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1 Abstract

2 CuBi2O4 photocathode with interconnected nanoparticle textured morphology has reached a 

3 photocurrent density of -0.94 mA/cm2 at 0.52 V vs. RHE. It was successfully fabricated via 

4 electrodeposition using ethylene glycol (EG) containing a specific concentration of 

5 Bi(NO3)3∙5H2O and CuCl2 as the electrolyte, followed by 2 h of calcination at 550 ℃. Using 

6 urea as a complexing agent in the EG electrolyte enhanced the photocurrent density of the 

7 CuBi2O4 photocathode. Adding 0.15 g of urea to the electrodeposition solution improved film 

8 uniformity, enhanced PEC water splitting efficiency, and achieved a photocurrent density of -

9 1.44 mA/cm² at 0.52 V vs. RHE. This value is higher than those of previously reported CuBi2O4 

10 photocathodes, which typically exhibit photocurrent densities below -1.0 mA/cm2. To 

11 understand the factors contributing to this enhanced PEC performance, this study investigated 

12 the effects of varying urea concentrations (0, 0.1, 0.15, and 0.2 g per 100 mL EG) on the 

13 crystallite domain size, morphology, surface roughness, light absorption, band gap, electronic 

14 band structure, and PEC performance. A mechanism was proposed to account for the long-

15 term stability based on its inadequate valence band potential and irreversible degradation 

16 behaviour. This work provides insights for optimizing CuBi2O4 thin films to enhance their 

17 stability and efficiency in PEC water splitting applications.

18

19 Keyword: CuBi2O4; Electrodeposition; PEC water splitting; Photocathode; P-type 

20 semiconductor

21
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1 Introduction

2 Photoelectrochemical (PEC) water splitting, which can directly convert solar energy to 

3 hydrogen, has been identified as a critical alternative for developing a more efficient, 

4 sustainable, and environmentally friendly future energy system. Efficient PEC hydrogen 

5 generation relies heavily on the development of suitable photocathodes. Materials such as Si,1 

6 GaAs,1 CuO,2 Cu2O,3 LaFeO3,4 CuInS2,5 CuFeO2,6 Sb2Se3,7 InP,8 and Cu2ZnSnS4
9 have been 

7 explored due to their conduction band potentials being more negative than the H+/H2 reduction 

8 potential (E(H+/H2) = 0 V vs. RHE),10,11 enabling energy-efficient hydrogen evolution. Among 

9 p-type semiconductors, CuBi2O4 has attracted significant attention as a photocathode owing to 

10 its low bandgap energy (1.5-1.8 eV) and favorable band structure, which predicts photocurrent 

11 density of 19-27 mA/cm2 under standard solar illumination (AM 1.5G, 100 mW/cm2).12,13 

12 However, practical application of CuBi2O4 thin films is significantly hindered by their intrinsic 

13 limitations such as low charge carrier transfer kinetics, rapid recombination of photogenerated 

14 charge carriers, and susceptibility to photocorrosion. Achieving high-quality thin films with 

15 uniform thickness, controlled morphology, and strong adhesion to substrates remain essential 

16 for improving the overall performance of CuBi2O4 thin films.

17 Various techniques, including spin coating, 14,15 pulsed laser deposition (PLD),16,17 

18 physical vapor deposition (PVD) techniques (sputtering and electron beam evaporation),18-20 

19 doctor blade coating,21,22 spray pyrolysis,23,24 chemical bath deposition,25,26 and 

20 electrodeposition,27,28 have been used to fabricate CuBi2O4 thin films. Among these, 

21 electrodeposition is particularly attractive due to its low cost, mild operating temperature, and 

22 ability to produce adherent interfaces, making it highly suitable for the creation of durable thin 

23 films. However, non-uniform electrodeposition can reduce film quality and photocathode 

24 performance. To address these issues, various strategies have been explored, including 

25 adjusting the metal-ion concentration, implementing pH control through buffering, and adding 

26 organic additives during the deposition process. Nakabayashi et al. improved the uniformity of 

27 CuBi2O4 thin films by using tartrate ions to stabilize the Cu2+ and Bi3+ in solution. This 

28 stabilization enabled controlled co-deposition of CuO and Bi2O3 at a high anodic potential.29 

29 After annealing at 500 ℃, the resulting CuBi2O4 thin films exhibited enhanced coverage, 

30 stronger adhesion, and better uniformity. Similarly, Hahn et al. prepared Cu-Bi 

31 electrodepostion baths by dissolving Bi3+ and Cu2+ in 10% nitric acid. This step was essential 

32 for fully dissolving bismuth nitrate and producing a homogeneous electrolyte, which is critical 

33 for consistent electrodeposition.27 The homogeneous bath enabled effective cathodic co-

34 deposition and subsequent annealing yield well-crystalized CuBi2O4 thin films. Citric acid has 
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1 also been employed as a complexing agent in CuBi2O4 synthesis. By forming stable metal-

2 ligand complexes, it regulates the release of metal ions during electrodeposition, thereby 

