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ABSTRACT: Monoclinic copper vanadate (n-type Cu2V2O7) thin film photoanodes were prepared for the first time by spray 

pyrolysis and evaluated for photoelectrochemical (PEC) water oxidation. The spray pyrolysis parameters were optimized to 

obtain phase pure photoanodes of -Cu2V2O7 (ziesite). The bandgap energy of -Cu2V2O7 is ∼2.0 eV, which corresponds to a 

theoretical solar-to-hydrogen (STH) efficiency of 16% if it can be paired with an appropriate photocathode in a tandem 

device to drive overall water splitting. However, all Cu2V2O7 photoanodes prepared so far have shown relatively low 

photoconversion efficiencies, and the properties that limit the efficiency have not yet been fully identified. In this work, 

many key physical and photoelectrochemical properties of -Cu2V2O7, such as optical band gap, doping type, flat-band 

potential, band positions, charge carrier dynamics, and chemical stability are reported. The photoelectrochemical 

performance of the -Cu2V2O7 photoanodes is found to be limited by a short carrier diffusion length and slow water 

oxidation kinetics. Time-resolved microwave conductivity (TRMC) measurements reveal that the short carrier diffusion 

length (∼28 nm) is mainly due to a relatively low carrier mobility (∼3.5 × 10-3 cm2 V-1 s-1). The slow water oxidation kinetics 

can be improved by using cobalt phosphate (CoPi) as a water oxidation co-catalyst, resulting in a doubling of the 

photocurrent.

INTRODUCTION 

The development of metal oxide semiconductor 

photoelectrodes for photoelectrochemical (PEC) water 

splitting is regarded as a promising way to generate 

renewable energy mainly due to their potential for 

relatively low-cost fabrication and chemical stability.1-3 

Generally, an “ideal” semiconductor material should 

possess a band gap of 1.6 – 2.1 eV in order to absorb the 

maximum amount of visible light and to provide the 

necessary potential to drive the water splitting reaction.4 

Further, the charge carriers must be effectively separated 

and easily transported from the bulk to the material’s 

surface for water reduction or oxidation.5 In addition, the 

photoelectrode’s conduction and valence bands should 

straddle the proton reduction and water oxidation redox 

potentials.6 A tandem cell approach would help to meet 

these demands and is widely accepted to be a promising 

approach. With a bandgap of 1.12 eV, silicon would be a 

nearly ideal bottom absorber when combined with a top 

absorber with a bandgap of ~1.8 eV.   

So far, many earth-abundant metal oxides have been 

studied as potential top absorbers and only some of them 

have attracted lasting attention of researchers for water 

oxidation applications. Well-studied examples are 

hematite (α-Fe2O3), BiVO4, TiO2 and WO3.7-10 However, STH 

efficiencies are still much lower than target values because 

of either a too large bandgap, poor carrier diffusion length, 

and/or poor surface reactivity. Therefore, finding an 

efficient and stable metal oxide absorber with a suitable 

bandgap would be a major breakthrough for the 

photoelectrochemical (PEC) water splitting field. 

From a combination of high-throughput theory and 

experiments, the metal vanadates were identified as a 

potentially promising class of materials.11 Within this class, 

a number of interesting complex metal oxide phases exists 

within the CuO-V2O5 system. It is known that by 

stoichiometric variation of the Cu to V ratio in the CuxVyOz 

system a number of temperature dependent stoichiometric 

phases and polytypes can exist.12, 13 Of these, the high 

temperature orthorhombic -Cu2V2O7 (blossite) and low 

temperature monoclinic -Cu2V2O7 (ziesite) polymorphs 

have been identified as potential photoanode materials.14-

16 Both polymorphs are n-type metal oxide 

semiconductors, which have been reported to have 

suitable indirect and direct optical band gaps in the range 

of 1.8 – 2.1 eV and moderate absorption coefficients (up to α ≈ 104 cm−1), allowing for the utilization of a significant 

portion of  the solar spectrum for the generation of 

photocurrent.17-21 With a band gap close to 2.0 eV, a 

calculated maximum theoretical photocurrent density of 

~15 mA cm-2 is achievable under AM1.5 illumination, 

assuming all photons with energies higher than the 

bandgap are absorbed and utilized with 100% efficiency.22, 

23 However, the experimental AM 1.5 photo current 

densities reported so far for the α-Cu2V2O7 (blossite) and 
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2

β-Cu2V2O7 (ziesite) polymorphs have been well below this 

theoretical limit. Furthermore, an incomplete 

understanding of the limitations for this material system 

remains.

In this work, a straightforward spray pyrolysis procedure 

is developed for the deposition of the low temperature β-

Cu2V2O7 (ziesite) polymorph as thin films on FTO-coated 

glass (F-doped SnO2) and quartz substrates. Subsequently, 

the key physical and photoelectrochemical properties 

relevant to PEC water oxidation such as optical absorption, 

doping type, flatband potential, band positions, charge 

carrier dynamics, and chemical stability are reported. On 

the basis of these findings, we will identify the factors that 

limit the performance of Cu2V2O7 as a photoanode material 

for solar water splitting and discuss remaining challenges 

and appropriate strategies to overcome these limitations.

