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1 Equations used in this work[1]:

2 1. Calculation of applied bias photon-to-current efficiency (ABPE):

3
  𝐴𝐵𝑃𝐸 =

𝐽𝑃𝐸𝐶 × (1.23 ‒ 𝑉𝑎𝑝𝑝)

𝑃𝑙𝑖𝑔ℎ𝑡
               (𝑆1)

4  (mA∙cm-2) is the measured photocurrent density;  (V) is the applied external 𝐽𝑃𝐸𝐶 𝑉𝑎𝑝𝑝

5 potential vs. RHE and  (100mW∙cm-2) is the power density of the illumination.𝑃𝑙𝑖𝑔ℎ𝑡

6

7 2. Calculation of incident-photon-to-current conversion efficiency (IPCE): 

8
     𝐼𝑃𝐶𝐸 =

𝐽𝜆 × 1240

𝜆 × 𝑃𝜆
                                   (𝑆2)

9 Jλ (mA∙cm-2) is the photocurrent density measured under monochromatic illumination 

10 at λ; Pλ (mW∙cm-2) is the power intensity of the incident monochromatic light at 

11 wavelength λ; the value of 1240 (V.nm) is calculated from the equation of ℎ𝑐/𝑒, where 

12 e is the charges of one electron (1.6 × 10-19 C); h is Planck’s constant (6.63 × 10-34J∙s) 

13 and c is the speed of light (3 × 108 m∙s-1).

14

15 3. Calculation of surface charges transfer efficiency (ηCTE): 

16
        𝜂𝐶𝑇𝐸 =

𝐽𝑃𝐸𝐶

𝐽𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟
                                  (𝑆3)

17 Jscavenger (mA∙cm-2) and JPEC (mA∙cm-2) are the measured photocurrent density in a 0.01 

18 M sodium borate buffer solution (pH = 7.4) with and without 0.5 M Na2SO3.

19

20 4. Calculation of charges separation efficiency (ηCSE):
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1
                  𝜂𝐶𝑆𝐸 =

𝐽𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟

𝐽𝑎𝑏𝑠
                        (𝑆4)

2 Jscavenger is the measured photocurrent density in a 0.01 M sodium borate buffer solution 

3 (pH = 7.4) with 0.5 M Na2SO3 as a holessss scavenger.

4 5. The charges-transfer time (τ) of the films was calculated according to the equation[2]:

5                                  𝜏 = 1 2𝜋𝑓                    (𝑆5)

6 where f is the minimum frequency of the imaginary components

7

8 Calculation detail:

9 The calculations were conducted within the framework of DFT as implemented in 

10 the plane wave set Vienna ab initio Simulation Package (VASP) code[3].The 

11 generalized gradient approximation with the Perdew–Burke–Ernzerhof functional was 

12 employed to describe the exchange–correlation interaction[4]. In all calculations, the van 

13 der Waals interaction was described by using the empirical correction in Grimme’s 

14 scheme, i.e., DFT+D3[5]. The cutoff energy of the plane wave basis set was 500 eV. 

15 The geometries were optimized until the energy and the force were converged to 10−6 

16 eV and 0.001 eV Å−1, respectively. All calculations were spin polarized throughout the 

17 calculations. The Brillouin zone was sampled by gamma point.

18 The overall OER could be written as

19              2𝐻2𝑂→𝑂2 + 4𝐻 + + 4𝑒 ‒              (𝑆6)

20 In our model, we assumed that the OER is processed in the four electrons pathway
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1

𝐻2𝑂(/) + ∗ →𝑂𝐻 ∗ + 𝑒 ‒ + 𝐻 +               (𝑆7)
𝑂𝐻 ∗ →𝑂 ∗ + 𝑒 ‒ + 𝐻 +                             (𝑆8)
𝐻2𝑂(/) + 𝑂 ∗ →𝑂𝑂𝐻 ∗ + 𝑒 ‒ + 𝐻 +       (𝑆9)
𝑂𝑂𝐻 ∗ →𝑂2(𝑔) + 𝑒 ‒ + 𝐻 +                  (𝑆10)

2 where * refers to an active site on the catalyst, (l) and (g) represent liquid and gas 

3 phases, respectively. O*, HO*, and HOO* are adsorbed intermediates.For each step the 

4 reaction free energy (ΔG) was defined as the difference between free energies of the 

5 initial and final states and was given by the expression[6]

6 Δ𝐶 = Δ𝐸 + Δ𝑍𝑃𝐸 ‒ 𝑇Δ𝑆 + Δ𝐺𝑈 + Δ𝐺𝑝ℎ(𝑆11)

7 where ΔE, ΔZPE, and ΔS were the different energy, zero-point energy, and entropy 

8 of the reaction, respectively. The ΔE was obtained from DFT calculation, while the 

9 ΔZPE and ΔS were calculated from the values of Table 1 in a previous report[7].The 

10 GH+ was defined as 1/2GH2 as suggested in the literature[7].ΔGU = −eU, in which U 

11 is the potential related to the standard hydrogen electrode. ΔGpH is the correction free 

12 energy of OH−ions depended by the concentration (ΔGpH = −kT ln 10 × pH). 

