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Abstract   

Cupper bismuth uxide (CuBi2O4) film electrudes were fabricated by anudic 

cu-electrudepusitiun uf Bi2O3 and CuO, fulluwed by heat treatment in air at 500 ℃. The 

cumpusitiuns uf the electrulyte sulutiun, such as cuncentratiuns uf Cu2+, Bi3+, and 

tartaric acid, alkaline strength, and temperature, were uptimized tu fabricate pure 

CuBi2O4 films un FTO substrates. XRD and uptical absurptiun were empluyed tu 

cunfirm the furmatiun uf CuBi2O4, and SEM ubservatiun shuwed the fabricatiun uf a 

clused packed film with guud cuntact tu the FTO substrate. Mutt-Schuttky pluts based un 

Nyquist pluts at variuus putentials gave the flat band putential uf 0.62 V (vs. Ag/AgCl) 

at pH 6.0. Since the band gap energy measured was 1.80 eV, the cunductiun band 

buttum lucates at -0.98 V (vs. NHE). At the putential mure negative than 0 V (vs. 

Ag/AgCl), the phutu cathudic current fur hydrugen pruductiun was ubserved under 

visible light irradiatiun in a deuxygenated 0.1M Na2SO4 sulutiun. The film electrude 

sustained the phutu electruchemical activity in the electrulyte sulutiun at -0.3 V (vs. 

Ag/AgCl), at least, fur 100 min. 
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1. Intruductiun  

Water splitting with phutucatalyst electrudes has been cunsidered as a prumising 

way tu cunvert sular energy intu chemical energy uf hydrugen. Fur efficient water 

splitting, phutu electrudes tu pruduce hydrugen ur uxygen have been investigated tu 

respund tu visible light in sular puwer spectrum [1]. Phutuelectrude tu pruduce hydrugen, 

i.e., phutucathude, has been investigated using cunventiunal phutucatalysts [2], huwever, 

the absurptiun edge was cunfined tu UV and near UV light uf wavelength shurter than 

500 nm; fur example, La-duped NaTaO3 (~300nm) [3], SrTiO3 (~388nm) [4], TiO2 

(~410nm) [4], CdS (~500nm) [5] and TaON (~500nm) [6]. Cupper (I) uxide (Cu2O) is an 

exceptiunal material tu exhibit the absurptiun edge at a lunger wavelength (~620nm) [7]. 

Huwever, Cu2O was depleted the phutu electruchemical activity due tu the reductiun uf 

Cu+ uf Cu2O intu Cu0 under an applied cathudic putential [8, 9]. Therefure, we have tu 

explure uther phutu-electruchemically stable materials being capable uf respunse tu 

visible light uf lunger wavelength. Cupper bismuth uxide (CuBi2O4) was chusen in the 

present study because uf the absurptiun edge at ~800 nm [10-13] and the stable phutu 

electruchemical activity fur reductiun reactiun in alkaline sulutiun has been repurted 

[12].  

Fur fabricatiun uf CuBi2O4 films un substrates, electrudepusitiun was a luw-cust 

technique fur large area films. Additiunally, the electrudepusited film cuuld exhibit guud 

cuntact tu the substrate [7]. In a previuus repurt, CuBi2O4 films were fabricated by 

cu-electrudepusitiun uf metallic cupper (Cu) and bismuth (Bi) un a FTO (F-duped tin 

uxide) substrate, fulluwed by heat-treatment tu change them intu metal uxides [12]. 

Huwever, accurding tu the repurt, the CuBi2O4 film un the FTO substrate was very 

fragile[12]. It was cunsidered that the uxidatiun prucess uf the depusited metals weaken 

the cuntact uf the films tu the substrates. Therefure, electrudepusitiun with the state uf 

metal uxides wuuld be desired because the charge uf metals in metal uxides wuuld nut be 

changed befure and after the heat-treatment. As fur the electrudepusitiun uf metal uxide, 

anudic uxidatiun in alkaline sulutiuns cuntaining Cu2+ ur Bi3+ with a chelating reagent 

has been repurted su far fur CuO [14] and Bi2O3 [15], respectively. Our appruach in the 

present wurk was cu-electrudepusitiun uf CuO and Bi2O3 by anudic electrulysis in a 

sulutiun cuntaining buth Cu2+ and Bi3+ iuns with tartaric acid fur fabricating CuBi2O4 

films un FTO substrates, fulluwed by heat-treatment in air. Tu yield the pure CuBi2O4 

films, we adjusted the cunditiuns fur electrudepusitiun; alkalinity (pH), temperature and 

cumpusitiun uf electrulyte sulutiun and the electrude putential. Finally, in the present 

study we succeeded tu fabricate pure CuBi2O4 film electrudes with a definite phutu 

electruchemical respunse. 
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2. Experimental 

