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Abstract 

Photoanodic hydrogen peroxide (H2O2) production via water oxidation is limited by 

low yields and poor selectivity. Herein, four variations of cobalt phosphides, including 

pristine CoP and Co2P crystals, and two mixed-phase cobalt phosphides (CoP/Co2P) 

with different ratios, were applied as co-catalysts on the BiVO4 (BVO) photoanode to 

improve H2O2 production. The optimal yield and selectivity were approximately 9.6 

µmol‧h-1‧cm-2 and 25.2% at a voltage bias of 1.7 V vs. reversible hydrogen electrode 

(VRHE) under sunlight illumination, respectively. This performance is ~1.8 times that of 

pristine BVO photoanode. The roles of the Co and P sites were investigated. In 

particular, the Co site promotes the breaking of one H-O bond in water to form OH• 

radicals, which is the rate-determining step in H2O2 production. The P site plays an 

important role in the desorption of H2O2 formed from the catalyst, which is responsible 

for the recovery of fresh catalytic sites. Among the four samples, Co2P exhibited the 

best performance for H2O2 production because it had the highest rate of OH• formation 

owing to its improved accumulation property. This study offers a rational design 

strategy for co-catalysts for photoanodic H2O2 production. 
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1. Introduction 

Hydrogen peroxide (H2O2) is an important chemical for the synthesis of basic 

commodities [1-3]. H2O2 is currently produced using the anthraquinone method, which 

involves the catalytic reduction and oxidation of anthraquinone, thus making its 

synthesis hazardous and expensive. H2O2 can be produced via photocatalytic reduction 

reaction [4-6] and water oxidation reactions. Photoanodic water oxidation reactions 

have attracted significant interest because they convert water to H2O2 using solar energy 

[7, 8]. This reaction is a two-electron process driven by a thermodynamic energy of 354 

kJ/mol, corresponding to 1.76 V vs. reversible hydrogen electrode (VRHE) [9, 10]. The 

main obstacle to this photoanodic reaction is the selective production of H2O2 because 

the reaction competes with the oxygen evolution reaction (OER) [11-14]. Although 

OER is a four-electron process, the required thermodynamic energy is only 237 kJ/mol 

[15-17], corresponding to 1.23 VRHE, which is considerably lower than that for the H2O2 

production [18-20]. 

Selectivity is therefore the main issue in the production of H2O2 via the water 

oxidation reaction, which is highly correlated with the co-catalyst or electrocatalyst at 

the surface of the photoanode [21-23]. In the past year, crystals containing Co or P have 

been investigated as co-catalysts to improve photoanodic water oxidation reactions for 

H2O2 production, including Co3O4 [21], Co2+ ions [24], and PO43+ ions [24], and many 

others [25, 26]. However, in-depth studies are required to understand the roles of the 

Co and P species in this reaction. Hence, cobalt phosphides (CoP/Co2P) are an ideal 

model for this study. For the electrochemical water oxidation reaction, the transition 



metal can act as an energy reservoir and active site for the rapid cleavage of an H-O 

bond in water to form an OH• radical by shifting the valence state [19, 27, 28]. CoP 

crystals typically involve Co3+ ions; thus, the redox couple of Co3+/Co4+ can form 

during the reaction. In comparison, Co2P crystals contain Co1+ and Co2+ ions, resulting 

in the formation of a series of redox couples from Co1+ to Co4+, including Co1+/Co2+, 

Co2+/Co3+, and Co3+/Co4+. The formation of the redox couple further promoted the 

formation of active intermediates, such as OH• radicals, during the water oxidation 

reaction. This radical species may act as an intermediate for both H2O2 and O2 

formation. Hence, it is necessary to study the competition between the pathways of O2 

and H2O2 formation. Notably, the P sites are effective for the desorption of the produced 

H2O2 but not for O2 [29, 30]. Therefore, by introducing both Co and P, the overall 

production of H2O2 can potentially increase.  

In this study, pristine CoP and Co2P crystals and mixed-phase cobalt phosphide 

(CoP/Co2P) crystals were synthesized and used as co-catalysts to load onto the surface 

of BiVO4 (BVO) photoanodes to improve H2O2 production. As a result, the optimal 

yield and selectivity were 9.6 µmol‧h-1‧cm-2 and 25.2%, respectively, at a voltage bias 

of 1.7 VRHE under sunlight illumination. This performance is 1.8 times that of pristine 

BVO photoanode. The individual roles of the Co and P sites were investigated. The Co 

site is effective in breaking the H-O bond in water to form OH•, whereas the P site 

accelerates the desorption of the formed H2O2. As a co-catalyst on the BVO 

photoanode, Co2P exhibited the optimal performance for H2O2 production owing to the 

highest rate of OH• formation due to the improved photoexcited charge accumulation. 