EXPERIMENTAL SECTION 

Photoanode Synthesis

Cu2V2O7 thin film photoanodes were prepared using the 

following low-cost and facile spray pyrolysis process. First, 

20 mM Cu(NO3)2 precursor was prepared by dissolving 

Cu(NO3)2·3H2O (99−104%, Sigma-Aldrich) in ethanol (≥99.8%, Sigma-Aldrich). Next 20 mM VO(AcAc)2 

precursor was prepared by dissolving VO(C2H7O2)2 (99%, 

Alfa Aesar) in absolute ethanol. The Cu solution was then 

added to the V solution, and the mixture was diluted to the 

desired concentration with additional ethanol. The 

substrates (FTO-coated glass, 7 Ω per square, TEC-7, 

Pilkington) were cleaned by three successive 15 min 

ultrasonic treatments in a TritonTM X-100 solution, 

acetone, and ethanol. The substrates were placed on a hot 

plate heated to the preset temperature of 300 °C. A 

Quickmist collision atomizer was placed 20 cm above the 

substrate. The atomizer was controlled with an 

overpressure of ~2.5 bar of nitrogen gas to achieve a spray 

rate of 2.0 mL per 5 s spray. The spray cycle consisted of 5 

s spray followed by a 55 s pause, allowing for the 

evaporation of the solvent and the pyrolysis of any 

remaining organic components. The spray cycle was 

repeated 100 times and a film growth rate of 2 nm per 

cycle was determined.

After deposition, the Cu2V2O7 thin film photoanodes were 

placed in muffle furnace that was exposed to air. The 

temperature was ramped at a rate of 5 ℃/min to 500 ℃ 

and the films were annealed at that temperature for 2 

hours. The samples were cooled using natural convection. 

The CoPi catalyst was electrodeposited (in the dark) on 

Cu2V2O7 photoanodes at 0.9 V versus Ag/AgCl for 30 s (see 

Figure S1a) in an electrochemical cell consisting of an 

aqeuous solution of 0.5 mM of Co(NO3)2.6H2O in 0.3 M 

K2SO4 and 0.2 M phosphate buffer (pH 6.8) using a three-

electrode configuration.24, 25 Three linear sweep 

voltammetry (LSV) cycles were performed under 

illumination in order to activate the CoPi-modified Cu2V2O7 

photoanodes as shown in Figure S1b.

Material Characterization 

X-ray diffraction (XRD) measurements were performed 

with a Bruker D8 diffractometer using Cu Kα radiation (λ= 

0.15406 nm). The X-ray tube was operated at an 

acceleration voltage of 40 kV and a current of 40 mA. A 

step size of 0.02° was used, with an integration time of 3.5 

s/step. The top view and cross section images of the 

samples were captured using a LEO GEMINI 1530 field 

emission scanning electron microscope (FESEM) with an 

acceleration voltage of 7 kV for imaging. Using the same 

FESEM equipped with a silicon drift detector (Thermo 

Fisher Scientific), energy-dispersive X-ray analysis (EDX) 

was conducted with an acceleration voltage of 20 kV. The 

surface morphologies of the samples were investigated by 

atomic force microscopy (AFM) using a Park Systems XE-

100 AFM operating in tapping mode. A Si tip with a radius 

of 10 nm and a force constant of 40 N/m was used. All 

scans were performed on a scale of 5 μm × 5 μm with the 

laterally resolved height information mapped on a square 

array of 256 × 256 pixels. UV-vis absorption spectra were 

measured using a PerkinElmer Lambda 950 spectrometer 

fitted with an integrating sphere. The short-range 

structure and vibrational modes were analyzed by Raman 

spectroscopy (Dilor Micro LabRAM, Horiba) with a laser 

excitation wavelength of 635 nm and a power of 0.6 mW at 

the objective (spot size: ∼1 μm in diameter). X-ray 

photoemission spectroscopy (XPS) and ultraviolet 

photoelectron spectroscopy (UPS) were conducted using a 

system developed in house under ultrahigh vacuum with a 

base pressure of ~10-8 mbar. The films were cleaned in an 

oxygen plasma (4  105 mbar, 99.999%, 200 W) prior to 

analysis in order to remove carbon species adsorbed at the 

surface. XPS was performed with a monochromatic Al Kα 

X-ray source (1486.74 eV) with a SPECS Focus 500 

monochromator. The analyzer was supplied by SPECS 

(Phoibos 100) and a source-to-analyzer angle of 54° was 

used. UPS was performed with a He I source (E = 21.21 eV) 

and two measurements were conducted in which the 

ground of the sample holder was used to subject the 

sample to 0 V and 2 V bias voltages. All spectra were 

measured using a pass energy and step size of 10 and 0.05 

eV, respectively. For data analysis the 1s peak of 

adventitious carbon at 284.8 eV was used as a reference 

for the other peak positions (see Figure S2b).

Time-resolved microwave conductivity (TRMC) 

measurements were performed using a wavelength-

tunable optical parametric oscillator (OPO) coupled to a 

frequency-tripled diode-pumped Q-switched Nd:YAG laser 

at wavelengths of 405, 450, and 550 nm as the excitation 

source with a 3 ns pulse width (full-width at half 

maximum) and a X-band (8400−8700 MHz) microwave 

probe. The sample was placed in a cavity to enhance the 

sensitivity; within the cavity, it was exposed to ambient air. 

The charge carrier diffusion lengths (LD) were calculated 

using the following relationship, 

                                                                           (1)𝐿𝐷 = (
𝜇 𝑘 𝑇𝑞 )𝜏

where μ is mobility (m2 V−1 s−1), k is the Boltzmann 

constant, T is the temperature (K), q is the electronic 
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charge (1.602 × 10-19 C), and τ is the charge carrier lifetime 

(s).

Photoelectrochemical and Electrochemical 

Characterization

Photoelectrochemical measurements were based on the 

procedures described in our previous work.26 The 

measurements were performed in three-electrode cell 

controlled by a potentiostat (EG&G Princeton Applied 

Research 273A). The sample was connected as the working 

electrode while a Pt wire was used as the counter 

electrode. An Ag/AgCl electrode (saturated KCl) was used 

as the reference electrode. Photocurrent measurements 

were carried out in an aqueous electrolyte of 0.3 M K2SO4 

and 0.2 M phosphate buffer (pH 6.8). The pH was 

measured with a pH meter (OAKTON). A WACOM super 

solar simulator (Model WXS-50S-5H, class AAA) was used 

as the illumination source. The solar simulator was 

calibrated to closely match the AM1.5 global spectrum at 

100 mW/cm2, especially in the UV region (350-400 nm). 

