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Computational methods

The effective masses of electrons and holes were extracted from the electronic band structure using

the following relation [1]:
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where M is the effective mass (me), h is the reduced Planck constant (¢V.s), and dk” is the
second derivative of the energy with respect to the wavevector, evaluated at the band extremum.

The carrier mobilities of electrons and holes were estimated using the obtained effective masses

and the Drude model [2]:
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where #is the carrier mobility (cm?/V's), 4 is the elementary charge, T is the mean free time

0—16

(assumed to be 1 X 1 s), and m” s the effective mass. The carrier diffusion lengths were

calculated using the following expression [3]:

bp= DT G)

where Lp is the diffusion length (nm), D is the diffusion coefficient, and T is the carrier lifetime (
1x10° 85), consistent with the recent findings of Song et al [4]. The diffusion coefficient D was
calculated using the Einstein’s relation:
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where kg the Boltzmann constant (8:617 X 1077 eV/K) T the absolute temperature (K), and 4

the elementary charge.



The charge density difference, K-path for band structure calculations, and the energy levels of the

conduction and valence bands were evaluated using the VASPKIT toolkit [5].

For further calculations, pure and doped (001) slab surfaces of BVO were constructed using a fully
relaxed cell. The surfaces of the pure and doped BVO contained four-layered slabs, with each slab
composed of 48 atoms. A vacuum layer of at least 15 A was added to avoid interactions between
periodic layers. The lower two layers of the slab were fixed, while the upper two layers were fully
relaxed. A Monkhorst-Pack k-point mesh of 3 x 3 x 1 was used for Brillouin zone sampling and

total energy calculations.

The formation energies of the doped BVO were calculated as follows [6]:

EF(M - doped) — E(M - doped) ~ E(pure) — Uyt Upe (5)

where, E ), and Eprqopeq), are the obtained energies for pure, and M-doped BVO respectively.

pw, and P, are the chemical potentials of doped metal, and Fe, respectively.

The Gibbs free energy for each intermediate step was calculated as [7]:

AG = AE pppy + (ZPE - ATS) - e.U ©)

where AE is the change in adsorption energy, ZPE is the zero-point energy, 7 is the temperature
(298.15 K), S is the entropy, e is the electronic charge and U is the applied electrode potential.
The ZPE was obtained by post-processing the vibrational energy calculations using VASPKIT

toolkit. At standard condition with U = 0, the highest free energy is equal to the reaction

4 (8G,,. -1.23).

potential for electrochemical reaction an: is equal to overpotential.

AG, .= (DG, AGy, AG,, AG))

(7)
In alkaline media, the OER reaction process occurs as follows:
AGi= * + OH™ -»HO" +e~
(8)

AG3=0* +OH™ -HOO" + e~ (10)



AG,=HOO0" +0H —0,+e” + *

(11)
The theoretical reaction overpotential (1) is calculated using following equation:
(AG .
__ MY 123
n= € (12)

where, AG gy is the largest potential difference step in the OER reaction step.
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(c) Hf* doped, (d) Ta>*
doped BVO, respectively. The blue dashed lines represent

structure of (a) pure; (b) Zr** doped,

(f) W6+

CBM/VBM, red dashed lines represent fermi level (Ey).
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Figure S2: DFT-calculated projected band structure of (a) pure; (b) Ti*" doped, (¢) Zr*" doped, (d)
Hf* doped, (¢) Nb>" doped, (f) Ta>" doped, (g) Cr¢" doped, (h) Mo®" doped and, (i) W" doped

BVO, respectively. The blue dashed lines represent CBM/VBM, red dashed lines represent fermi

level (Ep).
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Figure S3: DFT-calculated charge density difference and 2D-charge density maps along (001)
plane of a) Hf-doped; b) Ta-doped, c) Cr- doped, and d) W- doped BVO, respectively. The iso-

surface value was set to 0.05 eV/A3. The dark-cyan and purple color regions represent the charge
accumulation and depletion respectively. The red and blue regions in 2D-charge density map

represent the higher and lower charge regions, respectively.
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Figure S4: Calculated Gibbs free energies of pure and doped BVO at 0 V potential. The light-
yellow highlighted region represents the PDS for each sample.




Figure S5: DFT-calculated charge density difference of OOH,4; on (001) surfaces of (a) pure; (b)
Ti* doped, (¢) Zr*" doped, (d) Hf*" doped, () Nb>* doped, (f) Ta>* doped, (g) Cr* doped, (h) Mo®"
doped and, (i) W¢" doped BVO, respectively. The dark-cyan and purple color represent the charge
accumulation and depletion respectively. The blue, green, grey, and light-pink balls represent Bi,

V, O, and H atoms respectively.
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Figure S6: DFT-calculated projected density of states of (a) Ti*" doped, (b) Hf*" doped, (¢) Zr*
doped BVO, respectively.
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Figure S7: DFT-calculated optical properties of pure and doped BVO: (a) absorption spectra, (b)
magnified absorption spectra, (c) real part of dielectric constant and (d) imaginary part of dielectric

constant.



Table S1: The optimized adsorbate bond lengths and bond angles for OH adsorbed on the pristine
and doped BVO.

Photoanode OH* adsorbed on the surface
Bond length (A) Bond angle (°)

Bi-O Bi-OH

BVO 2.10 109.94
Ti-BVO 2.18 136.75
Hf-BVO 2.41 158.12
Zr-BVO 2.18 114.70
Ta-BVO 2.11 112.36
Nb-BVO 2.15 109.92
Cr-BVO 2.47 138.98
Mo-BVO 2.18 114.70

W-BVO 2.18 114.70




Table S2: Comparison of obtained carrier mobility and overpotentials of Ti, Mo, and W-doped
BiVO, with the previously reported work.

Photoanode  Carrier mobility Overpotentials (1) Reference

(cm? V-1 S1) %)
Ti-BVO - 0.44 8
Ti-BVO - 0.97 9
Mo-BVO 1.07 x 10~ - 10
Mo-BVO - 0.54 11
W-BVO 5x107° - 12
W-BVO 22x107* - 13
Mo-BVO - 0.79 14
W-BVO - 1.50 14
Ti-BVO 1.5%x10°° 0.41 This work
Mo-BVO 9.31x107° 0.71 This work

W-BVO 931x10°° 0.95 This work
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