3 promoting uniform film growth.30

4 Urea is a small, inexpensive, and environmentally friendly molecule with strong 

5 hydrogen-bonding and coordination abilities.31-33 Its -NH2 group can donate hydrogen bonds 

6 while its carbonyl oxygen can accept them, enabling interactions with solvent molecules and 

7 metal ions.31-33 These interactions tune the solvation environment, improve ion dissolution, and 

8 influence key solution properties such as ionic conductivity and viscosity, ultimately promoting 

9 uniform metal deposition and controlled thin-film growth.31,34,35  Motivated by these 

10 advantages, this work investigates the effect of urea at varying concentrations (0, 0.1, 0.15, and 

11 0.2 g per 100 mL of ethylene glycol, EG) on the synthesis of CuBi2O4 thin film on FTO glass. 

12 The resulting thin films are systematically characterized in terms of crystallite size, 

13 morphology features, surface roughness, electronic band structures, and the PEC performance. 

14 Based on the observed enhancements, a potential mechanism involving charge separation and 

15 transfer is proposed to account for the enhancements in PEC performance.

16

17 Experimental Procedures

18 Materials and chemicals

19 The following chemicals were purchased and utilised without additional purification: Bismuth 

20 (Ⅲ) nitrate pentahydrate (Bi(NO3)3∙5H2O, 98%, Thermo Scientific Chemicals), Copper (Ⅱ) 

21 chloride dihydrate (CuCl2∙2H2O, 99+%, ACS reagent, Thermo Scientific Chemicals), Sodium 

22 hydroxide (NaOH, 98%, extra pure, pellets, Acros Organics), and urea (CH4N2O, ultra-pure 

23 UPS grade, Melford). Ethylene glycol (EG, C2H6O2, 99%, Thermo Scientific Chemicals) was 

24 used as the electrolyte for electrodeposition.

25 CuBi2O4 thin film preparation

26 A standard three-electrode system, consisting of a Pt counter electrode, an FTO working 

27 electrode, and an Ag/AgCl (4 M KCl) reference electrode, was used for the electrodeposition 

28 process. The FTO glass was electrically connected by placing copper tape on its edge with 

29 copper tape to ensure uniform current distribution when clipped with the Autolab tweezer 

30 during electrodeposition. A 100 mL EG solution comprising 6 mM Bi (NO3)3∙5H2O, 3 mM 

31 CuCl2, and various amounts (0 g, 0.1 g, 0.15 g, and 0.2 g) of urea was utilised as the plating 

32 solution to create the Cu/Bi bimetallic films. The material was deposited by passing -0.06 C 

33 per cycle at a fixed potential of E = -1.8 V versus Ag/AgCl.10 After six rounds of this cycle by 
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1 accumulating a total charge of -0.36 C, the resulting Cu/Bi films were heated for 2 h at 550 °C 

2 in air with a ramping rate of 5 °C/min to produce the CuBi2O4 thin films. The samples were 

3 labelled as 0.1 g-urea-6C-9mM, 0.15 g-urea-6C-9mM and 0.2 g-urea-6C-9mM, respectively. 

4 As a reference, a sample generated using the same process but without adding urea into the EG 

5 electrolyte was labelled as 0 g-urea-6C-9mM.

6

7 PEC measurements

8 The Metrohm Autolab (PGSTAT302N) electrochemical workstation with a three-electrode 

9 compartment was used for all PEC analyses of the thin films. Platinum served as the counter 

10 electrode, Ag/AgCl (4 M KCl) as the reference electrode, and thin film as the working electrode, 

11 with 0.1 M NaOH at a pH of 12.8 as the electrolyte. A Newport 66902, 300 W xenon lamp 

12 with an air mass (AM) of 1.5 was used to approximate a light intensity of 100 mW/cm2 (1 sun 

13 condition). The photocurrent density vs. 𝐸Ag AgCl curves (J-V plots) were obtained by using 

14 the linear sweeping voltammetry (LSV) mode at a constant scan rate of 10 mV/s from -0.50 to 

15 0.2 V vs Ag/AgCl. At a bias potential of -0.45 V vs Ag/AgCl, the electrochemical impedance 

16 spectroscopy (EIS) curves were recorded with a frequency range of 100 kHz to 0.1 Hz under a 

17 modulation amplitude of 10 mV. To compare with literature results, the experimental potential 

18 measured versus the Ag/AgCl reference electrode (𝐸Ag/AgCl) was converted to the potential 

19 versus the reversible hydrogen electrode (𝐸RHE) via the following Nernst Eqn (1),36,37

20 𝐸RHE = 𝐸Ag AgCl + 𝐸0
Ag/AgCl  

+0.0591 V × pH (𝐸0
Ag/AgCl = 0.1976 V vs NHE at 25 ℃)  (1)

21 where NHE is the normal hydrogen electrode.