All of the measured potentials were converted to the 

reversible hydrogen electrode (RHE) scale using the 

Nernstian relation:

                   (2) 𝑉𝑅𝐻𝐸 = 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 +0.059(V) × 𝑝𝐻 +0.197(𝑉)

Incident photon-to-current conversion efficiency (IPCE) 

and absorbed photon-to-current efficiency (APCE) 

measurements were performed with a 300 W xenon lamp 

(Oriel) connected to a grating monochromator (Acton 

Spectra Pro 2155). The IPCE and APCE were calculated 

from the following formulas: 

                                                (3) 𝐼𝑃𝐶𝐸 =
𝐽𝑝ℎ𝑜 (𝜆)𝑃(𝑊)

×
1240𝜆 × 100%

                                                                             (4) 𝐴𝑃𝐶𝐸 =
𝐼𝑃𝐶𝐸 %𝐴

Where   is the average photocurrent (mA/cm2), P is 𝐽𝑝ℎ𝑜 

power density of the light incident on the photoanode 

(mW cm-2),  is the wavelength (nm), and A is the 𝜆
absorptance of the Cu2V2O7 photoanode. Figure S3 shows 

power spectra for front illumination IPCE measurements. 

The IPCE measurements were done at 1.23 V vs. RHE with 

or without CoPi as catalyst. The predicted AM1.5 

photocurrent density (JAM1.5) of the photocathodes was 

estimated by multiplying the IPCE values by the AM1.5 

solar photon flux and the electronic charge and 

subsequently integrating this for wavelengths below 700 

nm according to the following relationship,

                 (5) 𝐽𝐴𝑀1.5 = ∫700 𝑛𝑚
300 𝑛𝑚(𝐼𝑃𝐶𝐸(𝜆) × 𝛷𝐴𝑀1.5(𝜆) × 𝑞) 𝑑𝜆 

where JAM1.5 is the total solar photocurrent in (A m-2),  is 

the wavelength of the light (nm),  is the photon 𝛷𝐴𝑀1.5(𝜆)

flux of AM1.5 sunlight (photons m-2 s-1), and q is the 

electronic charge.

Electrical impedance spectroscopy (EIS) and Mott-

Schottky measurements were performed with a 

VersaSTAT 3 Potentiostat (AMETEK Co., Ltd.). EIS was 

performed in the dark near the flat band potential (Figure 

S4), using a modulation amplitude of 5 mV. Mott−Schottky 

plots were fitted based on the following relationship,

                                                    (6) 
1𝐶2 =

2𝑞 𝜀 𝜀0 𝑁𝐷(𝜑 ― 𝜑𝑓𝑏 ― 𝑘 𝑇𝑞 )
where C is the space charge capacitance (F/m2), ε is the 

relative permittivity or dielectric constant, ε0 is the 

permittivity of free space, ND is the donor density (m-3), φ 

is the applied electrochemical potential (V), and φfb is the 

flat band potential. A dielectric constant of 500 was used 

for Cu2V2O7 photoanodes.27 The space charge width (Wsc) 

was estimated using the following expression.

                                                  (7)𝑊𝑠𝑐 =
2 𝜀 𝜀0𝑞 𝑁𝐷 (𝜑 ― 𝜑𝑓𝑏 ― 𝑘 𝑇𝑞 )

For gas detection, electrochemical mass spectrometry 

measurements were carried out in a PEC cell with a 200 

nm Cu2V2O7 photoanode as the working electrode, a Pt 

wire as the counter electrode, and an Ag/AgCl reference 

electrode. To calibrate the measurements, a Pt sheet was 

used as the working electrode, and a calibration line was 

recorded for the gas signal as a function of the current (see 

Figure S5 in the Supporting Information). For a specific 

current, the Faradaic efficiency (F) for the photoanode 

could then be calculated using the following equation, 

under the assumption that the Pt sheet has 100% Faradaic 

efficiency for the oxygen evolution reaction:

                                     (8)𝜂𝐹 =
𝑂2 signal from photoanode𝑂2  signal from Pt sheet

× 100%

After each mass spectrometry measurement the 

electrolyte was refreshed to avoid undesired shifts in the 

pH.

RESULTS AND DISCUSSION

Structural and morphology characterization

XRD, Raman spectroscopy, SEM, and EDX measurements 

were used to gain information on the structure, chemical 

composition, and morphology of deposited films. Figure 1a 

shows the XRD patterns for a bare FTO-coated glass 

substrate and a Cu2V2O7 photoanode synthesized by spray 

pyrolysis on FTO-coated glass at 300 °C, followed by 

annealing in air at 500 °C. Also included at the bottom of 

the graph are the reference patterns of β-Cu2V2O7 (ziesite, 

PDF no. 73-1032, asterisks) and SnO2 (cassiterite, PDF no. 

00-046-1088, solid diamonds). Ziesite has been reported 

to have a monoclinic crystal structure with the space group 

C2/c, unit cell parameters a = 7.685 Ǻ, b = 8.007 Ǻ, c = 

10.09 Ǻ and β = 110.27°.28-31 The X-ray diffractogram for 

the prepared film matches very well with the reference 

pattern for β- Cu2V2O7. There was no secondary phase 

detected for films with a thickness ranging from 50 to 400 

nm (see Figure S6). 

The chemical structure of the Cu2V2O7 films was confirmed 

based on the Raman scattering data shown in Figure 1b. 

The Raman peaks observed at 392, 847, and 914 cm-1 can 

be attributed to the vibrations of the bonds in β-Cu2V2O7.18, 

32, 33 The peak centered at 914 cm-1 is the characteristic 

band assigned to the VO3 stretching mode.34 No peaks 

corresponding to the V2O5 and CuO phase were detected, 

which confirms the phase purity of our Cu2V2O7 films.

