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ABSTRACT 

We report a new p-type Cu3Nb2O8 as a thin film photocathode, which was fabricated 

through spin-coating by a metal organic decomposition method. The p-type Cu3Nb2O8 

photocathode exhibited a strong cathodic photocurrent, and the incident photon-to-current 

conversion efficiency plot confirmed that the p-type Cu3Nb2O8 photocathode has the ability to 

utilize the visible light ( < ca. 480 nm). Furthermore, we demonstrated photoelectrochemical 

reduction of carbon dioxide with the primary product being carbon monoxide by utilizing the p-

type Cu3Nb2O8 photocathode under AM 1.5 G solar light irradiation. From the results of Mott-

Schottky analysis, UV-vis measurement and ultraviolet photoemission spectroscopy, the 

conduction band potential of p-type Cu3Nb2O8 was estimated to be –1.21 V versus a normal 

hydrogen electrode (NHE) at pH= 7 with its conduction band edge located at a more negative 

potential than the reduction potential of carbon dioxide to carbon monoxide. Although the 

cathodic photocurrent of the p-type Cu3Nb2O8 photocathode gradually decayed with time, it 

recovered upon thermal annealing in air. This behavior suggests that the photocurrent response 

of the p-type Cu3Nb2O8 photocathode is intimately related to variation of the valence state of 

copper ions. In this paper, the photoelectrochemical properties of the p-type Cu3Nb2O8 

photocathode are described in conjunction with optical, electrical and structural properties, and 

characteristics of the p-type Cu3Nb2O8 photocathode for the photoclectrochemical reduction of 

carbon dioxide are discussed. 
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1. INTRODUCTION  

     The challenge of reducing carbon dioxide (CO2) to chemical fuels has attracted considerable 

attention due to its potential for addressing the issues of depletion of fossil fuel and global 

warming [1-3]. Photoelectrochemical reduction utilizing a semiconductor photocathode is a 

promising approach for reducing CO2 because it can proceed with a low electrical bias potential 

in contrast to electrochemical reduction due to a part or all of the energy being supplied by 

incident light. Photoelectrochemical reduction of CO2 was first reported in 1978 by Halmann, 

who carried out a study in which CO2 dissolved in an aqueous solution was converted to formic 

acid, formaldehyde and methanol by utilizing a p-type GaP photocathode under mercury lamp 

irradiation [4]. Inoue et al. investigated the use of several semiconductor powders in CO2-

saturated water under xenon lamp illumination, and they proposed that conversion processes of 

CO2 to formic acid, formaldehyde and methanol were multi-electron reductions coupled with 

protons in an aqueous solution [5]. Based on these breakthroughs, most of the works on 

photoelectrochemical reduction of CO2 have focused on proton-coupled multi-electron reduction 

utilizing p-type III-V and II-VI semiconductor photocathodes (e.g., InP and GaAs) [6,7]. 

Although p-type III-V and II-VI semiconductors exhibit remarkable photocurrent responses for 

reducing CO2, they are unstable under light illumination and need excessively high overpotential 

for the reduction of CO2 [8-10].      

Recently, research in this field has resulted in the design and development of a new class of 

photocathodes utilizing metal-oxide, oxynitride and sulfide semiconductors [11-13]. Metal-oxide 

semiconductors have attracted much attention as promising candidates of a photocathode for 

photoelectrochemical reduction of CO2 because of their superior corrosion resistance. Metal-

oxide semiconductors are typically classified into two categories, n-type semiconductors and p-



 4 

type semiconductors, depending on whether the majority carriers are electrons or holes, 

respectively. To utilize a photocathode for photoelectrochemical reduction of CO2, a p-type 

semiconducting metal oxide is essential. A p-type semiconducting metal oxide acts as a 

photocathode because photo-excited electrons created in the conduction band (CB) by irradiation 

of incident light are more energetic than the band gap, while an n-type semiconductor acts as a 

photoanode as holes are created in the valence band (VB) by irradiation of incident light.
14

 To 

date, much effort has been devoted to exploring p-type semiconducting metal oxides functioning 

as photocathodes for photoelectrochemical reduction of CO2; however, that reports have been 

limited to CuO, Cu2O, Co3O4, CaFe2O4, and CuFeO2 [15-18]. Therefore, we focused on the 

development of a new p-type metal-oxide semiconductor for photoelectrochemical reduction of 

CO2.  