22

23 Characterizations

24 A monochromatic Cu-Kα (λ= 0.154 nm) X-ray diffractometer in conjunction with a Bruker D8 

25 Advance X-ray diffractometer (XRD) was used to identify the crystal structures and phases of 

26 the thin films. The high-resolution surface morphology was investigated utilizing an FEI Nova 

27 600 Nanolab focused ion beam-scanning electron microscope (FIB-SEM). A Bruker Innova 

28 Atomic Force Microscope (AFM, USA) was also used to assess the surface morphology and 

29 roughness of the thin films in a chosen region of 10 × 10 µm2, using RTESP-300 high quality 

30 etched silicon probes in a peak force tapping mode. The Nasoscope Analysis v1.7 software 

31 (Bruker, USA) was applied to analyse the acquired AFM imagines. A Thermo Fisher Scientific 
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1 NEXSA spectrometer, equipped with a micro-focused monochromatic Al X-ray source (1486.7 

2 eV) with an X-ray spot size of 400 ×  200 μm, was used to perform the x-ray photoelectron 

3 spectroscopy (XPS) and Ultraviolet photoelectron spectroscopy (UPS) analysis. The 

4 photoelectron energy shift was calibrated using the C 1s electron at 284.8 eV as the reference 

5 point. A PerkinElmer UV-VIS-NIR lambda 1050 spectrophotometer was used to obtain the 

6 UV-visible Diffuse Reflectance Spectra (DRS) of the thin films, and the Kubelka-Munk 

7 function was used to estimate the bandgap energy associated with each spectrum.

8

9 Results and Discussion

10 The XRD patterns in Fig. 1a showed that the thin films—0 g-urea-6C-9mM, 0.1 g-urea-6C-

11 9mM, 0.15 g-urea-6C-9mM and 0.2 g-urea-6C-9mM—exhibited similar diffraction features. 

12 Specifically, the peaks at 2θ degree of 20.8°, 27.9°, 29.6°, 30.6°, 32.4°, 33.2°, 34.1°, 37.4°, 

13 46.6°, 52.9°, 53.3° and 55.6° are attributed to the (200), (211), (220), (002), (102), (310), (112), 

14 (202), (411), (213), (402), and (332) planes of tetragonal CuBi2O4 (PDF#48-1886).38,39 In 

15 addition, five other peaks at 26.5°, 37.7°, 51.4°, 61.6°, and 65.5° are observed and ascribed to 

16 the underlying FTO substrate.40 No additional peaks or noticeable shifts were detected upon 

17 the usage of the urea, indicating high phase purity of the CuBi2O4 thin films. 

18 The crystallite size of the CuBi2O4 thin films was estimated based on the (211) facets 

19 using the Scherrer equation,41 as presented in Fig. 1b, being 1137, 998, 730, and 997 Å for 0 

20 g-urea-6C-9mM, 0.1 g-urea-6C-9mM, 0.15 g-urea-6C-9mM, and 0.2 g-urea-6C-9mM, 

21 respectively. The variation in crystallite size can be attributed to the supersaturation-controlled 

22 nucleation and growth kinetics.42,43 Although all samples contain identical Bi3+ and Cu2+ in 100 

23 mL EG, the effective instantaneous supersaturation at the electrode is modulated by urea 

24 content.42,43 Urea coordinates with Cu2+/Bi3+ and interacts with the solvent through hydrogen 

25 bonding, controlling the rate of ion release during electrodeposition.31,32 With 0.15 g urea, this 

26 produces a sustained supersaturation, promoting high nucleation density and restricting 

27 individual crystallite growth, resulting in the smallest crystallite size (730 Å).42,43 Without urea, 

28 rapid ion release generates a brief supersaturation spike; although the nucleation barrier is low 

29 during the spike, its short duration limits the number of nuclei, leading to large crystallites 

30 (1137 Å).42,43 At higher urea content (0.2 g), increased viscosity and slower ion diffusion again 

31 reduce nucleation, allowing the crystallite to grow larger (997 Å).42,43 
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2 Fig. 1 (a) XRD patterns and (b) corresponding crystallite size of different CuBi2O4 thin films 

3 deposited on FTO substrate.

4

5 The surface morphologies of the CuBi2O4 thin films were examined by SEM, with 

6 representative low-magnification images shown in Fig. S3 and high-magnification images in 

7 Fig. 2. All CuBi2O4 thin films exhibit uneven and rough surface features, with some regions 

8 containing small nanoparticles, while in others the nanoparticles coalesce into larger branched 

9 structures, forming interconnected networks. These networks display irregular, coral-like 

10 morphologies reminiscent of finger coral, characterized by pronounced variations in particle 

11 size, spatial distribution, and height. The size differences of nanoparticles among the four 

12 CuBi2O4 thin films were estimated from the particle diameter distribution histograms shown in 

13 Fig. 2. Specifically, the average diameter of sample without urea (0 g-urea-6C-9mM) is 0.15 

14 µm, whilst being 0.21 and 0.17 µm, respectively, for 0.1 g-urea-6C-9mM and 0.2 g-urea-6C-