The Cu2V2O7 photoanodes were inspected visually by eye 

and under magnification using a scanning electron 
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4

microscope (SEM). A photograph of a thin film Cu2V2O7 

photoelectrode deposited on an FTO-coated glass 

substrate after annealing at 500°C is shown in Figure S7. 

The film has a dark brown color, indicating good visible 

light absorption.
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5

Figure 1. (a) X-ray diffractogram for a Cu2V2O7 photoanode synthesized by spray pyrolysis on a FTO substrate and annealed at 

500°C for 2 hours in air. Red vertical lines (*) represent the reference pattern for Cu2V2O7 (PDF no. 73-1032) and black vertical 

lines () represent the reference pattern for SnO2 (PDF no. 00-046-1088) with line lengths proportional to peak intensities. (b) 

Raman spectrum of the same Cu2V2O7 film. (c) Top view and (d) cross-sectional view SEM images of the Cu2V2O7 film deposited on 

FTO and annealed at 500°C for 2 hours in air.

The as-deposited films consist of grains with roughly 

spherical or oblong shapes and with some degree of 

surface roughness as shown in Figure S8. Figure 1c shows 

the morphology of a Cu2V2O7 film after annealing at 500°C 

in air. The grains exhibit well defined edges and have a 

relatively broad size distribution (50 – 400 nm). The cross-

sectional SEM images were used to estimate the thickness 

of the Cu2V2O7 films for different amounts of sprayed 

precursor volume. The thicknesses of the films prepared 

using 100, 200, and 300 mL precursor solution are found 

to be ~100, ∼200, and ~300 nm as shown in Figures S9a, 

1d, and S9b, respectively. This indicates a linear 

relationship between the sprayed precursor volume and 

the film thickness, with an average deposition efficiency of 

1 nm per mL of spray solution.

The chemical composition of the annealed films was 

analysed by EDX mapping of a representative film area. 

The resulting SEM images with EDX mapping overlays are 

shown in Figure S10. The EDX signals from Cu, V, and O 

appear to be homogeneously distributed over the entire 

film area. The average atom ratio of Cu to V is about 1 to 1 

(23.5 at. % Cu and 23.6 at. % V), which is expected from 

the phase-pure Cu2V2O7 phase indicated by XRD. 

The surface roughness of the Cu2V2O7 photoanodes was 

measured using atomic force microscopy (AFM) as shown 

in Figure S11. AFM reveals that the root mean squared 

(RMS) roughness and the resulting surface area 

enhancement of Cu2V2O7 films deposited directly on FTO 

are 50 nm and ~ 3%, respectively.

Optical absorption properties 

The optical properties of the Cu2V2O7 thin films 

synthesized by spray pyrolysis were investigated with UV−vis spectroscopy. The transflectance of these films, 

which is the sum of the tranmission and the reflection 

intensities, was measured by placing the sample inside the 

integrating sphere (at its center) to determine the true 

absorptance (absorptance = 1 − transflectance). Figure 2a 

shows the absorptance spectra of 200 nm Cu2V2O7 thin film 

deposited on quartz as a function of wavelength 

(absorptance spectra for other thicknesses are shown in 

Figure S12a). The absorption edge is located at about 650 
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nm. The absorption coefficient (α) of the films can be 

calculated by using the following equation:

                                                                 (9) α = ( ― ln (1 ― 𝐴))/𝑑
Here, A is the absorptance at a single wavelength and d is 

the film thickness. Figure 2b shows absorption coefficient 

as a function of photon energy (wavelength), which was 

calculated from a fit of the absorption data of 6 different 

film thicknesses. An example of an individual fit is shown 

in Figure S12b for a wavelength of 450 nm, for which an 

absorption coefficient of (3.35 ± 0.14) × 104 cm−1 is found. 

This corresponds to a light penetration depth of α−1 = 298 

nm, which is the depth of the film at which more than 63% 

of the incident light has been absorbed. In order to absorb 

90% of the incident light having a wavelength of 450 nm, a 

Cu2V2O7 film thickness of 687 nm (2.3 α−1) is required.

To extract the bandgap of Cu2V2O7, Tauc plots are 

calculated based on the absorption coefficient spectrum 

and shown in Figure 2c. However, neither the direct nor 

indirect Tauc plot shows a steep, linear section that would 

allow for extrapolation to a bandgap value. One possible 

reason for this is the occurrence of intra-atom transitions 

between occupied and empty Cu 3d states, which may 

partially obscure the valence-to-conduction band 

transitions.35 Another possible reason is the surface 

roughness of the films (Figure S11); the optical scattering 

may reduce the quality of the Tauc plots, even when the 

absorption spectra are recorded in an integrating sphere. 

Nevertheless, a rough estimate for the indirect and direct 

bandgaps for the Cu2V2O7 thin film can be made, yielding 

values of 1.91 and 2.05 eV, respectively. This is consistent 

with previously reported values.12, 35 However, even at 

photon energies below 1.9 eV the (apparent) absorption is 

~10% (α = 5  103 cm-1). While this may be partially due 
to scattering, the increasing value at lower photon 

energies could also indicate band tailing and/or free 

carrier absorption.

Charge carrier mobility and lifetime

Since the charge carrier transport in the bulk material 

plays a crucial role in the PEC process, time-resolved 

microwave conductivity (TRMC) was used to investigate 

the charge transport dynamics in Cu2V2O7. In TRMC, the 

photo-induced conductivity changes of a sample are 

measured and expressed as , where  is the 

absorptance-normalizedquantum yield and  is the sum 

of the electron and hole mobilities. The combined carrier 

(electron and hole) mobility of the semiconductor is at 

least as high as the peak in the measured signal, since this 

is where  is closest to its maximum value of 1.36-39 Figure 

3a shows the TRMC signal for a 200 nm Cu2V2O7 film that 

was synthesized by spray pyrolysis on a quartz substrate. 