After examining a number of p-type semiconducting metal oxides, we successfully 

developed a new p-type Cu3Nb2O8 photocathode that was fabricated through spin coating by a 

metal organic decomposition method. The Cu3Nb2O8 photocathode exhibited a strong cathodic 

photocurrent with irradiation of AM 1.5 G solar-simulated light, leading to photoelectrochemical 

reduction of CO2 with the primary product being carbon monoxide (CO). As far as we know, 

there has been no report on photoelectrochemical characteristics of the p-type Cu3Nb2O8 and its 

photoelectrochemical reduction of CO2. In this paper, we present the photoelectrochemical 

properties of the p-type Cu3Nb2O8 photocathode in conjunction with optical, electrical and 

structural properties, and we discuss its photoclectrochemical reduction of CO2. 
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2. EXPERIMENTAL SECTION 

2.1. Fabrication  

Three different series of samples were fabricated. One series was fabricated onto a metal Ti 

substrate by the spin coating method for analysis of linear sweep voltammetry and 

chronoamperometry measurements. The metal Ti substrate (15 mm×40 mm, thickness: 0.1 mm, 

Nilaco. Co.) was ultrasonically cleaned in ethanol and acetone each for 1 hour. Then 0.4 M CuO 

precursor solution (SYM-Cu04, Kojundo Chemical lab. Co.) and 0.5 M NbO2.5 precursor 

solution (SYM-Nb05, Kojundo Chemical lab. Co.) as starting reagents were weighed precisely to 

molar ratios of Cu : Nb = 1.5 : 1.0 and mixed thoroughly. The mixture was then deposited on the 

metal Ti substrate and accelerated rapidly in air. The spin speed was 1000 revolutions per minute 

and spin time was 30 seconds. The prepared thin film of the mixture on the metal Ti substrate 

was calcined at 873 K for 2 h in air. It should be noted that I-V characteristics confirmed ohmic 

contact between Cu3Nb2O8 and the calcined Ti substrate (Figure S1, Supporting information). 

The second series was fabricated on a quartz substrate by the spin coating method for analysis of 

UV-vis measurements. The quartz substrate (25 mm × 25 mm, thickness: 1 mm) was 

ultrasonically cleaned in acetone and ethanol each for 1 hour. The precursor solutions mentioned 

above were deposited on the quartz substrate and then accelerated rapidly in air. The spin speed 

was 1000 revolutions per minute and spin time was 30 seconds. The prepared thin film of the 

mixture on the quartz substrate was calcined at 873 K for 2 h in air. The third series was 

fabricated on a quartz substrate on which platinum was deposited at ca. 500 nm by magnetron 

sputtering (SC-701HMCII, Sanyu Electron Co.) for Mott-schottky analysis. The precursor 

solutions were deposited on the Pt/quartz substrate and then accelerated rapidly in air. The spin 

speed was 1000 revolutions per minute and spin time was 30 seconds. The prepared thin film of 
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the mixture on the quartz substrate was calcined at 873 K for 2 h in air. Spin coating was carried 

out 10 times for Mott-Schottky analysis. 