15 9mM, being the largest average diameter of 0.24 µm for sample 0.15 g-urea-6C-9mM. This 

16 behavior can be understood by combining classical nucleation and growth with non-classical 

17 aggregation mechanisms:42,43 small crystallites with high surface energy tend to aggregate, 

18 forming larger particles. With 0.15 g urea, moderated ion release sustains supersaturation, 

19 generating many small crystallites that aggregate in a controlled manner, producing well-

20 packed particles and uniform films. Without or with excess urea, nucleation is limited and 

21 aggregation is slowed, resulting in less uniform particles. The low-resolution SEM images in 

22 Fig. S3 further highlight the differences in coral-like interconnected networks distribution, with 

23 the urea-containing thin films, especially 0.1 g-urea-6C-9mM and 0.15 g-urea-6C-9mM thin 

24 films, showing the most pronounced branched structures. 
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1 Fig. 2 SEM images of the top view and particle size distribution histograms of the resulting 

2 CuBi2O4 thin films on FTO substrates: (a) 0 g-urea-6C-9mM; (b) 0.1 g-urea-6C-9mM; (c) 0.15 

3 g-urea-6C-9mM; and (d) 0.2 g-urea-6C-9mM.

4

5 The cross-sectional SEM images in Fig. 3 reveal that all CuBi2O4 thin films are composed of 

6 nanoparticle aggregates coalesced into porous, irregular networks. Their vertical height of these 

7 branched regions varies, and the mean thickness were determined from the thickness histogram 

8 in Fig. 3. The thin film prepared under urea-free conditions (0 g-urea-6C-9mM) exhibits a 

9 moderately compact structure with a mean thickness of ~1.1 µm. In contrast, films deposited 

10 from urea-containing electrolytes display increased thicknesses of ~1.5 µm (0.1 g-urea-6C-

11 9mM), ~1.4 µm (0.15 g-urea-6C-9mM), and ~1.5 µm (0.2 g-urea-6C-9mM). These results 

12 show that urea promotes vertical growth by moderating ion release during electrodeposition, 

13 which enhances nucleation and aggregation along the vertical direction, leading to thicker, 

14 more pronounced branched structures. EDS spectra displayed in Fig. S4 show that Cu, Bi, O, 

15 Sn, Si, and the coated C are present in all thin films. The Cu/Bi atomic ratios of all samples, 

16 derived from EDS analysis, are 3.09: 6.39 for 0 g-urea-6C-9mM, 3.49: 7.62 for 0.1 g-urea-6C-
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9

1 9mM, 9.86: 19.48 for 0.15 g-urea-6C-9mM, and 0.97: 1.94 for 0.2 g-urea-6C-9mM. These values 

2 correspond closely to a Cu: Bi ratio of approximately 1: 2, consistent with the stoichiometric 

3 composition of CuBi2O4. This result demonstrates the successful synthesis of CuBi2O4 thin 

4 films, which is consistent with the XRD analysis.

5 Fig. 3 SEM images of Cross-section views and thickness histograms of the resulting CuBi2O4 

6 thin films on FTO substrates: (a) 0 g-urea-6C-9mM; (b) 0.1 g-urea-6C-9mM; (c) 0.15 g-urea-

7 6C-9mM; and (d) 0.2 g-urea-6C-9mM.

8

9 Three-dimensional (3D) perspective topographical pictures displayed in Fig. 4 present the 

10 vertical height variations caused by the bumps, pits, or other surface irregularities. The 

11 topologies of all the CuBi2O4 thin films demonstrate a non-uniform growth, characterized by 

12 areas where certain regions grow aggressively into large and high-height features, while other 

13 parts exhibit minimal growth. Specifically, thin films of 0.1 g-urea-6C-9mM and 0.15 g-urea-

14 6C-9mM show more uniform distributions of large, high-height regions compared with thin 

15 films 0 g-urea-6C-9mM and 0.2 g-urea-6C-9mM. The two-dimensional (2D) views, showing 
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10

1 the height signals along the given section lines, the corresponding mean roughness (Ra), the 

2 maximum height (Rmax) values, and other related parameters, are presented in Fig. S5. Where 

3 Rmax is defined as the height difference between the highest and lowest points on the cross-

4 sectional profile relative to the centre line over the length of the profile. The variations in the 

5 Rmax values indicate the non-uniform topology features of the thin films. The surface average 

6 Ra values of the CuBi2O4 thin films are 181.1 nm for sample 0 g-urea-6C-9mM, 174.9 nm for 

7 sample 0.1 g-urea-6C-9mM, sample 0.15 g-urea-6C-9mM for 154.2 nm, and 185.1 nm for 0.2 

8 g-urea-6C-9mM (Fig. S5), indicating a more uniform surface for samples 0.1 g-urea-6C-9mM 

9 and 0.15 g-urea-6C-9mM. 

10

11 Fig. 4 AFM 3D perspectives of (a) 0 g-urea-6C-9mM, (b) 0.1 g-urea-6C-9mM, (c) 0.15 g-urea-

12 6C-9mM, and (d) 0.2 g-urea-6C-9mM.

