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Abstract: We present a polymer-assisted spin coating process used to fabricate high-density 
p-type CuBi2O4 (CBO) thin films. Polyvinylpyrrolidone (PVP) is introduced in the precursor 
solutions in order to promote uniform nucleation of CBO and prevent formation of the 
secondary phase, such as Bi2O3, by Bi3+ ion hydrolysis. Slow PVP molecule decomposition 
during the two-step annealing process, with a 1 M/0.5 M (Bi3+/Cu2+) metal ion concentration, 
enables optimum contact at the CBO/substrate interface by avoiding formation of voids. This 
resulted in the formation of non-porous, compact CBO thin films. The highest current density 
of the photoelectrochemical (PEC) oxygen reduction reaction is obtained with non-porous, 
compact CBO thin films due to unimpeded charge transport through the CBO bulk, as well as 
across the interface. When combined with silicon, the high-density CBO thin film 
investigated in this work is expected to provide new PEC tandem cell options to use for solar 
applications. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 
The oxides of Cu and its alloys are attractive p-type semiconductors for solar-driven chemical 
production via the hydrogen evolution reaction (HER) and CO2 reduction reaction (CO2RR) 
[1]. Among them, CuBi2O4 (CBO) has drawn attention due to the suitability of its optical 
properties and energy band structures for solar-driven chemical reactions. It has a direct band 
gap of 1.6–1.8 eV that corresponds to visible light in the solar spectrum and also has a high 
absorption coefficient of 104 to 105 cm−1 for wavelengths shorter than 650 nm [2]. In addition, 
CBO has sufficiently large driving force for HER; its conduction band edge position is more 
negative than the thermodynamic redox potential of HER. It has onset potential > 1 V versus 
the reversible hydrogen electrode (RHE) for HER, while other p-type oxide semiconductors 
(such as Cu2O, CuO, and CuFeO2) show lower onset potential near 0.6–0.9 V (vs RHE) [3–
5]. The optical band gap and band edge position of CBO make it an ideal candidate for a 
photocathode of a cost-effective and highly efficient solar-driven tandem cell for chemical 
production. Recent modelling predicted that the highest photoelectrochemical (PEC) water 
splitting efficiency could be achieved from a tandem cell comprising top cells with a band 
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gap of 1.59 eV and bottom cells with a band gap of 0.92 eV with best catalysts such as Pt and 
IrOx, implying that p-CBO/n-Si tandem PEC cells could achieve ~23% solar-to-hydrogen 
efficiency [6]. Currently there is no report of monolithic tandem cell using CBO photoanode. 
Yang et al. demonstrated overall water splitting with parallel illumination tandem PEC cell 
with a CBO photocathode and a TiO2 photoanode [7]. However, a monolithic tandem PEC 
cell should be developed as it utilizes larger part of the sunlight spectrum, leading to higher 
overall efficiency [8]. 

Various synthetic processes including electrodeposition [9–12], hydrothermal [13], and 
sol-gel synthesis [2,14–17], have been used to form CBO films for the PEC water splitting 
reaction. However, previously reported CBO films often exhibit non-uniform, nanoporous 
morphology, which can result in reduced PEC performance. For example, the porous 
structure of CBO films can expose the underlying substrates to the electrolyte, which leads to 
reduction of the photovoltage and increase of the dark current. This can be further aggravated 
if the CBO surface is modified by co-catalysts. Increasing the thickness of nanoporous films 
can minimize exposure of the substrate to the electrolyte; however, it could inversely lower 
the photocurrent due to limited charge transport [18]. Although Wang et al. recently 
demonstrated that thin, dense CBO film could be fabricated by spray pyrolysis, the slow 
deposition rate when using spray pyrolysis (~2.3 nm min−1) does not seem suitable for large-
scale film fabrication [19]. Therefore, strong demand exists for a simple, fast synthetic 
process to form thin non-porous CBO films for large-scale PEC applications. 

Herein, a facile spin coating process is presented by which to produce large-scale, thin, 
dense CBO films for PEC energy conversion. We demonstrate that the addition of 
polyvinylpyrrolidone (PVP) in the CBO precursor solutions is the key to forming non-porous, 
compact CBO films on fluorine-doped tin oxide (FTO)-coated glass substrates by spin 
coating. PVP additives have high viscosity and facilitate uniform distribution of the metal 
ions through PVP-metal ion interactions in a precursor film. This enables deposition of ~130 
nm-thick, non-porous CBO films on FTO substrates with high temperature annealing. 
Improved optical and PEC properties of the CBO films were achieved with optimum metal 
ion concentrations in the precursor solutions, as well as by introducing two-step annealing 
processes. This highlights the importance of the homogeneous microstructure and dense 
morphology of the CBO films synthesized on FTO substrates. 