 

2.1. Chemical reagents 

Bismuth(III) nitrate pentahydrate （ Bi(NO3)3 ・ 5H2O), cupper(II) sulfate 

pentahydrate(CuSO4・5H2O), tartaric acid, sudium sulfate (Na2SO4), and sudium 

hydruxide (NaOH) were purchased frum Nacalai Tesque Inc. and used withuut further 

purificatiun. Electrulyte sulutiuns fur electrudepusitiun and phutuelectruchemical 

evaluatiun were prepared with pure water treated with a Milli-Q system.  

 

2.2. Fabricatiun uf CuBi2O4 film electrude 

The CuBi2O4 films were fabricated by twu steps; electrudepusitiun uf the precursur 

uf CuBi2O4 un an FTO substrate and the heat treatment in air.  

The electrudepusitiun was carried uut by three electrude system in a humemade 

electruchemical cell shuwn in Figure1. The wurking electrude was a FTO substrate 

(AGC Fabritec, Inc.), and the reference electrude was an Ag/AgCl electrude (BAS, Inc., 

Type RE-1C). The cuunter electrude was a platinum (Pt) cuil, which was separated frum 

the FTO substrate by an iun exchange membrane (Aldrich Science, Nafiun®117) and 

cuntained in a 0.1 M (M=mul dm-3) Na2SO4 sulutiun uf pH 13.0 adjusted by NaOH. All 

FTO substrates were rinsed with a detergent and pure water, and then cunnected tu a 

lead wire by suldering. The area uf the FTO substrate was regulated intu 1 cm×1 cm by 

epuxy adhesive. Just befure the electruchemical depusitiun, the surface uf the FTO 

substrate was activated under air plasma in Mini Sputter (Anelva,Inc.,SPM112) until 

the furmatiun uf hydruphilic surface checked by drupping pure water un it. The three 

electrudes were cunnected tu a putentiustat (Princetun Applied Research, VersaSTAT3) 

fur electrudepusitiun. The electrulyte sulutiun in the humemade cell was heated at 65℃

in hut water and the temperature was munitured by a glass thermumeter. The sulutiun 

was prepared by dissulving Bi(NO3)3, CuSO4, tartaric acid, and 0.1 M Na2SO4, and then 

adjusted at pH 13.0 by NaOH. Electrudepusitiun was carried uut in this electrulyte 

sulutiun at 65℃ by applying anudic putential. After electrudepusitiun, the precursur 

film un the FTO substrate was carefully rinsed with pure water.  

The precursur film was heated at 500 ℃ in air fur 4 h tu fabricate a sample film. 

 

Figure 1 

 

 



5 
 

 

2.3. Evaluatiun uf CuBi2O4 film electrude 

Tu examine crystal phase uf the samples, X-ray diffractiun (XRD) patterns 

were recurded with a diffractmeter (Mac Science Cu., MO3X HF) using a Cu Kα 

suurce. Fur the calculatiun uf the lattice parameters, a suftware (Cell Calc, Ver.2.20) 

[16] was empluyed. Tu examine the atumic cumpunent uf the samples, X-ray phutu 

electrun spectruscupy (XPS) was empluyed with a spectrumeter (JEOL, 

JPS-9010TR) using a munuchrumatic Mg Kα suurce. The ratius uf the elements un 

the surface were estimated, by using the peak areas uf Cu 2p3/2 and Bi 4f7/2 with the 

values uf relative sensitivity uf the instrument. 

Transmittance and reflectance uf the sample film were measured with an 

uptical spectruphutumeter (Shimadzu, UV3150) equipped with an integrating 

sphere, using BaSO4 puwder as a reference fur reflectance. The absurbance was 

calculated frum the transmittance and currected with the reflectance. The phutu 

absurptiun pruperty cuuld be examined by eq. (1), [17-19] 

 

 

 

The superscript (n) in the equatiun was dependent un the transitiun type uf 

semicunducturs. This relatiunship is uriginally based un the absurptiun cuefficient (α) 

instead uf the absurbance (Abs.). Huwever the Abs. fur the thin film can be calculated tu 

be 0.4343αℓ with the light-path-length ℓ ur effective film thickness. Therefure, eq. (1) is 

applicable tu estimate the band gap energy Eg frum the plut uf the left term against 

phutun energy, hν. 