This study reports the role of a cobalt phosphide co-catalyst in enhanced photoanodic 

H2O2 production.  

2. Experimental and Methods 

2.1 Synthesis of BiVO4 photoanodes 

BVO films were prepared on fluorine-doped tin oxide (FTO, 10 mm × 25 mm, 

sheet resistance: 7 Ω/□, Wuhan Jingge Solar Energy Technology Co., Ltd) glass via 

electrochemical deposition [31]. In detail, Bi(NO3)3∙5H2O (0.97 g, 99 %, Sinopharm 

Chemical Reagent) was dissolved in HNO3 solution (50 mL, pH = 1.7, 99 %, 

Sinopharm Chemical Reagent) to form a 0.04 M Bi(NO3)3 solution, and KI (3.32 g, 

99 %, Thermo Scientific) was added to the solution. This solution was then mixed with 

absolute ethanol (20 mL, 99 %, Sinopharm Chemical Reagent) that containing 0.5 g p-

benzoquinone (98%, Alfa Aesar). Subsequently, a typical three-electrode cell was used 

to electrodeposit the BiOI films on the FTO glass. Typically, an FTO glass, Ag/AgCl 

electrode, and platinum sheet were applied as the working, reference, and counter 

electrodes, respectively. The deposition was performed at -0.1 V vs. Ag/AgCl for 3 min. 

Subsequently, dimethyl sulfoxide solution (DMSO, 180 μL, 99 %, Sinopharm 

Chemical Reagent) containing 0.2 M vanadyl acetylacetonate (C10H14O5V, 98 %, 

Aladdin) was dropped onto the BiOI electrode. The as-prepared electrode was 

thermally treated in a muffle furnace at 450 °C for 2 h to prepare BVO.  

2.2 Loading cobalt phosphide on BiVO4 photoanode 

Pristine CoP and Co2P crystal powder and diphase cobalt phosphide (CoP/Co2P) 

crystal powders were synthesized using a hydrothermal approach [32]. Co(NO3)2·6H2O 



(1.5 mmol, 99 %, Sinopharm Chemical Reagent), NH4F (7.5 mmol, 96 %, Sinopharm 

Chemical Reagent), and CO(NH2)2 (99 %, Sinopharm Chemical Reagent) were 

dissolved in deionized water (15 mL). The solution was subsequently transferred into a 

20 mL Teflon-lined stainless-steel autoclave and maintained at 120 °C for 6 h. Co(OH)F 

powder was collected and dried under vacuum at 70 °C for 10 h. Co(OH)F is the 

precursor of cobalt phosphides and Co3O4. Co3O4 was obtained by oxidizing Co(OH)F 

at 450 °C for 2 h. NaH2PO2·H2O (99 %, Sinopharm Chemical Reagent) and Co3O4 

powders were mixed in the molar ratios of 5:1 and 3:1 and annealed at 350 °C in N2 

atmosphere for 4 h to obtain the diphase cobalt phosphides. To prepare pristine CoP and 

Co2P crystals, NaH2PO2 and Co(OH)F powder were mixed in ratios of 6:1 and 2:1, 

respectively, and annealed at 350 °C in N2 atmosphere for 4 h. The as-prepared cobalt 

phosphides were suspended and drop-coated on the BVO photoanodes as co-catalysts 

at a concentration of 3 μg/cm2.  

2.3 Characterizations 

The structure and morphology of the cobalt phosphides and BVO based 

photoanodes were studied by a scanning electron microscope (SEM, SU8010, Hitachi). 

The crystallinity of cobalt phosphides and BVO based photoanodes was studied by a 

powder X-ray diffractometer (XRD, MiniFlex 600, Rigaku). High-resolution 

transmission electron microscopy (HRTEM, FEI Talos) with a FEI super-X energy 

dispersive spectroscopy (EDS) was performed to investigate the chemical composition 

of the photoanodes. The elemental composition and valence states of the catalysts were 

characterized by an X-ray photoelectron spectroscopy (XPS, ESCALB 250, 



Thermofisher Scientific). The spectra were fitted by the Gauss-Lorentz function with 

the Sherry function after removing the background signal. The C 1s binding energy of 

284.8 eV was used as the reference. The UPS data was collected by Thermo Fischer, 