The excitation wavelength is 450 nm and the 

measurements were done for various incident laser pulse 

intensities. Carrier mobilities between 3.4 × 10−3 and 4.1 × 

10−3 cm2 V−1 s−1 are obtained for laser pulse intensities 

between 5.4 × 1014 and 9.5 × 1014 photons cm−2.

Figure 2. (a) Absorptance spectra for Cu2V2O7 film deposited 

on quartz substrate and annealed at 500°C for 2 hours in air 

with estimated thicknesses of 200 nm as determined by cross-

sectional SEM images, (b) absorption coefficient for the 

Cu2V2O7 film plotted as a function of wavelength. The error 

bars represent the standard errors reported by the fitting 

procedure. (c) Tauc plot for bandgap analysis of the Cu2V2O7 

film. The indirect and direct bandgaps are estimated from the 

intercepts with the baselines of the low-energy parts of the 

curve.

The decay curves fit well with the power law ϕΣμ = γ × tk 

over a time window ranging from ns to 10 μs, with γ = 1.9 × 
10-5 and k = -0.33. This power-law behavior is generally 

observed for trapping-detrapping models40, 41 and a strong 
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7

indication of trap-limited recombination in our films.42-44 

The TRMC signals at other wavelengths (405 nm and 550 

nm) under various incident laser pulse intensities were 

also measured and shown in Figure S13. The mobility 

values for the Cu2V2O7 film measured at various 

wavelengths were all of the same order of magnitude, 

ranging from 3.0 × 10−3 to 4.7 × 10−3 cm2 V−1 s−1. 
Figure 3b shows the maximum values of the TRMC signals, 

(ϕΣμ)max, versus incident laser pulse intensity. The 

(ϕΣμ)max signal gradually decreases with increasing light 

intensity for 450 and 550 nm excitation, which has been 

attributed to nongeminate higher order electron−hole 

recombination.38 The effective lifetime of the charge 

carriers in the Cu2V2O7 film can be defined as the time that 

it takes for the signal to decrease by 50% of its starting 

value, which results in an average value of 80 ns for our 

Cu2V2O7 films. Based on this effective lifetime and an 

average mobility of 4 × 10−3 cm2 V−1 s−1 (Fig. 3b), an 

effective charge carrier diffusion length can be calculated 

with Eq. (1). A value of ~28 nm is found for our Cu2V2O7 

films. It should be realized, however, that the 

interpretation of this “effective” value is somewhat 

ambiguous due to the role of carrier trapping and 

detrapping during the recombination process (see above).    

To the best of our knowledge this is the first time that the 

effective carrier lifetime, mobility, and effective diffusion 

length for Cu2V2O7 thin films have been reported. 

Interestingly, a similar value of the (hole) diffusion length 

(20-40 nm) was reported for -Cu3V2O8.23 For these and 

many other metal oxides, the effective carrier diffusion 

lengths are much shorter than the light penetration depth, α−1. This means that most electron−hole pairs in bulk 

Cu2V2O7 films will recombine before reaching the 

semiconductor/electrolyte interface, resulting in modest 

charge carrier separation efficiencies. We will discuss 

strategies to overcome this limitation in the following 

sections.

Photoelectrochemical properties

In order to investigate the photoelectrochemical activity of 

the sprayed Cu2V2O7 films, chopped linear sweep 

voltammetry (LSV) measurements were conducted under 

simulated AM1.5 illumination (Figure 4a). For the water 

oxidation experiments, argon bubbling was used to 

remove dissolved O2. The current–voltage (J–V) curves 

show moderate photocurrents, but a relatively positive 

onset potential of ~0.65 V vs. RHE. Photoelectrochemical 

measurements were performed systematically by varying 

the thicknesses of the thin film (50 – 400 nm) in order to 

optimize the performance of bare Cu2V2O7 photoanodes as 

shown in Figure S14b. The maximum photocurrent was 

0.05 mA/cm2 at 1.23 V versus RHE for a film thickness of 

200 nm. After depositing a CoPi co-catalyst layer on top of 

the Cu2V2O7 photoanodes, the photocurrent doubles to 0.1 

mA/cm2 at 1.23 V versus RHE for a 200 nm film. This is one 

of the highest photocurrent densities reported for an 

undoped Cu2V2O7 photoelectrode.17, 18 The improvement 

due to the CoPi was consistent for both frontside and 

backside illumination (see Figure S14a) and held for a 

range of Cu2V2O7 film thicknesses between 50 and 400 nm 

as shown in the inset of Figure 4a (see Figure S14c for the 

individual LSV scans for different Cu2V2O7 film 

thicknesses).

Figure 3. (a) TRMC signal under various incident laser pulse 

intensities for a Cu2V2O7 film synthesized by spray pyrolysis 

on a quartz substrate at 450 nm wavelength. (b) Maximum 

TRMC signal (ϕΣμ)max vs incident laser pulse intensity for 

Cu2V2O7 films for three different excitation wavelengths. 

The quantum efficiency of Cu2V2O7 photoanodes was 

determined by measuring the incident photon-to-current 

conversion efficiency (IPCE, also called external quantum 

efficiency, EQE) and the absorbed photon-to-current 

efficiency (APCE, or internal quantum efficiency). Figure 

4b shows IPCE spectra of the Cu2V2O7 films without and 

with CoPi, measured at 1.23 V versus RHE. Consistent with 

the J–V curve analysis, the photoanode with CoPi shows a 

higher IPCE value than the electrode without a co-catalyst 

for all wavelengths. However, the IPCE values are still very 

low, we achieve only 2.9% and 1.2% at 1.23 V vs RHE at a 

wavelength of 350 nm for the Cu2V2O7 photoanodes with 

and without CoPi, respectively. The IPCE values under 

backside illumination are even lower at 0.9% and 0.4%, 

respectively (Figure S14d). 