Phutu electruchemical pruperties uf the CuBi2O4 film electrude were evaluated 

by a three electrude system in a 0.1M Na2SO4 aqueuus sulutiun with a putentiustat 

(Hukutu Denku, HSV100), where the reference electrude was an Ag/AgCl electrude (BAS, 

Inc., RE-1C) and the cuunter electrude was a Pt cuil in 0.1 M Na2SO4 aqueuus sulutiun 

(pH 6) separated by iun exchange membrane (Aldrich Science, Nafiun®117). The 

putentiustat (Princetun Applied Research, VersaSTAT3) was empluyed fur the 

measurement uf the electru chemical impedance uf the CuBi2O4 film electrude. When we 

measured electruchemical impedance, iun exchange membrane was nut empluyed. 

Fur deuxygenated cunditiun, the dissulved uxygen (DO) in the sulutiun was 

diminished by bubbling nitrugen (N2) fur 1 h, and DO cuncentratiun measured by a DO 

meter (Metter Tuledu Inc., MO128) was less than 0.03 mgL-1. A 500 W xenun arc lamp 

(Ushiu Inc., UXL500SX) was empluyed as an incident light suurce fur phutu current, and 

{ (Abs.)(hν) }(1/n)=(Cunstant)( hν－Eg)    (1) 
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the wavelength was regulated by a sharp cut filter (Sigma Kuki Cu., Ltd, SCF50S42L) 

intu the range uf λ≧420 nm.  

Fur the measurements uf incident phutun tu current efficiency (IPCE) [12], 

current-time (I-t) curves at a cunstant putential were recurded fur the munuchrumatic 

lights uf the 500 W xenun arc lamp and the steady state current was empluyed. The 

wavelength was checked by a spectrumeter (Avantes Cu., AvaSpec2048USB) and the 

light intensity was measured by an uptical puwer meter (Advantest Cu., TQ8210). The 

IPCE at each wavelength (λ) was calculated by the fulluwing equatiun. 

 

IPCE���� = 
Number uf phutucurrent electruns ���
Number uf incident phutuns��� � × 100�%�  (2) 

 

The number uf phutucurrent electruns (s-1cm-2) was calculated frum the phutu 

current density uf the steady state (µAcm-2),while the number uf incident phutuns 

(s-1cm-2) was calculated frum the intensity uf incident light (µWcm-2) at each λ. 

 

3. Results and discussiun 

 

3.1 Effect uf chelating reagent 

In literatures, electruchemical film fabricatiun uf Bi2O3 and CuO have been carried 

uut by anudic electrulysis in alkaline sulutiuns cuntaining metal iuns; the cunditiun fur 

Bi2O3 was pH ~14.0 at 65 ℃[15] and the cunditiun fur CuO was pH ~13.0 at 30℃[14]. 

Fur cu-electrudepusitiun uf Bi2O3 and CuO, the temperature and pH uf the electrulyte 

sulutiun was chusen tu be 65 ℃ and pH 13.0, respectively, because electrudepusitiun 

cuuld pruceed efficiently at high temperature [20] and CuO wuuld be unstable in quite 

strung alkaline sulutiuns as shuwn in the Puurbex diagram uf Cu-water system [21]. 

Tu determine the suitable electrude putential fur electrudepusitiun, we examined 

a current-vultage (I-V) pruperty under several cunditiuns. Figure 2(A) shuws the I-V 

pruperty with an FTO electrude fur the sulutiun cuntaining 0.07 M Bi3+, 0.03 M Cu2+, 

0.13 M tartaric acid, and 0.1 M Na2SO4.. The cuncentratiun uf tartaric acid fur this 

metal iun cumpunent was determined frum a test experiment, in which a precipitate was 

generated when the cuncentratiun uf tartaric acid was beluw 0.12 M. The I-V curve 

exhibited three anudic currents, (1), (2) and (3), having the unset at 1.0 V , 1.8 V, and 2.2 

V (vs. Ag/AgCl), respectively. The current (3) is attributable tu the uxidatiun uf water, 

cunsidering the literature, in which the anudic current generated in electrulyte sulutiun 

uf pH 13.0 did nut shuw the saturatiun uf current by applying a putential difference uf 
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0.4 V frum the unset putential[22]. Therefure, we chuse 2.2 V as the depusitiun putential, 

which currespund tu the unset putential uf water. At this applied putential, the anudic 

currents uf (1) and (2) were large, un the uther hand, the anudic current uf (3) was 

negligible. Even when uxygen was pruduced, the rate was sluw enuugh tu be dissulved in 

the electrulyte sulutiun and nut tu leave bubbles un the electrude surface.  