ESCALAB 250Xi with He-lɑ source. The wavelength of the ultraviolet is 58.13 nm and 

the kinetic energy (hν) is 21.22 eV. It was used to determine the Fermi level and 

conduction band of the samples. A UV-Vis-NIR spectrophotometer (Cary 500, Varian) 

with a small integrating sphere was used to measure the diffuse reflection absorption of 

the films. The probability of charge recombination was measured using 

photoluminescence (PL) spectroscopy (F-7000, Hitachi). The colorimetric data was 

measured in a UV-Vis spectrophotometer (UH5300, Hitachi). The radical components 

were monitored by an electron paramagnetic resonance (EPR) spectrometer (A300 ESR, 

Bruker). Typically, 0.6 mg of the catalyst powder was suspended in 0.5 mL KHCO3 

solution (1.0 M). The evolution of the OH• radicals under light illumination was 

measured by adding 5 µL of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) to form 

DMPO-•OH adduct. 

2.4 Photoelectrochemical production of H2O2 

Photoelectrochemical (PEC) experiments were conducted using a three-electrode 

system. BVO-based photoanodes were used as the photoanode, and a KCl-saturated 

Ag/AgCl electrode and Pt foil were used as the reference and counter electrodes, 

respectively. An electrochemical workstation was used to study the PEC performance. 

A calibrated solar simulator with an AM 1.5 G filter was used as the light source. The 

experiment was performed in an electrochemical cell with two chambers separated by 



a Nafion membrane. The electrolyte solutions for the working and counter electrodes 

were 1.0 M KHCO3 and 0.2 M Na2SO4 [33], respectively. In this PEC system, a 1.0 

KHCO3 electrolyte solution was used to promote H2O2 formation, but this alkaline 

solution may lead to a large overpotential for H2 evolution, possibly affecting H2O2 

production. Therefore, a neutral solution was applied to the cathode to minimize the 

negative effects. Photoanodic H2O2 production was achieved with a voltage bias of 1.7 

VRHE and AM 1.5 G. Cyclic voltammetry (CV) was studied at 0.1–1.9 VRHE and a scan 

speed of 5 mV/s [34]. There were three repeated cycles. CoP, Co2P, and two mixed-

phase cobalt phosphide materials were drop-coated onto the FTO substrate as 

photoelectrodes. Nyquist plots were acquired from the electrochemical impedance 

spectroscopy (EIS) measurements with modulation in the frequency range of 200 kHz 

to 100 mHz and illumination on or off at 1.7 VRHE. The PEC decomposition of H2O2 

was investigated on BVO, Co3O4-BVO, and CPB photoanodes under AM 1.5 G 

illumination; 1.0 M potassium borate solution with 1 mM H2O2 was used as the 

electrolyte. The electrolyte was extracted every 20 min to determine the resulting 

concentration of H2O2. 

The quantity of H2O2 was determined using the Fe2+ colorimetric method 

based on Eq. 1 [35, 36]: 

Fe2+ + H2O2 → Fe3+ + 2OH-               (Eq. 1) 

In particular, HCl solution (3.0 M, 0.9 mL) was added to the of electrolyte 

solution (1.0 mL) containing the produced H2O2. Then, FeSO4·7H2O (0.2 mL, 

0.1 M, 99%, Sinopharm Chemical Reagent) was added to the solution. The 



concentration of produced H2O2 was determined using an ultraviolet–visible 

spectrophotometer. 

EIS measurements were performed with and without illumination. The flat-band 

potentials of the materials were derived from the Mott–Schottky plots of EIS [37]. The 

selectivity (η) for H2O2 production was calculated using Eq. 2 [38]:  

η (%) = 2 × NH2O2 × 96485 / 𝑄𝑄 × 100              (Eq. 2) 

where NH2O2 and Q denote the amount of produced H2O2 and total amount of 

charge involved in the reaction, respectively. 

The incident photon-to-electron conversion efficiency (IPCE) for H2O2 production 

was determined under light irradiation at different wavelengths generated by a xenon 

lamp equipped with a monochromator. The IPEC was calculated using Eq. 3 [39]: 

IPCE(λ) = (1240∙jp(λ)) / (λ∙Eλ(λ))∙ η              (Eq. 3) 

where λ and Eλ(λ) are the wavelength and the incident light energy density at a certain 

wavelength, respectively, with the corresponding photocurrent density jp(λ). PEC 

studies were conducted in a three-electrode system, where the catalyst-coated FTO 

glass was used as the photoanode, where η is the selectivity for H2O2 production. 