 

2.2. Characterization 

The crystalline phase of Cu3Nb2O8 was characterized by using a powder X-ray diffraction 

(XRD) instrument (MiniFlex II, Rigaku Co.) with CuKα (=1.5418 Å) radiation (cathode 

voltage: 30 kV, current: 15 mA). The absorption spectrum was acquired at room temperature 

with a UV/VIS spectrometer (UV-2600, Shimadzu Co.). Mott-schottky analysis was carried out 

by using an electrochemical analyzer (604D, ALS Co.) with a Cu3Nb2O8 electrode, platinum 

electrode, Ag/AgCl electrode and non-CO2 bubbled 0.5 M NaHCO3 solution (pH=8.6) used as a 

working electrode, counter electrode, reference electrode and electrolyte, respectively. X-ray 

photoelectron spectroscopy (XPS) measurements were also performed using a Kratos AXIS 

Nova spectrometer (Shimazu Co.) with a monochromatic Al Kα X-ray source. The binding 

energy was calibrated by taking the carbon (C) 1s peak of contaminant carbon as a reference at 

248.7 eV. 

 

2.3. Photoelectrochemical measurements 

Linear sweep voltammetry and chronoamperometry measurements were carried out by 

using an automatic polarization system (HSV-100, Hokuto Denko Co.) with a three–electrode 

system, in which a Cu3Nb2O8 electrode, a glassy carbon electrode and a silver-silver chloride 

(Ag/AgCl) electrode were used as a working electrode, counter electrode and reference 

electrode, respectively. The electrolyte used was 0.5 M NaHCO3 solution, which was bubbled 

with CO2 gas for 30 minutes to remove dissolved air. The pH of 0.5 M NaHCO3 solution after 
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bubbling with CO2 gas for 30 minutes was pH=7.3. It should be noted that the CO2 gas 

continuously flowed into the reactor during the linear sweep. The light source used was a solar-

simulated system (PEC-L15, Peccell Tech. Inc.). The light intensity of the solar-simulated light 

was determined by utilizing a thermopile power meter (ORION-TH), and the intensity was 100 

mW/cm
2
. Incident photon to current efficiency (IPCE) measurement was carried out by using an 

automatic polarization system (HSV-100, Hokuto Denko Co.) and light-emitting diodes as the 

light source peaking at 365 nm, 415 nm, 455 nm, 470 nm, 505 nm, 530 nm and 720 nm (light 

intensity: 1.0 mW/cm
2
). The IPCE at each irradiation wavelength was calculated by the 

following equation: 

        
                

              
     , 

where J is photocurrent density of the Cu3Nb2O8 electrode,  is irradiation wavelength of the 

light-emitting diodes and  is irradiation intensity of the light-emitting diodes. 

 

2.4. Evaluation of reduction products  

    Photoelectrochemical reduction of CO2 to CO over the Cu3Nb2O8 electrode was carried out by 

using an automatic polarization system (HSV-100, Hokuto Denko Co.) with a three–electrode 

photoelectrochemical cell system in which the Cu3Nb2O8 electrode, glassy carbon electrode and 

silver-silver chloride (Ag/AgCl) electrode were used as a working electrode, counter electrode 

and reference electrode, respectively. After CO2 bubbling for 30 min, the cell was sealed and 

irradiated by AM 1.5 G solar-simulated light for 20 min. The gaseous CO2 reduction products, 

including CO and CH4, were detected by gas chromatography (490 Micro GC, Agilent 

Technology Co.). The liquid CO2 reduction product, formic acid (HCOOH), was detected by 
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using  single-channel ion  chromatography (ICS900, Thermo Fisher Scientific Inc.), and other 

products including methanol (CH3OH), ethanol (C2H5OH), and formaldehyde (HCOH) were 

detected by gas chromatography (G-3500, Hitachi Co.) with a DB-WAXetr column (122-7332, 

Agilent Co.).  