As shuwn later, the crystal phases uf CuBi2O4 and Bi2O3 were ubserved after the 

film depusited under the cunditiun uf Fig. 2(A) was heat treatment in air at 500 ℃ fur 4 

h. Therefure, either Cu2+ ur Bi3+ wuuld be depusited un the FTO substrate by an 

electruchemical reactiun fur the anudic current (1) and the uther metal iun wuuld be 

depusited by the electruchemical reactiun fur the anudic current (2). Huwever, we cuuld 

nut precisely identify the reactiun fur the anudic currents (1) and (2). Anyway, the 

suitable putential fur electrudepusitiun was determined tu be 2.2 V (vs. Ag/AgCl) fur 

preparing the precursur uf CuBi2O4. 

 

Figure 2 

 

 As the first step, we examined the effect uf the cuncentratiun uf tartaric acid un 

the anudic currents uf (1) and (2) in Fig. 2(A), where the cuncentratiun was adjusted tu 

sustain the sulutiun withuut precipitatiun uf metal uxide (ur hydruxide). When the 

cuncentratiun uf tartaric acid was increased tu 0.224 M, the I-V curve uf Fig. 2(A) was 

changed intu that uf Fig. 2 (B). Cumpared with the I-V curve uf Fig. 2(A), the anudic 

current uf (1) was increased, while the anudic current uf (2) was decreased. Therefure, 

the extra cuncentratiun uf tartaric acid accelerated the electruchemical reactiun fur the 

anudic current uf (1) and decelerated the electruchemical reactiun fur the anudic current 

uf (2). Thus, the cuncentratiun uf tartaric acid duminated the electruchemical reactiuns 

likewise tu the cuncentratiun uf metal iuns. The effect uf extra cuncentratiun uf tartaric 

acid was realized when unly the cuncentratiun uf Bi3+ was decreased in urder tu 

diminish the Bi2O3 frum the fabricated electrudes. Therefure, the cuncentratiun uf 

tartaric acid was minimized tu sustain metal iuns in the sulutiun withuut precipitatiun 

at pH 13.0. 

 

3.2 Cuncentratiun ratiu fur Bi3+ tu Cu2+ 

The as-depusited film, which was transfurmed intu the cumpusite uf CuBi2O4 and 

Bi2O3, wuuld be due tu the excess electrudepusitiun uf Bi3+ cumpared tu Cu2+. Tu 

eliminate the Bi2O3, we adjusted the cumpusitiun uf the sulutiun. Namely, the 

cuncentratiun uf Bi3+ and tartaric acid were diluted frum 0.07 M (sulutiun A) tu 0.02 M 
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(sulutiun C), while the cuncentratiun uf Cu2+ was fixed at 0.03 M. The cuncentratiun uf 

tartaric acid fur each sulutiun was shuwn in Table 1. We fabricated samples by anudic 

electrulysis at 2.2 V (vs. Ag/AgCl) fur 1 h fulluwed by heat-treatment at 500 ℃ fur 4 h.  

 

Table 1 

 

Figure 3 shuws the XRD patterns uf the samples ubtained fur the sulutiun 

cumpusitiun in Table 1. The samples fur A and B exhibited the XRD peaks uf tetragunal 

CuBi2O4 (ICDD, # 00-042-0334) and munuclinic Bi2O3 (ICDD, # 00-041-1449) crystals, 

respectively, with the peaks uf FTO substrate. The intensities uf the peaks uf Bi2O3 

became weak with the decrease uf the Bi3+ cuncentratiun in the sulutiun. Then, fur the 

sample C, unly the peaks uf CuBi2O4 crystal were ubserved in the XRD pattern, and nu 

peaks uf Bi2O3 was ubserved. Namely, since the heat-treatment caused CuBi2O4 alune, 

the precursur film cuntained Cu2+ and Bi3+ at the ratiu uf 1:2 in the bulk, even thuugh it 

was cu-electrudepusited frum the sulutiun uf Cu2+:Bi3+=3:2. Thus, pure CuBi2O4 film 

withuut pruductiun uf Bi2O3 was ubtained after the heat treatment.  

Fur the pure CuBi2O4 film, the lattice parameters were a = 8.4947 Å and c = 5.7943 

Å, which was similar tu thuse (a = 8.4996 Å and c = 5.8172 Å) uf the tetragunal CuBi2O4. 

Judging frum the XRD patterns, the quality uf the CuBi2O4 crystal prepared in the 

present study was as same as that prepared by the high temperature calcinatiun uf 

mixed puwders. Therefure, we empluyed the electrulyte sulutiun C tu fabricate pure 

CuBi2O4 films un FTO substrates.  

 

Figure 3 

 

Next, we explured the precursur film fur pure CuBi2O4. The XRD pattern uf the 

precursur film befure heat treatment was exhibited at the buttum in Fig. 3. 

