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Fig. S1. SEM images of Mo:BVO, Zn:BVO and undoped BVO photoanodes. All photoanodes 

have similar morphologies and thickness of 300 nm (scale bar = 400 nm). 
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Fig. S2. Raman spectra of the (a) symmetric stretching mode and (b) symmetric and 

antisymmetric bending modes of Mo:BVO, Zn:BVO and undoped BVO. 
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Fig. S3. Mott-schottky plots of Mo:BVO, Zn:BVO and undoped BVO photoanodes. All 

photoanodes indicate n-type semiconductor characteristics. The charge carrier concentrations 

of each photoanode were changed by doping and calculated using the following equation:1  

1

𝐶2 =  
2

𝜀0𝜀𝑟𝐴2𝑒𝑁𝑑
 (𝐸 − 𝐸𝑓𝑏 −  

𝑘𝑇

𝑒
)                                            (1) 

 

, where C is capacitance (F-1cm2), 𝜀0 is permittivity (8.85 x 10-14 Fcm-1), 𝜀r is relative 

permittivity (68),2 A is area (cm2), 𝑒 is elementary charge (1.602 x 10-19 C), Nd is donor 

concentration (cm-3), E is applied potential (V vs. RHE), Efb is flat band potential (V vs. 

RHE), k is Boltzmann constant (8.617 eV/K) and T is temperature (K).  
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Fig. S4. I-V curves of undoped BVO and Zn:BVO/Mo:BVO homojunction photoanodes 

measured in air under ambient conditions. (a) The I-V characteristic of undoped BVO shows 

ohmic behavior and (b) that of Zn:BVO/Mo:BVO shows rectification behavior, suggesting the 

formation of a n-n+ junction. 
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Fig. S5. (a) Thickness optimization process for Zn:BVO/Mo:BVO homojunction as we vary 

the total thickness and the component thickness. The thickness is quantified as numbers of spin 

coating layers. As a result, the junction with 9 layers of Zn:BVO and 5 layers of Mo:BVO (total 

14 layers) has the best photocurrent density among all the conditions tested from total 6 to 16 

layers. Dopant concentration optimization process for (b) Zn:BVO and (c) Mo:BVO, 

respectively. 1 % of Zn and 3 % of Mo were attained as the best condition in PEC performance 

at 1.23 V vs RHE. 
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Fig. S6. Optical properties (transmittance, reflectance, and light absorption efficiencies) of 14 

layers of Zn: BVO/Mo: BVO homojunction photoanode for optimization process. 9 layers of 

Zn:BVO and 5 layers of Mo:BVO (Zn:BVO/Mo:BVO = 9:5) has slightly better light absorption 

efficiency. 
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Fig. S7. J-V curves of the (Zn, Mo) co-doped BVO and Zn:BVO/Mo:BVO photoanodes under 

1 sun illumination. The PEC performance of the Zn:BVO/Mo:BVO homojunction photoanode 

was much better than that of the (Zn, Mo) co-doped BVO photoanode. 
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Fig. S8. Secondary ion mass spectrometry of (a) (Zn, Mo) co-doepd BVO, (b) magnified plot 

from (a), (c) Zn:BVO/Mo:BVO homojunction photoanode and (d) magnified plot from (c).  
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Fig. S9. J-V curves of (a) Zn:BVO/Mo:BVO homojunction, (b) Mo:BVO, (c) Zn:BVO and (d) 

undoped BVO photoanodes with H2O2. Photocurrent density measured in the electrolyte with 

H2O2 can be assumed as all holes generated are used for water oxidation. The charge transfer 

and bulk transport efficiencies of four photoanodes were evaluated using the H2O2 hole 

scavenger method.3 The relationships between current density, light absorption, transfer 

efficiency and transport efficiency are as follows: 

 

𝐽𝑃ℎ = 𝐽𝑎𝑏𝑠 × 𝜂𝑡𝑟𝑎𝑛𝑓𝑒𝑟 ×  𝜂𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡                                              (2) 

𝜂𝑡𝑟𝑎𝑛𝑓𝑒𝑟 =  
𝐽𝐻2𝑂

𝐽𝐻2𝑂2

                                                            (3) 