2. Experiments 
2.1 Fabrication of CuBi2O4 thin films 

All chemicals were used as purchased without further purification. Precursor solutions for 
spin coating were prepared by dissolving Bi(NO3)3⋅5H2O (Sigma Aldrich, 99.99%) and 
Cu(NO3)2⋅2.5H2O (Sigma Aldrich, 99.99%) in a 2:1 molar ratio, and 0.024 M of PVP (Sigma 
Aldrich, average molecular weight (MW) = 10,000), sequentially into 5 mL of 
dimethylformamide (DMF, Merck, 99.8%) with sonication and vigorous vortexing. FTO-
coated glasses (2 × 2 cm2, 7 Ω cm−1, Wooyang CMS Co.) or quartz (University Wafer Inc., 
USA) were used after cleaning in methanol, acetone, and isopropyl alcohol with sonication 
for 15 min in each solution. A portion of the CBO precursor solution (1.5 mL) was dispensed 
drop-by-drop onto a substrate rotating at 3000 rpm, which was followed by additional 
spinning for 30 s. The spin-coated CBO precursor films were then calcined using a two-step 
annealing process: annealing at 200 °C for 2 h, followed by annealing at 500 °C for 2 h in air. 
The temperature was ramped up at a rate of 5 °C min−1. For comparison, one-step annealing 
at 500 °C for 2 h with the same ramp up rate was also carried out. 

2.2 Physical and PEC characterization of CBO thin films 

The morphology of CBO films was characterized by environmental scanning electron 
microscopy (ESEM, FEI Co., Quanta FEG 650) without additional coating. Crystal structures 

                                                                                                    Vol. 27, No. 4 | 18 Feb 2019 | OPTICS EXPRESS A172 



of the CBO films were characterized by X-ray diffraction (XRD, RIGAKU, Ultima IV) with 
reference to the Joint Committee on Powder Diffraction Standards (JCPDS# 48-1886, # 46-
1088, and # 27-0050 for CuBi2O4, SnO2, and Bi2O3, respectively). The band gap of the CBO 
films was derived from the absorption spectra of the CBO films coated on quartz using a UV-
Vis spectrometer (Perkin Elmer, Lambda 1050) equipped with an integrating sphere. The 
functional groups on PVP at the film surface were analyzed with a Fourier transform infrared 
spectrometer (FT-IR, ThermoFisher Sci., Nicolet 6700) and a Raman spectroscope 
(Nanobase, XperRam compact) with 532 nm diode-pumped laser. 

CBO photoelectrodes for PEC measurements were prepared as described in the literature 
[20–23]. The edges of CBO films on FTO substrates were scribed to expose the underlying 
FTO and a Cu wire was connected to the exposed FTO surface using silver paste. The area of 
the photoelectrodes was defined by isolating the electrode surface with an epoxy resin 
(Loctite 9460). A 300 W Xenon lamp (Oriel Instrument, Model 6258) with AM 1.5 G and 
water infrared filters (Newport, Liquid filter 1.5 IN ALUM body model 61945) was used to 
simulate one-sun illumination. The light intensity was calibrated to AM 1.5G (100 mW cm−2) 
with a certified reference Si solar cell (Oriel Instrument, 91150V). All PEC measurements 
were conducted using a 3-electrode setup on a potentiostat (Bio-Logic, SP-150). A Pt coil and 
Ag/AgCl electrode (saturated) were used for the counter and reference electrode, respectively. 
All liner sweep voltammetry measurements were carried out at a scan rate of 20 mV s−1 
without stirring the electrolyte. The PEC oxygen reduction reaction (ORR) was chosen as a 
model PEC reaction due to the stable nature of CBO during ORR in alkaline solutions. 
Oxygen (99.995%) was bubbled through NaOH (0.1 M, pH 12.8; Sigma Aldrich, ≥ 98%) for 
ORR. Chronoamperometry shows that our CBO films were stable for more than 10 minutes at 
0.4 V vs RHE in O2 saturated 0.1 M NaOH under AM 1.5G illumination (Fig. 6 in 
Appendix). Electrochemical impedance spectroscopy (EIS) was performed under AM 1.5G 
illumination with a bias of 0.147 V vs Ag/AgCl while the frequency was swept from 106 to 1 
Hz with 10 mV AC amplitude. 

3. Results and discussion 

3.1 Preparation of CuBi2O4 film using spin coating 

Figures 1(a)–1(d) shows SEM images of CBO films on FTO substrates, with and without 
PVP additives in the precursor solutions, after their formation by the two-step annealing 
process. The CBO precursor solutions contained 1 M Bi(NO3)3⋅5H2O and 0.5 M 
Cu(NO3)2⋅2.5H2O in DMF. When the PVP additives were not present in the precursor 
solution, islands of CBO particles formed and the underlying FTO substrate was exposed 
(Fig. 1(a)). Spin coating without PVP additives resulted in the deposition of non-uniform 
CBO films with uncontrollable thickness, which could be aggravated on a rough substrate 
such as FTO. The addition of 0.024 M PVP (average MW of 10,000) in the CBO precursor 
solution dramatically changes the morphology of CBO films and non-porous CBO films, as 
shown in Fig. 1(c). The typical average grain size of the CBO film is about 140 nm. In 
addition, uniformly ~130 nm-thick, smooth CBO film was formed even on a rough FTO 
substrate without exposure of the FTO surface, as presented in Fig. 1(d). 
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Table 1. Resistances obtained from the EIS analysis of CBO photocathodes with different 
annealing profiles. 

Annealing profile Rs (Ω cm2) RFTO-CBO (Ω cm2) RCBO-El (Ω cm2) 
200 °C 2 h and 500 °C 2 h 46.15 390.71 4.34 × 104 

500 °C 2 h 48.01 1098.02 1.14 × 105 
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