Page 7 of 14

ACS Paragon Plus Environment

Chemistry of Materials

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



8

The IPCE values can also be used to predict the AM1.5 

photocurrent density (JAM1.5) according to equation (5) in 

the Experimental section. For frontside illumination the 

predicted JAM1.5 values are 0.097 mA/cm2 and 0.041 

mA/cm2 at 1.23 VRHE for the Cu2V2O7 photoanodes 

measured with and without CoPi, respectively, which are 

indeed very close to the values of 0.1 mA/cm2 and 0.05 

mA/cm2 obtained for the chopped LSV measurements 

under AM1.5 solar simulation (see Figure S14f). 

Figures S15a and S15b show the APCE spectra for 

Cu2V2O7/CoPi photoanodes measured under front and back 

illumination, respectively. In both cases, the Cu2V2O7 

photoanodes with CoPi exhibit a significantly higher APCE 

value than those without CoPi for all wavelengths. Since 

the Cu2V2O7/CoPi films show the same photocurrent as the 

bare Cu2V2O7 films in the presence of a sodium sulfite hole 

scavenger (Figure S14e), the injection efficiency of the 

Cu2V2O7/CoPi films must be close to 100%. Under these 

conditions, the APCE represents the charge separation 

efficiency. The APCE is 3.5% and 1.4% at 350 nm for the 

Cu2V2O7 photoanodes measured with and without CoPi, 

respectively. Thus, the CoPi co-catalyst indeed improves 

the charge separation efficiency by enhancing the surface 

reaction kinetics and/or by reducing surface 

recombination. Nevertheless, the charge separation 

efficiencies are still very low.

We note that one distinct feature of the IPCE is the sharp 

increase at wavelengths below 350 nm. This has also been 

observed in previous reports on β-Cu2V2O7 and is often 

found in other copper based metal oxide photo-electrodes 

with indirect band gaps.17 One possible explanation is that 

at lower wavelengths, the penetration depth of the 

incident light decreases enough to become similar to the 

sum of the space charge layer width, W, and the carrier 

diffusion length, LD. According to the Gärtner model, which 

assumes perfect charge separation within (W+LD), this 

would indeed lead to an increase in the carrier collection 

efficiency. To check this, we used the absorption coefficient 

and the values for W (70 nm, see below) and LD (28 nm) to 

calculate the IPCE using the Gärtner model. The results of 

the simulated IPCE, shown in Figure S16a, show that the 

increase at lower wavelengths is much more gradual than 

the experimental data in Figure S15. This suggests that the 

Gärtner model is not able to desribe the behavior of our 

films and that there are factors other than simply the 

location at which carriers are generated that determine the 

carrier collection efficiency.

Recent work on hematite photoanodes showed that the 

spectral dependence of the carrier collection efficiency can 

also be due to either45 (i) wavelength-dependent carrier 

mobility or lifetime46 or (ii) a wavelength-dependent 

carrier generation yield.47 Since the TRMC shows that 

there is only minor wavelength dependency on the carrier 

mobility and lifetime in Cu2V2O7, we attribute the sharp 

increase in the IPCE of Cu2V2O7 below 350 nm to a 

wavelength-dependent photogeneration yield in this 

material. Indeed, the first electronic transition in Cu2V2O7 

is a Laporte-forbidden Cu dd transition,31, 35 like in 

hematite. It has been suggested that such transitions do 

not significantly contribute to the photocurrent. At higher 

photon energies, the O 2p  Cu 3d transition can occur, 

which would lead to a much stronger contribution to the 

photocurrent.

Figure 4. (a) Chopped LSV scans for 200 nm Cu2V2O7 

photoanodes on FTO without (blue line) and with CoPi as a co-

catalyst (red line). The inset shows the average photocurrent 

densities (at least 3 samples) at 1.23 V vs RHE extracted from 

LSV scans for photoanodes with CoPi as a co-catalyst at 

different thicknesses (see Figure S15c for LSV scans). (b) IPCE 

spectra of Cu2V2O7 (blue curve) and Cu2V2O7/CoPi 

photoanodes (red curve) in 0.3 M K2SO4 and 0.2 M phosphate 

buffer (pH 6.8) at a potential of 1.23 V vs. RHE. All 

measurements were performed under frontside illumination 

with Ar bubbling.

Figure S17 shows a Mott−Schottky plot for a 200 nm 

Cu2V2O7 photoanode measured at different frequencies. 

The positive slope is characteristic of an n-type 

semiconductor. The flat-band potential (φfb) is estimated 

to be 0.61 ± 0.03 V vs. RHE based on the extrapolated x-

axis intercepts, which is in excellent agreement with the 

photocurrent onset potential of the film (~0.65 V vs. RHE). 

The donor density (ND) is estimated to be about 6 × 1018 

cm−3 based on the slopes of the Mott−Schottky plots, which 

is reasonable for an oxide-based semiconductor.26 The 
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space charge width (Wsc) is estimated to be about 70 nm at 

1.23 V vs RHE using equation (7) in the Experimental 

Section. An open-circuit potential (OCP) measurement 

under chopped AM1.5 illumination confirms that the films 

show n-type conductivity, i.e., the OCP shifts to a more 

negative value upon illumination due to band flattening 

(see Figure S18).

Chemical composition 

In order to determine the chemical and electronic 

structure of the Cu2V2O7 films, XPS and UPS measurements 

were performed for a 200 nm Cu2V2O7 film. No other 

elements or contaminants (except adventitious carbon) 

were detected in the survey spectrum (see Figure S2a). 