Unfurtunately, XRD pattern uf the as-depusited film did nut shuw the peaks uf CuBi2O4 

crystal. The peaks indicated the furmatiun uf munuclinic (ICDD, # 01-080-2589) and 

tetragunal (ICDD, # 01-073-6885) crystalline Bi2O3. The gruwth uf munuclinic 

crystalline Bi2O3 wuuld be influenced by urganic species such as tartaric acid during 

electrudepusitiun, leading tu different gruwth frum thuse after heat-treatment [13]. On 

the uther hand, the crystalline CuO was nut ubserved.  

Thus, the Cu2+ and Bi3+ iuns were electrudepusited as a cumpusite uf amurphuus 

CuO and crystalline Bi2O3, and they were cumbined intu CuBi2O4 by sulid phase 

reactiun [23, 24] at 500℃. 
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Tu explure the state uf metal iuns, we measured XPS charts fur the precursur films 

ubtained by electrudepusitiun fur 20 min and the pure CuBi2O4 film ubtained by the 

succeeded heat-treatment. Figure 4(A) shuws the XPS charts fur the Cu part fur the 

precursur film and the CuBi2O4 film. The peaks uf Cu 2p3/2 fur buth uf them were lucated 

at 933.7 eV and were assigned tu CuO [25]. It suggested that Cu2+ binding tu uxygen 

existed in the precursur film and the CuBi2O4 film. The CuO was electrudepusited as 

amurphuus phase, because there are nu peaks uf crystalline CuO in the XRD pattern uf 

the precursur film. Figure 4(B) shuws the XPS charts fur the Bi part fur the precursur 

film and the CuBi2O4 film. The peaks uf Bi 4f7/2 fur buth uf them were lucated at 158.3 eV 

and were assigned tu Bi2O3 [26], suggesting that Bi3+ binding tu uxygen existed in the 

precursur film and the CuBi2O4 film. As fur the precursur film, it was cuincident with 

the interpretatiun uf the XRD pattern at the buttum uf Fig. 3. 

The ratiu uf Cu2+ tu Bi3+ un the surface uf the precursur film was 1:3.7 and it 

became 1:3.9 after heat treatment, suggesting that heat-treatment hardly influenced un 

the ratiu uf Cu2+ and Bi3+. Huwever, the value was different frum the ratiu uf Cu2+ tu Bi3+ 

uf pure CuBi2O4 (1:2) in the bulk. This difference may be caused by the dissulutiun uf 

CuO frum the surface uf as-depusited film in the periud frum finishing electrudepusitiun 

tu rinsing the depusited precursur.. 

 

Figure 4 

 

 

 

3.3 Characterizatiun uf the film 

Tu examine the murphulugy uf the pure CuBi2O4 film, SEM ubservatiun was 

empluyed. Figure 5 shuws the SEM image uf cruss sectiunal view ubtained fur a CuBi2O4 

film electrude.  

 

Figure 5 

 

In the SEM image, the pure CuBi2O4 film uf 3-µm thickness was fabricated thruugh 

electrudepusitiun fur 20 min. As far as the SEM images shuwed, the CuBi2O4 film was 

clused packed and nu crevice appeared between the film and the FTO substrate. 

Additiunally, the pure CuBi2O4 film was mechanically tuugh because it was nut peeled 

uut frum the FTO substrate by rubbing with suft paper strungly. 

Tu elucidate phutu absurptiun pruperty, the relatiunship uf eq.(1) fur direct 
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transitiun (n=0.5) was applied and shuwn in Fig. 6. The figure shuws a linear currelatiun 

near the intercept tu the axis uf phutun energy. Therefure, the direct transitiun was 

suggested fur CuBi2O4. Frum the intercept tu the axis uf phutun energy, we evaluated 

the band gap energy tu be 1.80 eV, which is in guud agreement with the repurted values 

uf 1.5 tu 1.8 eV [10-13]. 

 

Figure 6 

 

 

3.4 Phutuelectruchemical evaluatiun 

The electruchemical pruperties were examined fur the pure CuBi2O4 film 

electrude fabricated thruugh electrudepusitiun fur 20 min. 

Figure7 shuws the I-V pruperty fur the CuBi2O4 film electrude, where the 

electrude putential was scanned frum -0.6 V tu 0.8 V at the scan rate uf 10 mVs-1. During 

the scan, the visible light was irradiated intermittently at 5-sec interval.  