13

14 According to the XPS survey scan results shown in Fig. S6, both samples have similar 

15 entire spectra with Cu 2p, Bi 4f, and O 1s peaks. Fig. 5a reveals the high-resolution Bi 4f 

16 spectra of samples 0 g-urea-6C-9mM and 0.15 g-urea-6C-9mM. The binding energies at 158.6 

17 and 163.9 eV are responsible for the typical spin-orbit split Bi 4f7/2 and Bi 4f5/2 peaks, 

18 respectively, which are brought on by the Bi3+ component in both samples.44,45 The small peaks 

19 fitted at lower binding energies of 162.2 and 156.9 eV are attributed to residual metallic Bi on 

(a) (b)

(c) (d)
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11

1 the surface of the CuBi2O4 lattice.46,47 In Fig. 5b, the raw data exhibit four peaks: a doublet for 

2 Cu 2p and two additional shake-up peaks. These shake-up peaks are attributed to a strong 

3 interaction of the final states, involving charge transfer from O 2p band to the Cu 3d band,48,49 

4 Cu 2p spectra are typically featured by focusing on the Cu 2p3/2 peak and the lower binding 

5 energy shake-up peak, owing to their distinctive spectral features that allow for reliable fitting. 

6 Peaks with binding energies of 933.9 and 932.3 eV, fitted from the Cu 2p3/2 peak, are attributed 

7 to the Cu2+ in the CuBi2O4 lattice and Cu+ species, respectively.44,49 Peaks located at 943.7 and 

8 941.2 eV, obtained from the lower binding energy shake-up peak, further suggest the 

9 coexistence of these Cu2+ and Cu+ species within the CuBi2O4 thin films. The peak area ratios 

10 of Bi3+ and Bi (9: 1), as well as that of Cu2+ and Cu+ (8: 2), in the 0.15 g-urea-6C-9mM thin 

11 film and 0 g-urea-6C-9mM thin film, are maintained without significant change. This indicates 

12 that the addition of urea into the electrolyte during the electrodeposition process does not 

13 significantly affect the chemical composition and the chemical states of the CuBi2O4 thin film. 

14 To further confirm the chemical states and quantify the surface concentration of Cu species in 

15 the CuBi2O4 thin film, the Cu LM2 Auger spectra were analysed. As depicted in Fig. 5c, the 

16 Cu LM2 Auger electron spectra show peaks corresponding to the lattice Cu2+ (blue peaks) and 

17 the low-valence Cu+ species (red peaks).50,51 This finding is consistent with the results obtained 

18 from the Cu 2p spectra. The O 1s spectra (Fig. 5d) for both CuBi2O4 samples were fitted into 

19 three distinct peaks at binding energies of approximately 529.4, 530.5, and 531.4 eV. These 

20 peaks are attributed to lattice oxygen (OL),50-52 surface hydroxyl group,50,51 and absorbed water 

21 species, respectively. The presence of surface hydroxyl groups in CuBi2O4 is commonly 

22 associated with surface oxygen environments influenced by the coexistence of Cu2+/Cu+ states, 

23 as observed in the Cu LM2 Auger spectra. The OL peak area ratios for CuBi2O4 thin films of 0 

24 g-urea-6C-9mM and 0.15 g-urea-6C-9mM are 49.5 % and 47.2%, respectively, while the 

25 surface hydroxyl species for these two CuBi2O4 thin films are 39.3% and 42.1%, respectively. 

26 This variation may be attributed to the different distribution of aggregated, finger coral-like 

27 structures on the surface of the thin films.
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2 Fig. 5 XPS spectra of prepared CuBi2O4 thin films: 0 g-urea-6C-9mM and 0.15 g-urea-6C-

3 9mM. (a) Bi 4f, (b) Cu 2p, (c), Cu LM2, and (d) O 1s.

4

5 The UV-visible absorbance spectra (Fig. 6a) exhibit strong visible-light absorptions in 

6 all thin films. The incident light absorbances of the CuBi2O4 thin films: 0.15 g-urea-6C-9mM 

7 and 0.2 g-urea-6C-9mM are higher compared with those of 0 g-urea-6C-9mM and 0.1 g-urea-

8 6C-9mM CuBi2O4. Slight red shifts can be observed upon introducing 0.15 g and 0.2 g urea 

9 into the electrodeposition process. This increase in optical absorption and reduction in 

10 reflectance (Fig. 6b, inset) are attributed to the varying surface topographical features induced 

11 by the urea. Fig. 6b presents the direct transition band gap values for the samples—1.88 eV for 

12 sample 0 g-urea-6C-9mM, 1.89 eV for sample 0.1 g-urea-6C-9mM, 1.87 eV for sample 0.15 

13 g-urea-6C-9mM, and 1.86 eV for sample 0.2 g-urea-6C-9mM. These values are consistent with 

14 those reported in previous studies.13

Page 12 of 27Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 2
:1

5:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA01065A

https://www.sciencedirect.com/topics/engineering/absorptance
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01065a


13

1
1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95 2.00 2.05

0.0

0.1

0.2

0.3

0.4

0.5

400 500 600 700 800
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

400 500 600 700 800
0

10
20
30
40
50
60
70
80

(F
(R

)h
v)

2

hv (eV)

0 g-urea-6C-9mM
 0.1 g-urea-6C-9mM
 0.15 g-urea-6C-9mM
0.2 g-urea-6C-9mM

1.88 eV
1.86 eV

1.89 eV

1.87 eV

(b)
A

bs
 (a

.u
.)