Figure 5a shows the Cu 2p1/2 and Cu 2p3/2 peaks located at 

954.1 and  933.7 eV, respectively, which can be attributed 

to the Cu2+ multiplets, indicating that Cu has a valence state 

of 2+ in Cu2V2O7.48 The main peak is accompanied by two 

strong satellites at about 9 eV higher binding energies, 

which is also consistent with a Cu oxidation state of 2+.49 

The core level spectra of V 2p and O 1s are displayed in 

Figure 5b. The peaks for V 2p3/2 (516.7 eV) and V 2p1/2 

(524.3 eV) can be indexed to V5+ and the results match well 

with those reported in the literature.39, 50 The main O 1s 

peak occurs at 530.1 eV and is attributed to lattice oxygen. 

The minor peak at the highest energy of 531.5 eV 

corresponds to surface adsorbed hydroxyl species, OH.51 

We also performed XPS on an area of the photocathode 

that was PEC tested to examine elemental changes during 

water oxidation. The XPS survey spectrum and the spectra 

for the Cu 2p, O 1s, V 2p, and C 1s regions are shown in 

Figure S19. Since there was not a significant difference 

between the XPS spectra for the pristine and PEC tested 

samples (other than the higher proportion of the adsorbed 

hydroxyl species, possibly due to traces of electrolyte), the 

PEC experiments do not seem to lead to any chemical 

changes at the surface of the material.

Figure 5c shows the UPS spectrum of a Cu2V2O7 film 

measured with a 2 V bias and a photon energy of 21.21 eV 

from a He (I) source. The work function, defined as the 

difference between the vacuum energy level and Fermi 

level, can be derived from the low kinetic energy cut-off in 

the secondary emission feature. Given that the Fermi level 

at the surface of the Cu2V2O7 film is considered 

independently of the spectrometer, the work function is 

determined to be 21.21 eV – 2 V – 14.1 eV = 5.11 eV. Using 

4.5 eV vs. vacuum as the reference value for the 

electrochemical scale (0.0 V vs. RHE) this places the Fermi 

level at 0.61 V vs. RHE, which is close to the φfb value of 

0.65 V vs. RHE obtained by the Mott-Schottky analysis. The 

position of the valence band maximum (VBM) at 1.82 eV 

below EF is determined by the linear extrapolation of the 

UPS spectrum at the low binding energy side to the binding 

energy axis (see Figure S2c). Our measured band positions 

are in good agreement with the values reported 

previously,17 although we acknowledge that this may be 

somewhat fortuitous since we cannot rule out that the 

plasma cleaning treatment (which is needed to reduce the 

amount of surface-adsorbed carbon species) affects the 

local surface structure to some extent. 

Figure 5. XPS spectra of (a) Cu 2p, (b) V 2p and O 1s for a 

~200 nm Cu2V2O7 film synthesized by spray-pyrolysis on a 

FTO substrate and annealed at 500 °C for 2 hours in air. (c) 
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UPS cutoff spectra of the Cu2V2O7 film measured with a 2 V 

bias.

Based on the UV-vis, Mott-Schottky, and UPS 

measurements we can now construct a detailed band 

diagram for β-Cu2V2O7. Figure 6 shows the band diagram of 

our spray deposited Cu2V2O7 film with respect to the 

electrochemical redox potentials for water oxidation 

(O2/H2O) and reduction (H+/H2). It shows that the 

conduction band minimum (CBM) of β-Cu2V2O7 is about 

500 mV more positive than the H+/H2 reduction potential, 

and the unfavorable conduction band position means that 

a relatively large external bias voltage is needed to enable 

hydrogen evolution. The maximum overpotential for the 

OER, which is given by the position of the valence band 

edge, is relatively high (ηOER,max = 1.15 ± 0.1 V). It also 

shows that the Fermi level of Cu2V2O7 is located at -5.1 eV 

versus the vacuum energy level.

Figure 6. Band diagram for β-Cu2V2O7 constructed from UV-

vis, Mott−Schottky, and UPS measurements.

Photoelectrochemical Stability and O2 Production

Stability tests of the Cu2V2O7/CoPi photoelectrodes have 

been carried out in an aqueous 0.3 M K2SO4 electrolyte 

with 0.2 M phosphate buffer (pH 6.8) under Ar bubbling. 

The results are shown in Figure 7a. The photocurrents 

show an initial fast decay, which can be attributed to 

either surface recombination or poor catalyst activity. 

The initial photocurrent may also be due to a surface 

oxidation process that brings the electrode in equilibrium 

with the electrolyte under the applied potential. The 

photocurrent density decreases by 58% within the first 3 

min. After this decay, the photocurrent remains stable over 

the entire 120 min measurement time. For Cu2V2O7 

photoanodes modified with CoPi, the photocurrent 

decreases by only 45% within the first 3 min. We ran LSV 

scans for Cu2V2O7 and Cu2V2O7/CoPi photoanodes after 120 

min PEC stability measurements (see Figure S20), there 

was no significant drop in photocurrent compared to the 

data in Figure 4a, indicating that the stability of Cu2V2O7 

photoanodes was good. After the 120 min photocurrent 

measurement, the illuminated area of the Cu2V2O7 

electrode showed no change and was almost 

indistinguishable from the non-illuminated area (see 

Figure S21). This means that no significant dissolution 

occurred. The total photogenerated charge (377 mC/cm2 

for the red curve of Figure 7a) exceeded the corresponding 

molar amount of Cu2V2O7 in the 200 nm thick photoanode 

by a factor of 1.3. A turn-over number (TON) larger than 1 

indicates that at least part of the photocurrent is due to the 

water oxidation reaction.