13 The minimum potential for OER was obtained by

14 𝑈(𝑂𝐸𝑅) = 𝑚𝑎𝑥{Δ𝐺1𝑎,Δ𝐺1𝑏,Δ𝐺1𝑐,Δ𝐺1𝑑}(𝑆12)

15
                  𝜂𝑂𝐸𝑅 =

𝑈(𝑂𝐸𝑅)
𝑒

‒ 1.23                (𝑆13)

16 in which, ΔG1a, ΔG1b, and ΔG1c are the reaction free energy of Equations (S7)–

17 (S10), when U = 0 V, pH = 0. ηOER (V) refers to the overpotential required for OER.
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1

2 Figure S1 LSV Curves of photoelectrochemical spitting water of BVO 

3 photoanodes obtained at 0.5 M KBr/I/Cl for 2 h.

4
5

6 Figure S2 LSV curves of photoelectrochemical spitting water of BVO 

7 photoanodes obtained at (a) different concentration of KBr and (b) different post-

8 treatment time

9 The optimal experimental conditions were described as follows: Firstly, the BVO 

10 photoanode was modified in 0.5 M KBr, KI and KCl solutions for the same time (2 h) 

11 at room temperature. The linear sweep voltammetry (LSV) curves of 

12 photoelectrochemical (PEC) water splitting indicated that the BVO photoanode 

13 modified by KBr solution had significant PEC perfomence (Fig. S1). Then, the BVO 

14 photoanode was modified for the same time (30 min) in different concentrations of KBr 
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1 solution. The modification effect on the BVO photoanode significantly increased with 

2 the rise of KBr concentration from 0.1 M to 1 M, as indicated by the LSV curves. 

3 However, the effect of 1 M and 1.5 M KBr on the BVO photoanode was similar (Fig. 

4 S2a). Therefore, the 1 M KBr solution had the optimal modification effect on the BVO 

5 photoanode. In addition, the BVO photoanode was post-treatment in 1 M KBr solution 

6 for different times (3,6,9,12,24,48 h) to study the effect of modification time on the 

7 PEC performance of BVO photoanode (Fig. S2b). With the increase of post-treatment 

8 modification time (3~24 h), the photocurrent of PEC water splitting gradually increased 

9 in the BVO photoanode. Nevertheless, the LSV curves of PEC water splitting were 

10 similar after post-treatment for 24 h and 48 h. Thus, the optimal post-treatment time 

11 was 24 h. The above trend of photocurrent change may be due to the fact that with the 

12 increase of post-treatment time, the coverage of the modified material on the surface of 

13 the BVO photoanode gradually increased, which induced a higher PEC water splitting 

14 photocurrent. After post-treatment for 24 h, the surface of the BVO photoanode was 

15 completely covered by the modified material. Although the subsequent modification 

16 time increased to 48 h, the coverage of the modified material on the surface of the BVO 

17 photoanode did not change, thus showing a similar LSV curve. Therefore, the optimal 

18 post-treatment condition of BVO photoanode is post-treatment for 24 h in 1 M KBr 

19 solution at room temperature.
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1

2 Figure S3 Raman spectras of BVO and Br-BVO photoanode

3

4 Figure S4 SEM energy-dispersive X-ray spectra (EDS) spectra elemental 

5 mapping of BiVO4 photoanode.
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1

2 Figure S5 SEM energy-dispersive X-ray spectra (EDS) spectra elemental 

3 mapping of Br-BiVO4 photoanode.

4

5 Figure S6 (a) UV-vis absorbance spectras and (b) Tauc plots of BVO and Br-BVO 

6 photoanode.