Wavelength (nm)

 0 g-urea-6C-9mM
 0.1 g-urea-6C-9mM
 0.15 g-urea-6C-9mM
 0.2 g-urea-6C-9mM

(a)

R
ef

le
ct

an
ce

 (%
)

Wavelength (nm)

2 Fig. 6 (a) UV-visible absorbance spectra of the CuBi2O4 thin films and (b) the corresponding 

3 predicted band gap values from the Kubelka-Munk function,53 with the UV-visible Diffuse 

4 Reflectance Spectra (DRS) shown inset.

5

6 Mott-Schottky measurements are utilized at 1 kHz in 0.1 M NaOH solution in dark 

7 condition, to estimate the flat band potential (𝐸𝑓𝑏) and the hole density (NA) of the CuBi2O4 

8 thin films. The Mott-Schottky plots depicted in Fig. 7a were obtained from the following Eqn 

9 (2):54

10 1
𝐶2 = 2

𝐴2𝑒𝜀𝜀0𝑁𝐴
―𝐸 + 𝐸𝑓𝑏 ― 𝐾𝑇

𝑒                                                                                             (2)

11 where the parameters C, A, 𝐸𝑓𝑏, NA, 𝜀, 𝜀0, and E correspond to the capacitance, the electrode 

12 surface area (1 ×  10-4 m2), the flat-band potential, the acceptor density, the relative 

13 permittivity (dielectric constant) of 80 as reported previously,54,55 the permittivity of free space 

14 (8.854 ×  10-12 F/m),36 and the applied potential, respectively.54 As shown in Fig. 7a, the 

15 corresponding values of the slope and hole densities of the CuBi2O4 thin films were calculated 

16 and listed in Table 1.12 All the regression lines exhibit negative slopes, indicating that the 

17 samples are p-type semiconductor.38 Comparison of the NA values indicates that all samples 

18 exhibit hole densities of the same order of magnitude. Sample 0 g-urea-6C-9mM shows the 

19 highest hole density, likely due to the transition from Cu+ to Cu2+, which releases electrons and 

20 thereby enhances the hole density. The flat band potentials of the CuBi2O4 thin films are 1.41 

21 V vs. RHE for samples 0 g-urea-6C-9mM and 0.1 g-urea-6C-9mM, and 1.40 V vs. RHE for 

22 sample 0.15 g-urea-6C-9mM and sample 0.2 g-urea-6C-9mM, respectively. In p-type 
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1 semiconductors, the flat band potential is approximately aligned with the energy level near the 

2 valence band edge.56 The potential of the conduction band can be determined based on the 

3 following Eqn (3).57

4 𝐸𝑐 = 𝐸𝑣 ― 𝐸𝑔                                                                                                                                                          (3)

5 The potentials of both the conduction and valence band positions relative to the water redox 

6 potential were constructed and illustrated in Fig. 7b. The valence band potentials of all the thin 

7 films at pH 12.8 are above 1.98 V vs. RHE (corresponding to 1.23 V vs. RHE at pH 0), while 

8 the conduction band potentials are above 0.75 V vs. RHE (corresponding to 0 V vs. RHE at pH 

9 0).58 Therefore, the CuBi2O4 thin films demonstrate the capability to perform the hydrogen 

10 evolution reaction under a pH of 12.8. Additionally, the band edge positions differ by only 10 

11 mV, which is within the range of experimental error and would not significantly affect the 

12 overall band structure. The ultraviolet photoelectron spectroscopic (UPS) analysis using a He 

13 (I) laser (hv = 21.22 eV) as the incident light was utilized to determine the work functions of 

14 the CuBi2O4 thin films. As illustrated in Fig. S7, the work functions for samples 0 g-urea-6C-

15 9mM and 0.15 g-urea-6C-9mM are 5.03 eV and 5.21 eV, respectively. Therefore, the energy 

16 required to extract electrons from the materials differs by a maximum of 0.2 eV, which is quite 

17 similar and might not be enough to affect the PEC water splitting performance.

18

19
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20 Fig. 7 Mott-Schottky plots (a) and (b) the estimated band structures of the CuBi2O4 thin films.

21

22
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1 Table 1 Band edge potential position, Mott-Schottky slope value, and corresponding hole 

2 densities.