 

3. Results and discussion 

3.1 Morphologies and chemical structures of cobalt phosphides 

Pristine CoP and Co2P nanoparticles and two mixed-phase CoP/Co2P nanoparticles 

were synthesized using the hydrothermal method. The unit cells of CoP and Co2P are 

shown in Figure 1a. The structure of CoP is clear, involving Co3+ and P3- ions. Co2P 

contained two inequivalent P³ sites. In the first P³⁻ site, P³⁻ is bonded to three equivalent 



Co²⁺ and six equivalent Co¹⁺ atoms in a 9-coordinate geometry. In the second P³⁻ site, 

P³⁻ is bonded to three equivalent Co¹⁺ and six equivalent Co²⁺ atoms in a 9-coordinate 

geometry. The X-ray diffraction (XRD) pattern in Figure 1b shows diffraction peaks 

from the CoP, Co2P, and mixed-phase CoP/Co2P nanoparticles. The peaks at 31.6°, 

36.3°, 46.2°, 48.1°, 52.3°, and 56.8° corresponded to the (011), (111), (112), (103), and 

(301) crystal faces of CoP (JCPDS No. 00-029-0497), respectively, and the peaks 

located at 40.7°, 42.0°, and 52.0° were attributed to the (121), (220), and (230) crystal 

faces of Co2P (JCPDS No. 01-070-8359). The samples with a mixed phase exhibited 

peaks from both CoP and Co2P. Furthermore, based on the XRD results, the atomic ratio 

of Co to P was obtained, as shown in Figure 1c. The atomic ratios of Co:P in CoP and 

Co2P were 1.11 and 1.90, respectively, which correlate with the stoichiometric ratios. 

Conversely, the mixed-phase cobalt phosphide samples had values of 1.34 and 1.78, 

indicating CoP contents of 66% and 22%, respectively. 

The high-resolution X-ray photoelectron spectroscopy (XPS) spectra of Co 2p and 

P 2p from the different samples are shown in Figures 1d and 1e, respectively. Owing 

to spin-orbit coupling, the Co 2p XPS spectra were formed with two bands assigned to 

Co 2p3/2 and Co 2p1/2. Each band can be deconvoluted into components associated with 

Co-P, Co-O, and satellite peaks. The binding energy of Co-P was lower than that of Co-

O. As the Co:P ratio gradually decreased from Co2P to CoP, the binding energy of Co-

P increased, whereas the binding energy of the Co-O remained constant. In the P 2p 

XPS spectra, the peaks at 129.6 and 130.5 eV are assigned to the binding energies of P 

2p3/2 and P 2p1/2 in Co-P, respectively, which shifted to higher binding energies with the 



decrease in Co:P ratio. The behavior of the Co 2p and P 2p binding energies in Co-P 

suggests that Co2P is relatively electron rich. The strong peak at 133.8 eV is assigned 

to the oxidized P. Both Co and P exhibit oxide peaks. The results show that the surfaces 

of the cobalt phosphides can be easily oxidized in the atmosphere. The XPS intensity 

of the surface oxides was exaggerated because XPS only collects photoelectrons within 

a thickness of 1–10 nm from the surface [40].  

 
Figure 1. (a) The unit cells of CoP and Co2P. (b) XRD spectra of CoP, CoP/Co2P-1, 
CoP/Co2P-2 and Co2P (c) The atomic ratio of CoP, CoP/Co2P-1, CoP/Co2P-2, and Co2P 
derivate from XRD and XPS spectra with twice independent data fitting and 
calculations, respectively. XPS spectra of (d) Co 2p and (e) P 2p of CoP, CoP/Co2P-1, 



CoP/Co2P-2 and Co2P.  

 

Therefore, the atomic ratio of Co to P can be estimated from XPS (Figure 1c); this 

result generally agrees with the theoretical and XRD results [41]. CoP and Co2P have 

Co:P ratios of 1.12 and 1.93, respectively, which correlate with the stoichiometric 

ratios. In addition, with the Co:P ratios of 1.26 and 1.71 for the CoP/Co2P-1 and 

CoP/Co2P-2 samples, the percentages of CoP in the composited material are 74% and 

29%, respectively.  

From the above results, the oxidation state of cobalt phosphides can be further 

investigated to gain a deeper understanding of the composition of cobalt phosphide 

materials. The oxidation states of Co and P are +0.7 and -0.7 for CoP, and +0.5 and -

1.0 for Co2P, respectively [42, 43]. Based on the Co:P ratios obtained above, the 

oxidation states of Co and P are +0.6 and -0.8 for CoP/Co2P-1, and +0.5 and -0.9 for 

CoP/Co2P-2, respectively. 