During the experiments, gas bubbles were visually 

observed on the photoanode surface as shown in Figure 

S22. In order to measure O2 directly and calculate the 

faradaic efficiency, electrochemical mass spectrometry 

(EMS) measurements were performed on the Cu2V2O7 

photoanode. Figure 7b shows the EMS LSV scans for a 200 

nm Cu2V2O7 photoanode under illumination. The onset of 

the current and the O2 signal from the EMS are 0.2 V 

mismatched, with the onset in O2 production occurring 

around 1.1 V vs RHE. One possible explanation for this is 

the delayed detection of produced O2 as it has to travel 

from the working electrode through a thin electrolyte layer 

(200 µm) to the membrane-based inlet system of the mass 

spectrometer. Another possible reason is that there is 

another oxidation process between 0.9 and 1.1 VRHE on the 

surface before the OER starts, such as pre-oxidation of the 

CoPi catalyst. An EMS LSV control experiment for a 200 nm 

Cu2V2O7 photoanode without illumination is also 

performed (see Figure S23). In the dark the current and O2 

gas signal are essentially flat. This confirms that the 

oxygen signal in Figure 7b is entirely due to a photo-

electrochemical reaction. To calculate the faradaic 

efficiency, the sample was kept at a constant potential of 

1.5 V vs RHE while recording the current and the O2 signal 

of the mass spectrometer. After 5 min, the potential was 

switched on for 15 min, resulting in a clear increase in 

photocurrent and O2 signal (Figure S24). The amount of 

photogenerated charge was compared to the total molar 

amount of generated oxygen (using the calibration data in 

Figure S5), from which a faradaic efficiency (ηFaradaic) of 

96% is calculated for the O2 evolution reaction.

CONCLUSIONS 

In this work we have determined several key 

optoelectronic and photoelectrochemical properties of β-
Cu2V2O7 photoanodes synthesized by a facile spray 

pyrolysis method (see Table 1). Previous reports on β-
Cu2V2O7 photoanodes have shown relatively low 

photoconversion efficiencies, but the factors that limit the 

material’s performance were not yet fully understood. Our 

study shows that one of these limitations is the modest 

optical absorption coefficient of Cu2V2O7. Even in the 

absence of recombination, a 200 nm thick Cu2V2O7 film can 

only generate a photocurrent of 6.5 mA/cm2; the 

remaining 57% of the theoretical solar photocurrent of 15 

mA/cm2 for Cu2V2O7 will be transmitted without being 

absorbed. Moreover, the pronounced spectral mismatch 

between the optical absorption and the quantum efficiency 

for photocurrent generation suggests a wavelength-

dependent photogeneration yield. Specifically, the first 
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electronic transition is a Cu dd transition that is unlikely 

to contribute significantly to the photocurrent. The modest 

overall absorption cannot be overcome by simply making 

the films thicker, as is normally done for weakly absorbing 

semiconductors like silicon. The reason for this is the 

extensive carrier recombination due to trapping and 

detrapping, which results in a modest effective carrier 

diffusion length. These combined effects limit the 

photocurrent density to about 0.1 mA/cm2 at 1.23 V vs 

RHE for our best-performing Cu2V2O7 photoanode, even 

with CoPi as a catalyst. From an energetic point of view, the 

main limitation is the relatively positive conduction band 

minimum. On a more positive note, the main advantage of 

-Cu2V2O7 is its very good chemical stability, which is 

unusual for a Cu-containing oxide-based photoelectrode 

material.

Figure 7. (a) Constant potential measurement at 1.23 V vs 

RHE for 200 nm Cu2V2O7 and Cu2V2O7/CoPi films in the dark 

and under (frontside) AM1.5 irradiation. (b) EMS LSV scans (5 

mV/s) for a 200 nm Cu2V2O7 photoanode under backside 

illumination, showing the current (red) and the O2 mass signal 

(blue). All measurements were done in 0.3 M K2SO4 and 0.2 M 

phosphate buffer (pH 6.8) under Ar bubbling.

To further improve the photoconversion efficiency, several 

strategies can be pursued. While the CoPi layer was found 

to double the photocurrent, other catalyst layers might 

lead to even larger improvements by either enhancing the 

charge transfer kinetics or by passivating surface defects.52 

Although the photocurrent showed excellent stability over 

a 2-hour period, the faradaic efficiency was slighly less 

than unity (96%) suggesting that some degradation may 

occur. To avoid this, suitable protection layers may further 

improve the stability.53 Nanostructuring can be used to 

overcome the mismatch between carrier transport and 

optical absorption, while doping may enhance the 

electronic conductivity and charge transport in the films. 

Similar strategies have been successfully applied to other 

metal oxide photoelectrode materials, such as CuBi2O4, 

Fe2O3, BiVO4, and Cu2O, and are likely to improve the PEC 

performance of Cu2V2O7 as well.54-58 In view of the very low 

IPCE values, however, we would encourage the community 

to spend their efforts on other, more promising candidate 

materials instead.

Table 1. Summary of Key PEC Parameters of β-
Cu2V2O7

parameter value

band gap energy, Eg 1.91 ± 0.05 eV (indirect)

2.05 ± 0.05 eV (direct)

absorption coefficient, α
   at 400 nm:

   at 450 nm:

   at 500 nm:

   at 550 nm:

   at 600 nm:

(4.70 ± 0.36) × 104 cm−1
(3.35 ± 0.14) × 104 cm−1
(2.51 ± 0.10) × 104 cm−1
(1.59 ± 0.09) × 104 cm−1
(8.19 ± 0.50) × 103 cm−1

carrier mobility, μ 3.5 × 10−3 cm2 V−1 s−1
Effective carrier lifetime, τ 80 ns

Effective carrier diffusion 

length, LD,eff

28 nm

flat band potential, φfb 0.61 ± 0.03 V vs. RHE

work function,  5.11 eV vs. Vac

valence band maximum, 

VBM

2.45 ± 0.03 V vs. RHE

O2 evolution faradaic 

efficiency, ηF 

96%
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