Thin film

Conduction 

band potential

(V vs. RHE)

Valence band 

potential

(V vs. RHE)

the value of 

the slope
NA (cm-3)

0 g-urea-6C-9mM -0.47 1.41 -3.18E10 5.54E19

0.1 g-urea-6C-

9mM

-0.48 1.41 -5.94E10 2.97E19

0.15 g-urea-6C-

9mM

-0.47 1.40 -3.57E10 4.94E19

0.2 g-urea-6C-

9mM

-0.46 1.40 -3.46E10 5.09E19

3

4 The J-V and Nyquist plots are displayed in Fig. 8, which were obtained from linear 

5 sweeping voltammetry (LSV) and frequency response analyser (FRA) impedance 

6 potentiostatic mode, respectively, for the investigation of the PEC performance of the CuBi2O4 

7 thin films. In Fig. 8a, sample 0 g-urea-6C-9mM exhibits the highest photocurrent density of -

8 0.94 mA/cm2 at 0.52 V vs. RHE, whilst the photocurrent density was further improved after 

9 the introduction of urea during the electrodeposition process, reaching -1.04 and -1.44 mA/cm2 

10 for the 0.1 and 0.15 g urea samples, which is higher than previously published values (Table 

11 S2). Further increasing the amount of urea to 0.2 g led to a decreased photocurrent density of -

12 0.99 mA/cm2, which is still greater than that of sample 0 g-urea-6C-9mM. Therefore, the 

13 charge separation and transfer efficiencies have been improved. The Nyquist spectra (Fig. 8b) 

14 fitted via the following equivalent circuit inserted in the Fig. 8b are applied to investigate the 

15 charge-transfer resistance of the CuBi2O4 thin films. Rs represents the intercept of the 

16 semicircle with the real axis (Re(Z)) at low frequency, indicating the resistance of the 

17 electrolyte solution and any inherent resistance of the setup. The diameter of the semicircle in 

18 the Nyquist plot is utilized to determine the charge transfer resistance (Rct) at the interface of 

19 the CuBi2O4 thin film and FTO glass. The double-layer capacitance (Cdl) represents the 

20 capacitive behaviour at the interface, while the Warburg impedance (W) indicates the influence 

21 of the diffusion processes on the impedance response in combination with the double-layer 

22 capacitance. According to Fig. 8b and Table 2, sample 0.15 g-urea-6C-9mM, which exhibits 

23 the smallest semicircle diameter, has the lowest charge transfer resistances (Rct) with a value 
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1 of 2430 Ω. This is followed by sample 0.2 g-urea-6C-9mM (Rct = 3193 Ω), and sample 0.1 g-

2 urea-6C-9mM (Rct = 4169 Ω), whilst the urea-free reference CuBi2O4 thin film exhibits the 

3 highest charge transfer resistance of 5441 Ω. Therefore, the charge transfer efficiencies of the 

4 CuBi2O4 thin films are ranked as follows: 0.15 g-urea-6C-9mM > 0.2 g-urea-6C-9mM > 0.1 g-

5 urea-6C-9mM > 0 g-urea-6C-9mM under the bias of 0.52 V vs. RHE. The Cdl values, however, 

6 exhibit an opposite trend, with the 0.15 g-urea-6C-9mM thin film showing the highest Cdl value. 

7 This implies a larger area for charge separation, potentially enhancing the PEC performance. 

8 The observed decrease in charge transfer resistance, coupled with the increased Cdl, indicates 

9 an improved efficiency in utilizing photogenerated charges for these thin films.

10

11
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12 Fig. 8 (a) Photocurrent density-potential vs. RHE or Ag/AgCl (J-V) plots under chopped 

13 illumination condition, (b) ESI Nyquist plots obtained at -0.45 V vs. Ag/AgCl under one sun 

14 simulated light illumination.

15

16 Table 2 parameters: Rs, Rct, Cdl, and W obtained from the fitted Nyquist plots of the CuBi2O4 

17 thin films. 

0 g-urea-6C-9mM 0.1 g-urea-6C-

9mM

0.15 g-urea-6C-

9mM

0.2 g-urea-6C-

9mM

Rs 26.22 Ω 23.06 Ω 20.75 Ω 25.31 Ω

Rct 5441 Ω 4169 Ω 2430 Ω 3193 Ω

Cdl 15.26 µF 16.58 µF 18.29 µF 15.25 µF
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W 14593 Ω∙s-0.5 9099 Ω∙s-0.5 3925 Ω∙s-0.5 6932 Ω∙s-0.5

1

2 The stability of the CuBi2O4 thin films has been investigated using I-t curves measured 

3 through chronoamperometry under continuous solar light illumination for 2 h at 0.52 V vs. 

4 RHE. Thin film 0.15 g-urea-6C-9mM, which exhibits the highest photocurrent density, was 

5 used to investigate the stability performance in comparison to thin film 0 g-urea-6C-9mM. As 

6 shown in Fig. S8, both thin films showed poor PEC stabilities. Specifically, initial sharp drops 

7 in photocurrent density were observed within approximately 10 seconds. After 100 seconds of 

8 continuous illumination, both films reached their steady-state photocurrents, with sample 0.15 

9 g-urea-6C-9mM exhibiting approximately -0.27 mA/cm2, which is about 42% higher than the 

10 reference (-0.19 mA/cm2). 