 

3. RESULTS AND DISCUSSION 

Figure 1(a) shows the XRD pattern of Cu3Nb2O8. The XRD pattern corresponded to the 

powder diffraction file for the triclinic phase of Cu3Nb2O8 (JCPDS 00-033-0476), indicating that 

Cu3Nb2O8 polycrystalline can be synthesized. The thickness of the Cu3Nb2O8 polycrystalline 

layer was estimated from a cross-section SEM image to be approximately 145 nm (Figure S2, 

Supporting information). Figure 1(b) shows the UV-Vis spectrum of the Cu3Nb2O8 in the photon 

energy range between 1 eV and 6 eV. As shown in the inset picture, the obtained Cu3Nb2O8 on 

the quartz glass was a dark yellow color. The band gap was found by extrapolation of the 

absorption band edge, and it was estimated to be 2.5 eV.  

To clarify the flat band potential (Efb) of Cu3Nb2O8, Mott–Schottky analysis was carried out 

by using an alternating current (AC) electrochemical impedance method at 0.5 kHz, 1 kHz and 2 

kHz with AC 5 mV of amplitude in a non-CO2 bubbled 0.5 M NaHCO3 solution (pH=8.6), and 

the resulting Mott–Schottky plots are shown in Fig. 2(a). Negative slopes were observed at all 

AC frequencies, suggesting that Cu3Nb2O8 behaves as a p-type semiconductor. In the case of p-

type semiconductors, Efb is generally located near the VB, and it can be estimated from the 

intersection of a plot of 1/C
2
 against E by the following equation [19]: 
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 where C is capacitance, e is the electron charge,  is the dielectric constant,  is 

permittivity of vacuum, N is an acceptor density, E is the electrode potential, Efb is the flat band 

potential, k is the Boltzmann constant, and T is temperature. As shown in Fig. 2(a), the x-axis 

intersection was E = +1.05 V versus Ag/AgCl (pH=8.6) for all frequencies (0.5 kHz, 1 kHz and 2 

kHz) and can be used to determine Efb from the above equation E = Efb – kT/e. This calculation 

showed that Efb was approximately +1.11 V versus Ag/AgCl (pH= 7) by correcting the solution 

pH using the relation E = E0 – 0.059V(pH). This result indicated that the VB potential and CB 

potential of p-type Cu3Nb2O8 are approximately +1.31 V and –1.21 V versus a normal hydrogen 

electrode (NHE) at pH= 7, respectively. Figure 2(b) shows the band potential diagram for p-type 

Cu3Nb2O8, together with the thermodynamic potentials for CO2 reduction to various reduction 

products versus NHE at pH= 7. As shown in this figure, the CB potential of the p-type Cu3Nb2O8 

was higher than the redox potential of CO2, suggesting that photoelectrochemical reduction of 

CO2 is possible by utilizing the p-type Cu3Nb2O8 photocathode.      

Figure 3(a) shows linear sweep voltammetry of the p-type Cu3Nb2O8 photocathode in 0.5 M 

NaHCO3 solution bubbled with CO2 gas with irradiation of AM 1.5 G solar-simulated light. The 

p-type Cu3Nb2O8 photocathode exhibited a cathodic photocurrent in response to irradiation of 

solar light, and the cathodic photocurrent density reached –0.18 mA/cm
2
 at –0.30 V applied 

potential versus Ag/AgCl. As shown in the inset figure, the onset potential of the p-type 

Cu3Nb2O8 photocathode was estimated to be approximately +0.25 V versus Ag/AgCl (pH=7.3).  

The onset potential is generally close to Efb; however, the p-type Cu3Nb2O8 photocathode 

showed that the potential difference between onset potential and Efb was ca. –1 V. This large 

discrepancy between onset potential and Efb is thought to be caused mainly by slow kinetics for 

proton-coupled multi-electron reduction of CO2 that results in electron accumulation on the 
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surface of the p-type Cu3Nb2O8 photocathode, and then subsequent surface recombination occurs 

until sufficient applied potential is achieved for an appreciable charge transfer across the p-type 

Cu3Nb2O8/NaHCO3 electrolyte junction, similar to -Fe2O3 and p-type GaP [20-23]. Thus, in the 

case of the Cu3Nb2O8 photocathode, efficient electron-hole separation and charge transfer should 

only require applied potential from +0.25 V versus Ag/AgCl toward negative potential. Figure 