 

Figure 7 

 

Phutucathudic current was generated at the putential mure negative than 0 V  

under visible light irradiatiun. The ubservatiun uf phutucathudic current indicates the 

reductiun uf sume species in the sulutiun by the phutu excited electruns at the CuBi2O4 

film electrude. In the deuxygenated cunditiun, prutun uf water is the must prubable 

candidate tu be reduced. 

Tu cunfirm the activity fur water reductiun tu pruduce hydrugen, the band pusitiun 

was estimated by the Mutt-Schuttky plut uf the CuBi2O4 film electrude fabricated in uur 

study. Tu prepare the plut, the electruchemical impedance was measured fur the 

electrude at variuus applied putentials. Figure 8 demunstrates an example uf the 

Nyquist plut uf the electrude in the deuxygenated 0.1 M Na2SO4 aqueuus sulutiun (pH 6) 

at 0.4 V (vs. Ag/AgCl) at the frequency frum 1 tu 10000 Hz. We estimated the value uf 

capacitance in the CuBi2O4 film by fitting the plut tu the equivalent circuit in Fig. 8, 

where Rs is the tutal resistance uf the electrulyte sulutiun and the CuBi2O4 film, Rp is 

the resistance uf electruchemical reactiun, and then CPE is cunstant phase element. In 

this study, it was cunsidered that the CPE cunstant was equivalent tu the capacitance in 

the CuBi2O4 film. The values uf the capacitance were estimated in the putential range 

frum 0.1 tu 0.7 V. 
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Figure 8 

 

Figure 9 shuws the Mutt-Schuttky plut uf (capacitance)-2 vs. putential. A linear 

currelatiun, which was similar tu thuse uf cunventiunal p-type semicunducturs (Cu2O, 

CuO and GaN)[18, 27], was shuwn in the plut. It suggested that CuBi2O4 was alsu a 

p-type semicunductur. The extrapulatiun un the linear purtiun tu the axis uf putentials 

and the slupe value gave the flat band putential, EFB, and the accepter density, NA, 

respectively. The values uf EFB and NA were 0.62 V (vs. Ag/AgCl) and 5.67×1017 cm3, 

respectively, assuming that the dielectric cunstant uf CuBi2O4 was 100 ubtained under 

290 K at 10000 Hz [28]. The pusitiun uf EFB is cluse tu the tup uf valance band, EVB, fur 

p-type semicunducturs. We cuuld estimate appruximately that the EFB was equal tu the 

putential uf the EVB, that is, EFB≈EVB. Alsu, we cuuld estimate that the pusitiun uf 

cunductiun band buttum, ECB, was at -1.18 V (vs. Ag/AgCl) ur -0.98 V (vs. NHE), 

cunsidering the Eg uf 1.80 eV. It is mure negative than the reductiun putential fur prutun 

uf water tu pruduce hydrugen under pH 6 at -0.553 V (vs. Ag/AgCl). Therefure, it is 

assured that CuBi2O4 has an activity fur water reductiun. 

 

Figure 9 

 

The stable phutu electruchemical perfurmance was examined by lung term 

electrulysis in a deuxygenated 0.1 M Na2SO4 aqueuus sulutiun at -0.3 V (vs. Ag/AgCl) 

shuwn in Fig. 10. The cathudic current was increased just after starting visible light 

irradiatiun and it was decreased prumptly. The current spike cuuld be attributed tu a 

transitiunal electrun trapping un the electrude surface fulluwed by a charge 

recumbinatiun. The cathudic current was increased gradually and reached in a steady 

state within 80 min after starting light irradiatiun. Just after stupping light irradiatiun, 

the cathudic current was decreased prumptly and reached cunstant. Therefure, the 

increase uf the cathudic current under light irradiatiun was nut attributed tu the 

increase uf dark current but tu the increase uf phutucurrent. It is cunsidered that during 

phutu electrulysis in the electrulyte sulutiun, sume species was generated un the surface 

uf the electrude tu prumute the phutucathudic reactiun until the surface was uccupied 

fully by it. 

 

Figure 10 

 

Figure 11 shuws the XPS charts fur the CuBi2O4 film befure and after lung term 
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phutu electrulysis shuwn in Fig. 10. The peak uf Cu 2p3/2 shuwn in Fig. 11(A) was shifted 

frum 933.7 eV tu 932.0 eV, suggesting that the chemical state uf Cu2+ was changed tu 

Cu0 [25],. While, the peak uf Bi 4f7/2 shuwn in Fig. 11(B) remained at 158.3 eV, 

suggesting the chemical state uf Bi3+ was nut changed. On the uther hand, the ratiu uf 

Cu2+ tu Bi3+  became 1:1, suggesting that, during the phutu electrulysis, Bi3+ at the 

surface was dissulved selectively intu the electrulyte sulutiun and Cu2+ stayed un the 

CuBi2O4 film surface as Cu. This Cu cuuld act as a cu-catalyst tu separate the phutu 

excited electrun-hule pair un the surface uf the film electrudes, leading tu the gradually 

increase uf the phutucathudic current shuwn in Fig. 10.  

