrated using the C 1s (284.8 eV).

 

Figure S11. (a) LSV curves of CuWO4 and CuWO4/Ni-Pi tested in 0.2 M Na2SO4 electrolyte 

under AM 1.5G illumination (100 mW/cm2). (b) Normalized plots of the current-time dependence 

of the anodic transients for CuWO4 and CuWO4/Ni-Pi films. The inset is the transient 

photocurrent responses of CuWO4 and CuWO4/Ni-Pi films measured at 0.9 V vs Ag/AgCl in 0.2 

M Na2SO4 electrolyte.



Table S1. The values of the equivalent circuit elements in the fitted Nyquist plots of Fig. 3a.

Sample Rs (Ω)/error (%) CPE-T (F)/ error (%) CPE-P / error (%) Rct (Ω)/error (%)
CuWO4 51.13/0.64 6.92 × 10-5/2.61 0.83/0.60 1795/2.67
CuWO4(OV) 44.23/0.85 6.39 × 10-5/3.60 0.83/0.78 1190/2.60

Table S2. Reaction rate constants (s-1) of elementary reactions for H2O dehydrogenation on the 
(010) surfaces of CuWO4 and CuWO4 with oxygen vacancies (OV). 

CuWO4 CuWO4 with OV
Elementary reaction

T (298.15 K) T (318.15 K) T (298.15 K) T (318.15 K)

*OH2 → *OH + *H 2.10×10-4 2.35×10-3 5.17×101 2.65×102

*OH + *H → *O + 2*H 8.77×10-9 1.85×10-7 5.57×104 1.84×105
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