3(b) shows the time dependence of a cathodic photocurrent of the p-type Cu3Nb2O8 

photocathode in 0.5 M NaHCO3 solution bubbled with CO2 gas at –0.20 V applied potential 

versus Ag/AgCl. When AM 1.5 G solar-simulated light was irradiated to the p-type Cu3Nb2O8 

photocathode, the cathodic photocurrent rapidly increased and then gradually decreased with 

time. After 20 minutes, the photocurrent was decreased to approximately 98% of that in the 

initial state. However, the XRD pattern of the p-type Cu3Nb2O8 photocathode barely changed 

after the chronoamperometry measurement (Figure S3, Supporting information). This result 

implies that photocorrosion or reduction of the p-type Cu3Nb2O8 photocathode itself might 

occur, as will be discussed later in detail. To clarify the irradiation wavelength dependence of a 

cathodic photocurrent in the p-type Cu3Nb2O8 photocathode, the action spectrum was acquired 

by determining the IPCE at –0.3 V versus Ag/AgCl. Figure 4 shows the IPCE action spectrum of 

the p-type Cu3Nb2O8 photocathode in 0.5 M NaHCO3 solution bubbled with CO2 gas, together 

with its absorption spectrum. The IPCE action spectrum was consistent with the absorption 

spectrum, and each IPCE was approximately 1.4%, 4.3%, and 6.7% with an irradiation 

wavelength at 505 nm, 415 nm, and 365 nm, respectively. These results indicate that the p-type 

Cu3Nb2O8 photocathode responds to visible-light irradiation (also sunlight illumination), leading 

to electron-hole generation and charge transfer in the Cu3Nb2O8 / NaHCO3 electrolyte junction to 

drive CO2 reduction.  
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Photoelectrochemical reduction of CO2 to CO over the p-type Cu3Nb2O8 photocathode was 

measured at different applied potentials ranging between 0 V and –0.4 V versus Ag/AgCl, and 

the results are shown in Fig. 5. It should be noted that AM 1.5 G solar-simulated light was 

irradiated for 20 minutes, based on the results of the chronoamperometry measurement (refer to 

Fig.3(b)). As seen in this figure, CO evolution increased with an increase in the applied potential, 

the tendency of which corresponded to the results of the photocurrent response of the p-type 

Cu3Nb2O8 photocathode with applied potential (refer to Fig. 3(a)), suggesting that a cathodic 

photocurrent arose from the photoelectrochemical reduction of CO2 to CO. The thermodynamic 

potential for photoelectrochemical reduction of CO2 to CO in the presence of protons is generally 

explained by the following equation:  

                                               

Here, the conduction potential of the p-type Cu3Nb2O8 photocathode was estimated to be –

1.21 V versus NHE at pH=7, and photoelectrochemical reduction of CO2 to CO over the p-type 

Cu3Nb2O8 photocathode was therefore reasonable. However, the calculated faradic efficiency for 

CO evolution was approximately 9% at –0.20 V applied potential versus Ag/AgCl, indicating 

that most of the cathodic photocurrent of the p-type Cu3Nb2O8 photocathode was consumed to 

produce other chemical products or for reduction of the electrode itself. Taking into 

consideration the fact that other chemical products, including formic acid, methane, 

formaldehyde, methanol and ethanol, were not observed from the results of gas chromatography 

and ion chromatography analysis, it is highly possible that a cathodic photocurrent leads to 

photocorrosion or reduction of the p-type Cu3Nb2O8 photocathode itself. Previously, Thimsen et 

al. and Peng et al. revealed that photocorrosion of copper oxides (Cu2O) was ascribed to 

variation of the valence state of copper from Cu (I) to Cu (0) and Cu (II) species [24,25]. To 
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investigate the valence state of copper in the p-type Cu3Nb2O8 photocathode, XPS measurement 

was done before and after chronoamperometry measurement, and the results of the Cu 2p spectra 

are shown in Fig. 6. Before chronoamperometry measurement, major peaks at 933.8 eV and 