11 The variations in PEC performance (photocurrent density and photostability) of the 

12 CuBi2O4 thin films can be primarily attributed to the urea-induced morphological differences. 

13 Examination of the charge-time curves (Fig. S9) recorded during electrodeposition reveals that 

14 the presence of urea slows the deposition process under the same applied charges. This effect 

15 arises from the coordination of urea with Cu2+ and Bi3+ ions, which stabilizes them in solution 

16 and maintains a steady concentration of electroactive species.59,60 This behavior further 

17 supports the sustained-supersaturation condition proposed earlier, which governs both the 

18 nucleation rate and subsequent particle aggregation. Under the influence of urea, the resulting 

19 more continuous particle networks and slightly increased film thickness provide more efficient 

20 charge-transport pathways and reduce recombination at interparticle boundaries, accounting 

21 for the higher photocurrent densities of the urea-assisted thin films. Moreover, the improved 

22 structural coherence and uniformity help to moderate photocorrosion, explaining the modest 

23 enhancement in stability compared to the referent thin film (0 g-urea-6C-9mM).

24 Based on above analyses, a possible charge separation and transfer mechanism has been 

25 proposed to explain the improved PEC water splitting performance. As illustrated in Fig. 9, 

26 under solar light illumination, the CuBi2O4 thin film generates photocarriers after absorbing 

27 light with energy greater than its band gap. A built-in electric field separates the photo-

28 generated electrons and holes. Ideally, the electrons will transfer to the surface of the CuBi2O4 

29 thin film to participate in the reduction reaction Eqn (4):61

30 4H2O + 4e-→2H2 + 4-OH                                                                                                             (4)

31 Meanwhile, the Pt counter electrode serves as the site for the oxidation reaction Eqn (5):61
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1 4-OH→O2 + 2H2O + 4e-                                                                                                                  (5)

2 The generated electrons at the counter electrode flow through the external circuit back to the 

3 CuBi2O4 thin film, completing the electrical circuit. However, an undesirable photocorrosion 

4 reaction occurs within the CuBi2O4 thin film due to the insufficiently anodic valence band 

5 potential of the synthesized CuBi2O4 photocathode (1.4 V vs. RHE at pH 12.8). This 

6 thermodynamic limitation prevents the efficient oxygen evolution reaction (OER), leading to 

7 the photogenerated holes oxidizing the CuBi2O4 lattice and degrading the Cu-O-Bi framework 

8 into CuO and Bi2O3 rather than driving water oxidation (1.98 V vs. RHE at pH 12.8).62-64 

9 Furthermore, in an alkaline electrolyte, Bi3+ within the CuBi2O4 lattice reacts with hydroxide 

10 ions to form soluble hydroxo complexes,62 leading to the bismuth leaching effect and structural 

11 destabilization. Simultaneously, Cu+ species undergo the following disproportionation Eqn 

12 (6):63

13 2Cu+→Cu2+ + Cu0                                                                                                                                              (6)

14 where the resulting Cu2+ species react with hydroxide ions to form hydroxy complexes,63 which 

15 further accelerates the lattice degradation. The residual photocurrent remains due to the 

16 presence of surviving CuBi2O4 domains and the photoactivity of the secondary phases.

17

18 Fig. 9 Schematic illustration of the electronic transfer under the possible mechanism.

19

20
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1 Conclusions

2 This work successfully developed a CuBi2O4 photocathode with an interconnected nanoparticle 

3 textured morphology for PEC water splitting. AFM characterization showed that the CuBi2O4 

4 thin film prepared with 0.15 g urea per 100 mL of EG exhibited the lowest surface roughness 

5 and best uniformity compared with thin films prepared with other urea concentrations. XPS 

6 analyses revealed that the element composition and chemical states, as well as the electronic 

7 band structures observed through electrochemical characterization, remained largely 

8 unchanged. This indicated that the variations of urea in the EG electrolyte primarily contributed 

9 to the physical differences, such as crystallite size, uniformity and thickness, rather than 

10 affecting the chemical performance. Durability tests demonstrated that, after 100 seconds of 

11 continuous illumination, the 0.15 g-urea-6C-9mM CuBi2O4 thin film stabilized at 

12 approximately -0.27 mA/cm2, while the 0 g-urea-6C-9mM CuBi2O4 thin film stabilized at -

13 0.19 mA/cm2. This represents a 42% enhancement in stability for the 0.15 g-urea-6C-9mM 

14 CuBi2O4 thin film, which is attributed to its more uniform morphology. These fundings 

15 underscore the introduction of urea into the EG electrolyte enhances the uniformity and 

16 performance of CuBi2O4 thin film, thereby improving their effectiveness in PEC water splitting 

17 applications.
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