In addition, the particle sizes of the cobalt phosphides were analyzed from the 

scanning electron microscopy (SEM) images (Figure S1a to S1d), yielding a mean size 

of ~20 nm, as shown in Figure S1e. 

 
3.2 Loading cobalt phosphides on BiVO4 photoanodes 

The BVO photoanode was synthesized using an electrochemical deposition 

approach, and a highly porous structure was achieved, as shown in the Supporting 

Information. This porous structure was superior in overcoming the short minority 

diffusion length [44]. Cobalt phosphides (3.0 μg each) were spin-coated onto the BVO 

surface with an area of 1 cm2. The CoP-, CoP/Co2P-1-, CoP/Co2P-2-, and Co2P-loaded 



photoanodes were labeled CPB-1, CPB-2, CPB-3, and CPB-4, respectively. The 

morphology and structure of the photoanodes were investigated by SEM. The top and 

cross-sectional views of the pristine BVO photoanode and CPB-4 are shown in Figures 

2a to 2d, and the other three samples are shown in Figure S2. An insignificant 

difference in the BVO morphology was observed after spin-coating the cobalt 

phosphide nanoparticles, possibly due to their nanoscale dimensions and the porous 

structure of BVO. A TEM study of the CPB-4 and BVO samples with elemental 

analysis is shown in Figures 2f to 2j. Bi, O, V, Co, and P were homogeneously 

distributed, as shown in Figures 2f to 2j, revealing the successful loading of cobalt 

phosphide particles. In addition, the high-resolution transmission electron microscopy 

images of the BVO, Co2P, and CPB-4 photoanodes were obtained, as shown in Figure 

2k, 2l, and S3. The (112) crystal plane of the BVO photoanode was observed (Figure 

S3) with a d-spacing of 3.08 Å. The crystal plane of Co2P can be observed in Figure 

2k, and 3.10 Å can be assigned to the (011) crystal plane. In addition, we can observe 

the Co2P/BVO heterostructure in Figure 2l when Co2P particles are loaded onto BVO.  



 
Figure 2. SEM images of the top and cross-sectional views of (a, b) BVO and (c, d) 
CPB-4. (e) High angle annular dark-field (HAADF) image of CPB-4. (f)-(j) The 
elements mapping of (f) Bi, (g) O, (h) V, (i) Co, and (j) P for CPB-4. HR-TEM images 
of (k) pristine BVO and (l) CPB-4 photoanode show typical crystal plane. High-
resolution spectra of (m) Bi 4f and (n) V 2p for the BVO and CPB photoanodes. 

 

XPS was used to investigate the modified BVO photoanode. The Bi 4f spectra in 

Figure 2m reveal two peaks at the binding energies of 158.8 and 164.1 eV, which are 

attributed to Bi 4f7/2 and Bi 4f5/2, respectively. The V 2p spectra in Figure 2n show two 

peaks at 516.2 and 523.6 eV, assigned to V 2p3/2 and V 2p1/2, respectively. In addition, 

both P 2p and Co 2p XPS spectra were acquired (Figure S4). However, owing to surface 



oxidation, only peaks associated with the corresponding oxides were observed in the 

XPS spectra. The diffraction peak was also absent in the XRD spectra in Figure S5 

because of its low concentration and high dispersion. 

 

3.3 H2O2 production by cobalt phosphide-modified BVO photoanodes 

Photoanodic H2O2 production was performed using a standard three-electrode 

configuration in a 1.0 M KHCO3 electrolyte solution under the illumination of a 

sunlight simulator (AM 1.5G). Linear sweep voltammetry (LSV) curves in Figure 3a 

were collected with an applied voltage bias scanning from 0 to 2.0 VRHE. The 

photocurrent density increased with the loading of cobalt phosphides on the surface, 

and its value followed the order of BVO<CPB-1<CPB-2<CPB-3<CPB-4. Among them, 

the highest photocurrent density of 2.45 mA/cm2 was achieved at 1.7 VRHE from the 

CPB-4 sample, which is 1.7 times that of the pristine BVO photoanode. At 1.7 VRHE, 

the concentration of the produced H2O2 was determined using the colorimetric method 

(Figure S6), with the corresponding H2O2 selectivity and yield presented in Figures 

3b and 3c, respectively [45]. The performance of H2O2 production in terms of both 

selectivity and yield followed the same order as the photocurrent density. The highest 

H2O2 production rate was achieved by CPB-4 (9.6 µmol ‧ h-1 ‧ cm-2), which is 

approximately 1.8 times that of the pristine BVO photoanode (5.4 µmol‧h-1‧cm-2). 