953.8 eV were observed, and these peaks were attributed to typical values of Cu 2p3/2 and 2p1/2, 

respectively. Divalent copper Cu (II) compounds generally exhibit strong satellite peaks with 

higher binding energy sides compared with each of the copper 2p3/2 and 2p1/2 lines [26,27]. As 

clearly seen in this figure, strong satellite peaks were observed as an indication of the presence of 

Cu (II) species in the p-type Cu3Nb2O8 photocathode before chronoamperometry measurement. 

On the other hand, the peak profile of the Cu 2p XPS spectrum was clearly changed after 

chronoamperometry measurement; strong sharp peaks located at 932.4 eV and 952.2 eV were 

newly observed. These peaks were identified to be monovalent copper Cu (I) and/or metal 

copper Cu (0) [28], indicating that Cu (II) species in the p-type Cu3Nb2O8 photocathode was 

reduced to Cu (I) and/or Cu (0) species by chronoamperometry measurements, resulting in a 

decay of the cathodic photocurrent with time, as shown in Fig. 3(b). However, taking into 

consideration that the Nb 3d and O 1s XPS spectrum was not changed by chronoamperometry 

measurements (Figure S4, Supporting information), it is highly possible that Nb and O ions in 

the p-type Cu3Nb2O8 were stable. It should be emphasized that the decay of the cathodic 

photocurrent recovered when the p-type Cu3Nb2O8 photocathode was thermally annealed in air. 

Figure 7 shows the results of chronoamperometry of the p-type Cu3Nb2O8 photocathode in 0.5 M 

NaHCO3 solution bubbled with CO2 gas at –0.20 V applied potential versus Ag/AgCl measured 

up to 3 cycles. The incident light source was AM 1.5 G solar-simulated light (intensity: 100 

mW/cm
2
). In the first cycle, a cathodic photocurrent rapidly increased when incident light was 

irradiated, followed by a decrease with time due to the reduction of Cu (II) in the p-type 
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Cu3Nb2O8 photocathode, which is similar response behavior to that shown in Fig. 3(b). After this 

measurement, the p-type Cu3Nb2O8 photocathode was annealed for 10 minutes by using a hot 

plate, on which the heating temperature was kept at 873 K. In the second cycle, a similar 

chronoamperometry response was observed. The same test was repeated three times in 

succession. The decay of the cathodic photocurrent with time followed by its recovery with 

thermal annealing, as clearly shown in this figure, indicated that the valence state of copper in 

the p-type Cu3Nb2O8 photocathode recovered back from Cu (0) and Cu (I) to Cu (II) species 

(Figure S5, Supporting information). Thus, the p-type Cu3Nb2O8 photocathode exhibited a 

cathodic photocurrent with irradiation of visible light and AM 1.5 G solar-simulated light with a 

part of the cathodic photocurrent arising from the photoelectrochemical reduction of CO2 to CO 

and the other part leading to reduction of the p-type Cu3Nb2O8 photocathode itself. The reduction 

of the p-type Cu3Nb2O8 photocathode was ascribed to the variation of valence state of copper 

from Cu (II) to Cu (0) and Cu (I) species, while it was recovered by thermal annealing in air. 

Although there is no clear evidence, we speculated that the reduction of the electrode of the p-

type Cu3Nb2O8 photocathode can be prevented by a protecting layer, electron collecting layer, 

and deposition of metallic particles, similar to a Cu2O/ZnO:Al/Pt photocathode [29,30].  