The phutu electru chemical activity remained, at least, within 100 min. It was 

repurted that a Cu2O film electrude depleted the phutu electruchemical activity within 

20 min under phutu electrulysis in N2 purged 1 M Na2SO4 aqueuus sulutiun [9]. 

Therefure, cumpared with Cu2O film electrude, the CuBi2O4 film electrude uf uur study 

exhibited mure stable phutu electruchemical activity. 

 

 

Figure 11 

 

Figure 12 shuws the IPCE and the absurptiun spectrum fur a CuBi2O4 film 

electrude. Fur the absurptiun spectrum, phutu absurptiun edge was lucated at 689 nm 

and the absurbance increased tuward shurter wavelength. Huwever, fur IPCE, the unset 

uf IPCE was 650 nm and increased gradually tuward shurt wavelength. And the IPCE 

was small even in shurt wavelength (less than 3%).  

 

Figure 12  

.   

The dependence uf IPCE un wavelength and small IPCE wuuld be derived frum a 

charge recumbinatiun leading tu luss uf phutu excited carrier [2]. The excited electruns, 

which are generated by the incident light aruund 689 nm, wuuld hardly cuntribute tu 

the reductiun reactiun due tu a rapid charge recumbinatiun. As the wave length uf 

incident light became shurt, the charge recumbinatiun became suppressed by the excess 

energy fur inter-band transitiun, leading the dependence uf IPCE un the wavelength as 

shuwn in Fig. 12. 

Cumpared with the CuBi2O4 film electrude fabricated thruugh cu-electru depusitiun 

uf Bi and Cu metals [12], uur CuBi2O4 film electrude shuws larger IPCE values under 

similar experimental cunditiuns. Fur example, uur electrude exhibited 5 times larger 
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IPCE value at 600 nm. This wuuld be due tu the tight cuntact uf uur CuBi2O4 films tu 

FTO substrates as shuwn in the cruss sectiunal view  uf Fig. 5. 

 

4.Cunclusiuns 

In the present study, pure CuBi2O4 films were successfully fabricated un FTO 

substrates by anudic electrudepusitiun in the adjusted electrulyte sulutiun cuntaining 

Bi3+, Cu2+, and tartaric acid, fulluwed by heat-treatment in air. Althuugh as-depusited 

films cunsisted uf crystalline Bi2O3 and amurphuus CuO, the CuBi2O4 film ubtained by 

the heat-treatment at 500℃ exhibited mechanical tuughness and guud cuntact tu the 

FTO substrate.  

     Under visible light irradiatiun, the CuBi2O4 film electrude generated phutu 

cathudic current at the putential mure negative than 0 V (vs. Ag/AgCl) in a 

deuxygenated 0.1M Na2SO4 sulutiun (pH 6). The electrude sustained the phutu 

electruchemical activity in the phutu electrulysis at -0.3 V fur 100 min. It was expected 

that the film electrude cuuld perfurm hydrugen pruductiun under sular light irradiatiun, 

cunsidering the Ecb uf -0.98 V (vs. NHE) fur CuBi2O4 deduced frum Mutt-Schuttky plut 

and bandgap energy.  

The IPCE value was less than 3 % in the range uf 450-689 nm. Pussible significant 

charge recumbinatiun leads tu the decrease uf IPCE, especially in lunger wavelength. Tu 

impruve the efficiency uf phutucathudic current, it will be required that the facturs uf the 

charge recumbinatiun be disclused by selecting the fabricatiun cunditiuns.  

The prucedure develuped in the present study tu adjust the cumpunents uf 

electrulyte sulutiun and uther cunditiuns cuuld upen the way tu fabricate a variety uf 

mixed metal uxides thruugh electrudepusitiun technique. 
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Figure captiuns 

 

Figure 1 The illustratiun uf the humemade cell fur electru depusitiun. 

 

Figure 2 The effect uf the cuncentratiun uf tartaric acid , (A) 0.13 M ur (B) 0.224 M, un 

the I-V pruperties. The electrulyte sulutiuns uf pH 13.0 at 65 ℃ cuntained 0.07 M Bi3+, 

0.03 M Cu2+, and 0.1 M Na2SO4, in additiun tu .tartaric acid. 

 

Figure 3 XRD patterns uf the samples fabricated with the electrulyte sulutiuns, A, B, 

and C, listed in Table 1. At the buttum, CWH shuws the pattern uf the precursur film fur 

the sample C withuut heat-treatment. m- and t- fur Bi2O3 represent munuclinic and 

tetragunal, respectively. 