Moreover, the best selectivity of 25% for H2O2 production was also realized by CPB-

4, which was significantly improved relative to that of pristine BVO with a selectivity 

of 16%. The results revealed the significant effects of cobalt phosphide materials in 



boosting H2O2 production. The optimal performance was obtained from Co2P-modified 

BVO, whereas CoP was less effective. Compared with the reported results (Table S1), 

the performance in this work was significantly improved, and this result is mainly 

attributed to the loaded cobalt phosphide co-catalyst. During the reaction, O2 gas, as the 

other product, can be simultaneously produced by four electron oxidation processes on 

the photoanode. The amount of generated O2 gas was measured using gas 

chromatography. In addition, the stability of H2O2 production was evaluated in a 

continuous two-hour experiment, as shown in Figure 3d. During H2O2 synthesis, the 

formed species of OH• and H2O2 are strong oxidants that can degrade the BVO film. In 

this study, the cobalt phosphide-modified photoanode (CPB-4) and pristine BVO 

exhibited a similar slow degradation of the photocurrent, suggesting that the 

degradation was caused by the oxidation of BVO rather than the Co2P coating. Because 

it involves a higher concentration of H2O2 with the CPB-4 photoanode, this also 

suggests that the Co2P coating inhibits the degradation of BVO. The stability of Co2P 

was further confirmed by soaking Co2P powder in a 0.01 M H2O2 solution for 36 h, and 

then probing by XRD (Figure S7). As a result, the spectra were generally preserved 

before and after the test, revealing that Co2P was stable in the H2O2 solution.  



 
Figure 3. (a) LSV curve of photoanodic H2O2 production by the BVO and CPB 
photoanodes. (b) Selectivity, (c) the yield with three times of independent repeated 
experiments and (d) two-hour evolution of the H2O2 production by BVO and CPB 
photoanodes at 1.7 VRHE under the illumination of a sunlight simulator.  

 

Because the surface of the cobalt phosphides was easily oxidized, as demonstrated 

by the XPS results, Co3O4 particles were synthesized as a reference co-catalyst for 

photoanodic H2O2 production (Figure S8). Under the same reaction conditions, the 

yield and selectivity for H2O2 production were 6.6 µmol‧h-1‧cm-2 and 20%, respectively. 

Although the performance was better than that of the pristine BVO photoanode, it was 

lower than that of all CPB photoanodes. Hence, both Co and P played important roles 

in promoting the production of H2O2 with synergistic effects. The details of the 

functions of Co and P are discussed below. 



3.4 Role of the cobalt phosphide on photoanodes for H2O2 production reaction 

The light-absorption spectra of the BVO and CPB photoanodes are shown in 

Figure 4a. The absorption of BVO is generally preserved by loading cobalt phosphides 

because the low quantity of loaded cobalt phosphides (3 μg/cm2) has an insignificant 

effect on the absorption spectrum. This suggests that the loading of cobalt phosphides 

does not affect the light-absorption behavior of BVO. The bandgap energies were 

determined using the Kubelka–Munk plots shown in Figure S9. All the samples had 

similar bandgap energies of 2.50 eV. The conduction band minimum (0.15 eV was 

obtained from the Mott–Schottky plots of the EIS measurements (Figure S10). 

Together with the bandgap energy, the valence band edge (2.35 eV) and the completed 

band structure of the photoanode are thus determined. The deposition of cobalt 

phosphide nanoparticles did not significantly change the band structure and extinction 

coefficient of BVO, which is likely due to the low loading of cobalt phosphide and 

weak physical interaction between the cobalt phosphide and BVO substrate. The 

incident photon-to-electron conversion efficiency (IPCE) for H2O2 production was 

determined (Figure 4b). Although the light absorption of the CPB photoanodes was 

the same as that of the BVO photoanode, the quantum efficiency increased with the 

loading of cobalt phosphides. The IPCE results confirm that despite cobalt phosphides 

having little effect on the bandgap and light absorption efficiency of BVO, the 

performance for H2O2 production was significantly increased [46], which must be 

associated with changes in the reaction pathways on the BVO surface. 

Room-temperature photoluminescence (PL) was used to study the steady-state 



behavior of photoexcited charge carriers in the BVO and CPB photoanodes. By 

applying excitation light at 360 nm, the PL signal showed an emission peak at 500 nm 

(Figure S11). The addition of cobalt phosphide to the BVO surface considerably 

decreased the PL emission intensity. The time-resolved PL (TRPL) spectra in Figure 

4c were acquired at the same excitation wavelength. The fitted decay time of charge 

collection on the BVO photoanode was 1.08 ns, which increased slightly to 1.39 ns for 

CPB-4. This extended charge lifetime is in good agreement with the reduced PL signal 

of the CPB photoanode and could positively contribute to the improved performance in 

water oxidation. However, such an improvement resulting from the improvement in 

charge separation will not significantly affect the H2O2 selectivity because the OER 

reaction will also be increased. Thus, this may not be the main mechanism for improved 

H2O2 production.  