𝜂𝑡𝑟𝑎𝑛𝑝𝑜𝑟𝑡 =  
𝐽𝐻2𝑂2

𝐽𝑎𝑏𝑠
                                                           (4) 

 

, where 𝑱𝑷𝒉is the measured photocurrent density,  𝑱𝒂𝒃𝒔 is current density calculated from light 

absorption,  𝜼𝒕𝒓𝒂𝒏𝒑𝒐𝒓𝒕  is the charge transport efficiency, and 𝜼𝒕𝒓𝒂𝒏𝒇𝒆𝒓  is charge transfer 

efficiency at the interface between the surface and electrolyte. 
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Fig. S10. (a) Transient photocurrent responses of Mo:BVO, Zn:BVO and undoped BVO 

photoanodes (b) Normalized plots of the current–time dependence of each photoanode at 1.23 

V vs. RHE under illumination. Jin and Jst are the time-dependent, initial and steady-state 

photocurrent, respectively. Typically, the initial photocurrent, Jin, is attributed to bulk electron-

hole separation under immediate illumination, which is followed by decay to the steady state 

photocurrent, Jst, due to surface charge recombination.4 In particular, Zn:BVO took 

approximately 5 sec when ln D=-1 compared to Mo doped and undoped BVO (0.2 sec and 0.4 

sec), suggesting dramatically improved carrier lifetimes with Zn doping. 
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Fig. S11. Two stability tests of Ni:FeOOH/Zn:BVO/Mo:BVO, Zn:BVO/Mo:BVO, Mo:BVO, 

Zn:BVO, and undoped BVO photoanodes. (a) with initial current density of 1 mA/cm2 at 0.52 

V, 0.85 V, 1.12 V, 1.34 V and 1.62 V vs. RHE, respectively. (b) with same applied bias of 1.23 

V vs. RHE. Conditions: the phosphate buffer solution (pH ~ 7) for 1 hour under illumination. 
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Table S1. Specific EIS values at each region for undoped BVO, Zn:BVO, Mo:BVO and 

Zn:BVO/Mo:BVO. 

 R1 R2 R3 

Zn:BVO/Mo:BVO 64.80 123.4 1062 

Mo:BVO 62.58 361.7 2742 

Zn:BVO 64.99 1376 2389 

Undoped BVO 61.76 1720 3601 
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Table S2. Comparison of our Zn:BVO/Mo:BVO homojunction photoanode with different 

homojunction and heterojunction photoanodes. 

 
Current Density 

(mA/cm2) 

Thickness 

(nm) 
Electrolyte Process Reference 

Zn:BVO/Mo:BVO 

Ni:FeOOH/Zn:BVO/Mo:BVO 

2.5 at 1.23 V vs RHE 

2.7 at 1.23 V vs RHE 
300 0.5 M Kpi (pH=7) Spin coating This work 

Co:BVO/Mo:BVO 2.09 at 1.23 V RHE 200 0.1 M Kpi (pH=7) Spin coating Ref 5. 

Zn:BVO/BVO 0.63 at 1.23 V vs Ag/AgCl 150 0.5 M Na2SO4  Ref 6. 

BVO/Mn:BVO 2.2 at 1.24 V vs RHE - Na2SO4 (pH=7) Spray Pyrolysis Ref 7. 

BVO/TiO2 
0.8 at 1.23 V vs RHE 

2.14 at 1.7 V vs RHE 
600 

0.5 M Na2SO4 + Kpi 

(pH=7) 

Spin coating (BVO) 

Hydrothermal and CBD 

(TiO2) 

Ref 8.  

BVO/ZnO 1.75 at 1 V vs RHE 
300 (BVO) 

900 (ZnO) 

0.2 M Na2SO4 

(pH=6.5) 

Spray pyrolysis (BVO) 

Hydrolysis condensation 

synthesis (ZnO) 

Ref 9. 

BVO/WO3 1.74 at 0.7 V vs Ag/AgCl 3000 0.5 M Na2SO4 Drop casting Ref 10. 

BVO/WO3 2.0 at 1.23 V vs RHE 400 0.1 M Kpi (pH=7) Drop casting Ref 11. 

BVO/SnO2 0.95 at 1.23 V vs RHE 245 
0.5 M Na2SO4 + 0.1 

M Kpi (pH~7) 
Drop casting Ref 12. 
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