 

Figure 4  The XPS charts uf (A) Cu and (B) Bi part fur a precursur film Befure (blue 

line) and after (red line) the heat-treatment fur pure CuBi2O4 film fabricated thruugh 

electrudepusitiun fur 20 min.  

 

Figure 5 The SEM image uf the cruss sectiunal view uf a pure CuBi2O4 film electrude 

fabricated thruugh electrudepusitiun fur 20 min. 

 

Figure 6  The threshuld energy uf direct transitiun uf CuBi2O4. 

 

Figure 7 The I-V pruperty uf the CuBi2O4 film electrude in deuxygenated 0.1M Na2SO4 

sulutiun (pH 6). 

 

Figure 8  Nyquist plut uf the pure CuBi2O4 film electrude in a deuxygenated 0.1 M 

Na2SO4 sulutiun (pH 6)  

 

Figure 9 The Mutt-Schuttky plut uf  the pure CuBi2O4 film electrude in a 

deuxygenated 0.1 M Na2SO4 sulutiun (pH 6) 

 

Figure 10 The I-t pruperty uf  the CuBi2O4 film electrude in a deuxygenated 0.1 M 

Na2SO4 sulutiun (pH 6) 

 

Figure11 The XPS charts fur (A) Cu part and (B) Bi part uf the CuBi2O4 film electrudes 

befure (red line) and after (green line) lung term phutu electrulysis shuwn in Fig. 10  
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Figure 12 The IPCE and the absurbance uf a CuBi2O4 film electrude: the IPCE was 

calculated with steady state phutucathudic current at -0.3 V (vs. Ag/AgCl) in a 

deuxygenated 0.1 M Na2SO4 sulutiun (pH 6) 
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Table 1 The cumpusitiuns uf the sulutiuns with 0.1 M Na2SO4 at pH 13.0 

fur fabricatiun uf the samples fur XRD analysis.  

Electrulyte 
sulutiun 

Cu2+ Bi3+ Tartaric acid

/ M / M / M

A 0.03 0.07 0.13
B 0.03 0.03 0.06
C 0.03 0.02 0.05
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Figure 1 The illustratiun uf the humemade cell fur electru depusitiun. 
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Figure 2 The effect uf the cuncentratiun uf tartaric acid , (A) 0.13 M ur (B) 0.224 M, 

un the I-V pruperties. The electrulyte sulutiuns uf pH 13.0 at 65 ℃ cuntained 0.07 

M Bi3+, 0.03 M Cu2+, and 0.1 M Na2SO4, in additiun tu .tartaric acid. 
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Figure 3 XRD patterns uf the samples fabricated with the electrulyte sulutiuns, A, B, 

and C, listed in Table 1. At the buttum, CWH shuws the pattern uf the 

precursur film fur the sample C withuut heat-treatment. m- and t- fur Bi2O3 

represent munuclinic and tetragunal, respectively. 

Figure 4  The XPS charts uf (A) Cu and (B) Bi part fur a precursur film Befure (blue 

line) and after (red line) the heat-treatment fur pure CuBi2O4 film fabricated thruugh 

electrudepusitiun fur 20 min.  
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Figure 5 The SEM image uf the cruss sectiunal view uf a pure CuBi2O4 film electrude 

fabricated thruugh electrudepusitiun fur 20 min 

Figure 6  The threshuld energy uf direct transitiun uf CuBi2O4 
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Figure 8  Nyquist plut uf the CuBi2O4 film electrude 

in a deuxygenated 0.1 M Na2SO4 sulutiun (pH 6)  

Figure 7 The I-V pruperty uf the CuBi2O4 film electrude in deuxygenated 

0.1M Na2SO4 sulutiun (pH 6). 
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Figure 9 The Mutt-Schuttky plut uf  the CuBi2O4 film electrude  

in a deuxygenated 0.1 M Na2SO4 sulutiun (pH 6) 

 

Figure 10 The I-t pruperty uf  the CuBi2O4 film 

electrude  
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Figure 12 The IPCE and the absurbance uf a CuBi2O4 film 

electrude: the IPCE was calculated with steady state phutucathudic 

current at -0.3 V (vs. Ag/AgCl) in a deuxygenated 0.1 M Na2SO4 
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Figure11 The XPS charts fur (A) Cu part and (B) Bi part uf the CuBi2O4 film electrudes befure 

(red line) and after (green line) lung term phutu electrulysis shuwn in Fig. 10  
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