 
Figure 4. (a) UV-Vis DRS spectra, (b) IPCE plots with three times of independent 
repeated experiments (c) TRPL spectra of BVO and CPB photoanodes. (d) The analyses 
of the Nyquist plots of EIS using the equivalent circuit (inset).  

 

Subsequently, EIS was conducted to study the charge accumulation in the CPB 

photoanodes. The Nyquist plot of EIS is presented in Figure S12a, and the analysis is 

shown in Figure 4d by fitting in an equivalent electrical circuit (inset of Figure 4d). 

Compared with the results achieved without light illumination (Figure S12b and S12c), 

the improvement is obvious. The high-frequency resistance (RHF) is related to the 

resistance inside the bulk BVO. The high-frequency capacitance (CHF) is related to 

charge accumulation at the interface between BVO and cobalt phosphide. The low-

frequency resistance (RLF) is related to the resistance of photoexcited charge transfer 

from the BVO films to the cobalt phosphide co-catalyst. The low-frequency capacitance 



(CLF) is associated with the charge accumulation capability of the photoanode. As 

shown in Figure S12d, the value of RHF was evidently lower than that of RLF. This is 

due to the faster charge transfer in bulk BVO, rather than crossing through the crystal 

surface of the two different materials. However, the value of CLF is generally higher 

than that of CHF. This indicates the better charge-accumulation ability of cobalt 

phosphide. The investigation of the surface of the photoanode is more important in this 

study. As shown in Figure 4d, the values of RLF from CPB photoanodes are generally 

lower than those of BVO, indicating that the presence of cobalt phosphide improves 

charge transfer. However, this resistance was less sensitive to the Co:P ratio because 

there was no obvious difference between the different CPB photoanodes. This result 

agrees with the TRPL results. More importantly, the charge accumulation capability 

was significantly improved after the addition of the cobalt phosphide co-catalyst, 

especially by adding Co2P nanoparticles.  

The surface PEC reaction during H2O2 production was investigated with CV to 

establish the electrocatalytic redox process of cobalt phosphide. In this study, cobalt 

phosphide nanoparticles were loaded onto the FTO glass as an electrode, and the 

electrolyte solution was the same as that for photoanodic H2O2 production, i.e., 1.0 M 

KHCO3 water solution. The scan was conducted ranging from 0.1 V to 1.9 VRHE with a 

rate of 5 mV/s. For CoP, one anodic peak at 1.77 VRHE was observed in Figure 5b for 

the first scanning cycle, corresponding to the oxidation of Co3+ to Co4+. The oxidation 

peak from the second cycle became less detectable, probably because most of the Co3+ 

was oxidized to Co4+, similar to that for the third cycle. In comparison, two anodic 



peaks were identified for Co2P at 1.53 and 1.75 VRHE for the first scanning cycle, as 

shown in Figure 5a, corresponding to the redox couples of Co2+/Co3+ and Co3+/Co4+, 

respectively [47, 48]. In the second scanning cycle, one peak was still observed at 1.75 

VRHE, which again confirms the redox couple of Co3+/Co4+. However, no obvious peak 

was observed from the third cycle. For the mixed-phase cobalt phosphides, two redox 

couples were also observed at 1.53 and 1.75 VRHE (Figure S13), although the intensity 

of the peak at 1.53 VRHE was weaker than that from Co2P due to the lower population 

of Co2+ in the mixed-phase cobalt phosphides. The results indicate that, compared with 

CoP, Co2P exhibited more valence states for charge accumulation for the 

electrochemical reaction, owing to the existence of Co2+. Redox couples can be 

considered as active sites for the photocatalytic water oxidation reaction. Co2P is likely 

to accumulate more photoexcited charges, thereby promoting H2O2 production. 

Thermodynamically, the charge accumulation property is reflected in the valence band 

potential relative to the water oxidation potential. Ultraviolet photoelectron 

spectroscopy (UPS) was used to determine the valence band of the cobalt phosphides 

(Figure S14) [49]. The potentials for different samples are shown in Figure 5c, which 

shows a gradually increasing valence potential with the CoP ratio. Hence, Co2P is 

expected to provide the highest capacity for charge accumulation among the cobalt 

phosphides. The improved charge accumulation was directly correlated with H2O2 

production.  