 

4. CONCLUSIONS 

We successfully developed a new series of p-type Cu3Nb2O8 photocathode that could be 

fabricated through spin coating by a metal organic decomposition method. The p-type Cu3Nb2O8 

photocathode exhibited a relatively strong cathodic photocurrent with irradiation of AM 1.5 G 

solar-simulated light, and the cathodic photocurrent density reached –0.18 mA/cm
2
 at –0.30 V 

applied potential versus Ag/AgCl. Furthermore, we demonstrated photoelectrochemical 
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reduction of CO2 by utilizing the p-type Cu3Nb2O8 photocathode in an aqueous CO2-bubbled 

NaHCO3 solution (pH=7.3). The only reduction product observed was carbon monoxide with a 

calculated faradic efficiency of 9% at –0.20 V applied potential versus Ag/AgCl, and other 

chemical products including formic acid, methane, formaldehyde, methanol and ethanol were not 

observed. The XPS analysis confirmed reduction of the p-type Cu3Nb2O8 photocathode itself by 

the photoelectrochemical measurement, which was ascribed to variation of the valence state of 

copper from Cu(II) to Cu(0), Cu(I). Although we found that the reduction of the p-type 

Cu3Nb2O8 photocathode could be recovered by thermal annealing in air, other aspects such as the 

protecting layer, electron collecting layer, and deposition of metallic particles are not clear yet. 

Further research is required to improve the CO2 conversion efficiency of the p-type Cu3Nb2O8 

photocathode and understand the CO2 reduction mechanism in depth. 

 

ASSOCIATED CONTENT 
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SEM image, XRD pattern and XPS spectra of the p-type Cu3Nb2O8 photocathode before and 
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Figure 1. (a) XRD pattern of the p-type Cu3Nb2O8 photocathode together with standard PDF 

data for Cu3Nb2O8 (00-033-0476). (b) UV-Vis spectrum of p-type Cu3Nb2O8 on the quartz glass. 
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Figure 2. (a) Mott–Schottky plots at 0.5 kHz, 1 kHz and 2 kHz measured under dark conditions. 

(b) Position of the conduction band and valence band of p-type Cu3Nb2O8 photocathode together 

with the redox potential of various reduction products / CO2.  

  



 19 

  

  

Figure 3. (a) Linear sweep voltammetry of p-type Cu3Nb2O8 photocathode under “chopped” AM 

1.5 G solar-simulated light irradiation. The inset shows a reproduction of a part of the same 

figure at a finer resolution. The electrolyte is CO2-bubbled aqueous NaHCO3 solution (pH = 7.3) 

(b) Chronoamperometry of p-type Cu3Nb2O8 photocathode with applied potential at –0.2 V 

versus Ag/AgCl under AM 1.5 G solar-simulated light illumination.  
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Figure 4.  IPCE plots of p-type Cu3Nb2O8 photocathode with applied potential at –0.3 V versus 

Ag/AgCl in CO2-bubbled NaHCO3 solution, together with absorption spectrum of the p-type 

Cu3Nb2O8. 
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Figure 5. Photoelectrochemical reduction of CO2 to CO over p-type Cu3Nb2O8 photocathode at 

different applied potential ranging between 0 V and –0.4 V versus Ag/AgCl.  
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Figure 6. XPS spectra of Cu 2p of the p-type Cu3Nb2O8 photocathode obtained before and after 

chronoamperometry measurement at -0.2 V versus Ag/AgCl in CO2-bubbled NaHCO3 solution.   
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Figure 7 Chronoamperometry of p-type Cu3Nb2O8 photocathode in 0.5 M NaHCO3 bubbled 

with CO2 gas at –0.20 V applied potential versus Ag/AgCl measured up to 3 cycles. The 

annealing was carried out by using a hot plate with temperature kept at 823 K in air. 
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1. A new p-type Cu3Nb2O8 as a thin film photocathode was fabricated. 

2. P-type Cu3Nb2O8 exhibited cathodic photocurrent under solar-simulated light. 

3. Photoelectrochemical reduction of CO2 product was CO by using p-type Cu3Nb2O8. 
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