7 The band gap of the samples can be determined using the following formula[8]: 

8 𝛼ℎ𝑣 = 𝐴(ℎ𝑣 ‒ 𝐸𝑔)
𝑛

2                   (𝑆14)

9 Where α, h, v, A, Eg and n are the absorption coefficient, Planck’s constant, incident 

10 light frequency, proportionality constant, band-gap and the characteristic integer, 

11 respectively. Among them, n depends on the characteristics of the optical transition in 
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1 a semiconductor, i.e., direct transition (n=1) or indirect transition (n= 4). BiVO4 

2 pertains to indirect transition and the value of n is 4. The band-gap energy (Eg) of BiVO4 

3 can thus be estimated from a plot of (αhv)2 versus photon energy (hv). However, CxNy 

4 pertains to direct transition and the value of n is 1. The band-gap energy (Eg) of CxNy 

5 can thus be estimated from a plot of (αhv)1/2 versus photon energy (hv). 

6

7 Figure. S7a: The light harvesting efficiency (LHE) of BVO and Br-BVO 

8 photoanode. It can be calculated by the absorbance data η ABS shown in Figure S6a: 

9 ηLHE = (1-10-ηABS) ×100%;

10 Figure. S7b: the solar spectral irradiance (original data of AM1.5G spectrum, 

11 named as (original data of AM 1.5G spectrum, named as “E”);

12 Figure. S7c: the photo flux (the number of photons, Np) which is converted from 

13 the irradiance data (Figure S7b): Np=E/Ep=E•[(λ•10-9)/ (h•c)] = E•λ•10-9/ (1.988•10-25) 

14 =E•λ•5.03•1015;
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1 Figure. S7d: The charges density data (Jabs)[9]. It can be obtained from the 

2 product of the photon flux Np (Figure S7c) ×e× light harvesting efficiency (Figure  

3 S7a); Where the e is the electric charges carried by a single electron (1.6022×10-19); the 

4 Jmax×ηLHE is the integration of the the photo flux by wavelength (nm). The Jabs 

5 =Jmax×ηLHE of BVO and Br-BVO photoanode was integrated to be 5.49 mA/cm2 and 

6 5.53 mA/cm2, respectively.

7

8

9 Figure S8 the O 1s spectra of (a) BVO and (b) Br-BVO phoaoanode.

10

11 Figure S9 ICP analysis after stability test of BVO and Br-BVO photoanode.
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1

2 Figure S10 Comparison of XPS results of Br-BVO photoanode before and after. 

3

4 Figure.S11 the EDS-mapping after stability test.
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1

2 Figure S12 The contact angle tests of the BVO (a) and Br-BVO(b) photoanode.

3 The calculation of the work function (Φ) of BiVO4 and Br-BiVO4 according to 

4 their UV-vis and UPS spectra[10].

5 BiVO4:

6 ECutoff =17.6 eV

7 Φ (BiVO4) = hν-ECutoff = 21.22 eV-17.6 eV=3.62 Ev(S15)

8

9 Br-BiVO4:

10 ECutoff =18.1 eV

11 Φ (Br-BiVO4) = hν-ECutoff = 21.22 eV-18.1 eV=3.12 Ev(S16)

12

13 Figure S13 (a) TRPL measurements fitting plot of BVO and Br-BVO photoanode.
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1

2 Figure S14 The IMPS Nyquist plots of Br-BVO photoanode recorded at different 

3 potentials (0.83 VRHE-1.33 VRHE).
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1

2 Figure S15 Adsorption model of (a) H2O, (b) OH, (c) O and (d) OOH on BVO 

3 photoanode; adsorption model of (e) H2O, (f) OH, (g) O and (h) OOH on Br-BVO 

4 photoanode.
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1

2 Figure S16 The initial DFT calculated adsorption model of the reactant H2O on 

3 BVO and Br-BVO photoanode.

4
5 Table S1 The PEC performance of BiVO4-based photoanodes without oxygen 

6 evolution.

Material
the power intensity of 

the incident light (mW/cm2)
Performance 

(at 1.23 VRHE)
Ref

Br-BiVO4 100 2.23 This work

40-Ag-Pi/BiVO4 100 2.32 [11]

BVO-NB-5P 100 1.47 [12]

Ni:BiVO4 100 1.36 [13]

Au-doped BiVO4 100 0.24 [14]

W (5%)-doped
BiVO4

100 0.61 [15]

Controlled 
nanostructured 

morphology of BiVO4

100 1.98 [16]

S-BVO 100 1.80 [17]

F-BVO 100 0.28 [18]

oxygen vacancies
BVO 100 2.00 [19]

7
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1 Table S2 Impedance parameters obtained from EIS plots

2

Sample
Rs/Ω

（Error/%）

Rct/Ω

（Error/%）

CPE/F

（Error/%）

BVO 8.47 （0.89） 138.9 （2.40） 9.689E-5 （3.97）

Br-BVO 7.92 （1.02） 254.1 （3.13） 1.98E-4 （4.19）
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