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1. Experiment
1.1 Preparation of Ni-VB/BiVO, photoelectrode

The pristine BiVO, photoelectrode was prepared according to the
previous reports.l'”) Furthermore, the nickel doped vanadium oxide (Ni-
VO,) was deposited on the BiVO, photoelectrode surface by using photo-
electrodeposition method as follow: in 100 mL of deionized water, the
VCl; and Ni(NOs), were configured with 10 mM and 0.1 mM, respectively.
The prepared BiVO, photoelectrode, Ag/AgCl and Pt electrode were used
as the working electrode, reference electrode and counter electrode,
respectively. The voltage range was controlled to be in the range of -

0.6~0.8 V (vs. RHE) for LSV test in 0.5 M potassium borate solution for 1



hour at the case of light illumination with AM 1.5G. Finally, the Ni-
VO,/BiVO, photoelectrode was obtained by rinsing with deionized water
and dried in oven for 12 hours. Further on, the bimetallic Ni-VB/BiVO,
photoelectrode was prepared also by using the photo-electrodeposition
method as the same conditions of Ni-VO,/BiVO, photoelectrode prepare
process by using the Ni-VO,/BiVO, photoelectrode as the working
electrode.
1.2 Materials characterization

The crystalline structure of prepared photoelectrodes was analyzed by
using X-Ray Diffractometer (XRD, Brooke D8) with Cu Ka radiation. The
Raman spectroscopy was identified by using Thermo Fisher DXR
spectrometer. The morphologies were characterized on scanning electronic
microscopy (SEM, JEOL JSM-7800F), transmission electron microscopy
and high resolution transmission electron microscope (TEM and HRTEM,
FEI Tecnai F30) systems. The surface chemical state of elements was
recorded on X-ray photoelectron spectroscopy (XPS, Thermo Fisher,
ESCALAB 250). The Ultraviolet-visible diffuse reflectance (DRS) spectra
were measured on a UV-3600 Plus (Shimadzu) spectrometer by using
BaSO, as the reference. The density functional theory (DFT) calculations
were performed using the Vienna Ab-initio Simulation Package (VASP)
with projector-augmented wave (PAW) method. The BiVO, (1 2 1) surface
was modeled as a 3x3x1 supercell with a 15 A vacuum layer to avoid
periodic interactions. The Ni-VB/BiVO, interface was constructed by
replacing surface V atoms with Ni in the VB structure, and the oxygen
vacancies (O,,.) were introduced by removing selected oxygen atoms. The
detailed of DFT calculations were described in supporting information.
1.3 The measurements of PEC performances

All the PEC measurements were carried out in the 0.5 M KBi solution



(pH=9) by using an electrochemical workstation (CHI614) with a three-
electrode system. A 300 W Xenon lamp was used as the solar light source
and the illumination area of all photoelectrodes was controlled with 1 cm?.
In order to disperse the air in the solution, nitrogen gas was introduced for
30 min before the PEC tests. The workstation scan rate was controlled to
be 50 mV/s and the photoelectrode samples were subjected to linear
scanning voltammetry (LSV), stability (I-t) and Mott-Schottky tests. The
charge injection (Mipjection) and separation (Nseparation) €fficiency tests were
performed with Na,SOj; as a hole scavenger. The photo-impedance (PEIS)
was performed in the frequency range of 10-2-10-° and analyzed by fitting
the clerk using analytical software (ZView).
2. Equations used in this work

Erue represents the converted potential vs. RHE. The value of
E% s gagcr (saturated KCl) is 0.1976 V at 25 °C. Exgagcr is the obtained
potential vs. Ag/AgCl, and the pH of the electrolyte was 9;

Applied bias photon-to-current efficiency (ABPE) can be calculated

using the following equation: [!]

J x (123 - V)
APBE (%) = (1)
Ptotal

Where J refers to the photocurrent density (mA cm2) obtained from the
electrochemical workstation. V,, is the applied bias (vs RHE), and Py, is
the total light intensity of AM 1.5 G (100 mW/cm?).

The charge separation efficiency (Mseparation) and injection (Minjection)
efficiency of the pristine BiVO,, V-NiO,/BiVO,, V-NiB/BiVO, can be

calculated using the following equations: [?!
N aZS 03 (2)

nseparation = ]
abs



Na2503

77injection =

]max (3)

Where J,, is the photon adsorption rate expressed as the photocurrent

Na,S0
density and J is the photocurrent densities in 0.5 M KBi with the

addition of Na,SOs. Jmax is the theoretical maximum photocurrent density
of BiVO,.
3. DFT Calculation Details:

All the spin-polarized first-principles calculations were performed
using the Vienna Ab initio Simulation Package (VASP) B! for the
investigation of the oxygen evolution reaction (OER) on BiVO, and V-
NiB/BiVO, heterogeneous catalysts. Interactions between ion cores and
valence electrons were described using the Device Studio-integrated
Projector Augmented-Wave method package (DS-PAW). The exchange-
correlation functional was described using the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
functional,*] and the projector augmented wave (PAW) method!® was used
for the description of the electronic wavefunctions. A plane-wave cutoff
energy of 400 eV was chosen, and the k-point sampling was performed
using the Monkhorst-Pack (M-P) method!®! with a 3x2x1 grid to ensure
adequate sampling of the first Brillouin zone. The forces were converged
to within 0.02 eV/A, and the total energy convergence criterion was set to
1 x 107% eV. During structural optimization, the lattice parameters of the
unit cell were fixed, and a vacuum layer of 15 A was introduced along the
z-direction to minimize interactions between periodic images. A dipole
correction was applied in the z-direction to account for long-range
Coulomb interactions resulting from the periodic boundary conditions.[”!

The DFT-D3 dispersion correction was included in all calculations.!®



The materials considered in this study include the monoclinic BiVO,
(121) surface and the possible VBOs (001) surface, with the lattice
mismatch between the two phases constrained to be less than 5% to ensure
the stability of the heterojunction interface. The lattice parameters of the
heterojunction were optimized to 9.83 x 10.93 x 28 A, ensuring low lattice
mismatch and promoting a stable and efficient interface for catalytic
activity.

For the oxygen evolution reaction (OER), the four-electron reaction
steps were considered using the model developed by Nerskov et al.’! The
four-electron transfer process during the OER involves four reaction steps,
including the formation of *OH, *O, and *OOH intermediates. The Gibbs

free energy for each step was computed using the following equation:
AG=AE+AZPE-TAS
where AE is the total energy difference between the initial and final states,

AZPE is the difference in zero-point energy, T is the temperature 298.15
K, and AS is the change in entropy.
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Fig. S1 The XPS of (a) Bi 4f and (b) V2p.
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Fig. S2 The LSV tests of BiVO,, Ni-VO,/BiVO, and Ni-VB/BiVO,

photoelectrodes with Na,SOj; sacrificial agent.
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Fig. S3 The PL lifetime of BiVO,, V-Ni0O,/BiVO, and V-NiB/BiVO,
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Fig. S4 The LSV curves of V-NiB/BiVOj, electrodes after J-T.



Table S1. Comparison of PEC activities for BiVO, based photoelectrodes.
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Tab. S2 The PEIS fitting parameters of BiVO,, Ni-VO,/Bi1VO, and Ni-

VB/Bi1VO, samples.
| Sample | R | Ra |
BivVO, 15.97 632.7
V-NiO,/BiVO, 16.21 390.5
V-NiB/-BiVO, 16.24 177.4
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Fig. S5 The band structure DFT calculation of pristine BiVOj,.
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Fig. S7 The DOS calculation of Ni-VB/BiVO,.
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