 
Figure 5. (a)-(b) CV curves of Co2P and CoP. (c) The valence band of cobalt phosphide 
materials from UPS spectra. (d) H2O2 decomposition on BVO, CPB photoanodes for 1 
h with three times of independent repeated experiments. (e) Illustration of the possible 
mechanism for H2O2 production on the surface of Co2P and CoP. 

 

The water oxidation reaction is restricted by the formation of OH• radicals through 

the dissociation of one of the O-H bonds in H2O. In this study, the formation of OH• 

radicals were probed using an electron paramagnetic resonance spectrometer (EPR) 

under light illumination. The OH• radicals reacted with 5,5-dimethyl-1-pyrroline N-

oxide (DMPO) to exhibit quartet peaks with an intensity ratio of 1:2:2:1. As shown in 

Figure S15, this group of quartet peaks is observed for all photoanodes. However, the 

EPR intensities from the CPB photoanodes were generally higher than those from the 

BVO photoanode, with the highest intensity obtained from CPB-4, corresponding to 

the highest production rate of OH• radicals. This result correlates with the highest 

production yield of H2O2 from the CPB-4 photoanode. 

The produced OH• radicals would subsequently couple to form H2O2 before 

desorption from the photoelectrode surfaces. If H2O2 desorption is slow, it could be 



further oxidized to O2 gas. Therefore, H2O2 desorption is important to the yield and 

selectivity of H2O2. A certain amount of H2O2 was added to the electrolyte solution to 

determine the desorption rate. Pristine BVO, CPB, and Co3O4-BVO photoanodes were 

placed in the electrolyte solution, and the reduction in H2O2 concentration in the 

electrolyte was measured as a function of time, as shown in Figure S16. This reduction 

in H2O2 concentration in the electrolyte was due to the adsorption of H2O2. A slower 

adsorption rate was associated with faster desorption. The pristine BVO photoanode 

exhibited the fastest H2O2 adsorption rate, suggesting the slowest desorption. With the 

addition of cobalt phosphides, the H2O2 adsorption rate decreased according to the P:Co 

ratio, as shown in the inset of Figure 5d. From the CPB photoanodes, the desorption 

rate follows the order CPB-1>CPB-2>CPB-3≈CPB-4, implying that the P site plays a 

key role in this desorption because the highest desorption rate was achieved from CPB-

1 with the highest P:Co ratio.  

The role of cobalt phosphide in highly efficient, selective H2O2 production is 

shown in Figures 5e and 5f. The Co site is catalytically effective in dissociating one of 

the H-O bonds in H2O to form OH• radicals. In this process, the improved photoexcited 

charge accumulation promotes the formation of OH• radicals. Therefore, among the 

cobalt phosphide materials, Co2P with a high Co content exhibits the best performance 

owing to its high valence potential for accumulating photoexcited charges, as illustrated 

in Figure 5e. In contrast, the P species influence the desorption of the produced H2O2. 

The CoP with high P content therefore exhibits the optimum performance for the 

desorption of H2O2. The corresponding mechanism is illustrated in Figure 5f. Because 



the difference in the H2O2 desorption rate of different cobalt phosphides is moderate, 

the conversion performance is mainly determined by the formation of OH• radicals. 

Hence, Co2P has the best H2O2 production performance as a co-catalyst for BVO.  

 

4. Conclusions 

In conclusion, cobalt phosphides have been developed as con-catalysts on the 

BVO photoanode to improve the performance of H2O2 production, including pristine 

CoP and Co2P crystals and two mixed-phase cobalt phosphide (CoP/Co2P) crystals. 

Among them, Co2P exhibits optimal performance for H2O2 production; the optimal 

yield and selectivity are 9.6 µmol‧h-1‧cm-2 and 25.2%, respectively, at the voltage bias 

of 1.7 VRHE under artificial sunlight illumination. The primary roles of the Co and P 

sites have been investigated as co-catalysts for H2O2 production. In particular, the Co 

site promotes the breaking of one H-O bond in water to form OH• radicals, which is the 

rate-determining step in H2O2 production [50]. The P site plays an important role in the 

desorption of H2O2 formed from the catalyst [51], which is responsible for the recovery 

of fresh catalytic sites. This study reveals the synergistic mechanism of cobalt 

phosphide-based co-catalysts on a photoanode for H2O2 production and inspires a 

variety of applications, not only for solar conversion devices, but also for sensors, 

catalysis, and many others [52-57].  
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