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Methods

Computational Details

Hybrid functional calculations were performed with the dielectric-dependent PBE0 func-

tional, fixing the exact-exchange fraction at α = 1/ϵ∞ = 0.22, following previous benchmarks

on BiVO4 showing that this value reproduces quasiparticle-level band gaps and defect ener-

getics.1–3 For efficient hybrid calculations of the aqueous BiVO4 interfaces, we employed the

PBE0–TC–LRC scheme4 together with the auxiliary density–matrix method (ADMM)5 in

CP2K.6 Core–valence interactions were described by Goedecker–Teter–Hutter (GTH) pseu-

dopotentials,7 and molecularly optimized (MOLOPT) double-ζ polarization basis sets were

used for Bi, V, and O, with a triple-ζ set for H.8 A plane-wave density cutoff of 600 Ry was

applied, and all supercells were sampled at the Γ-point, consistent with established hybrid

functional calculation setups for aqueous BiVO4 interface in earlier studies.1,9–11

For simplicity, we modeled the tetragonal phase of BiVO4 (space group I41/a, a =

5.172 Å, c = 11.771 Å); its (001) facet is approximately equivalent to the monoclinic (010)

surface and captures the bulk band structure and polaron states of the monoclinic phase.12

The computed band gap (2.72 eV) matches well with reported experimental values (2.5–

2.6 eV).9,13 This tetragonal model has been widely employed in prior theoretical studies

because its low-index surfaces and electronic structure closely resemble those of the mono-

clinic phase, making it a reliable computational proxy for surface and defect modeling.3,11,14,15

Nevertheless, we acknowledge that the lower symmetry and more distorted VO4 units in the

monoclinic structure could slightly modify the thermodynamic ordering of surface recon-

structions.

Six electrochemically stable terminations were examined: t-BiO2 and t-BiO3 (Bi-rich); t-

BiVO4 and t-BiVO6 (stoichiometric/O-rich); and t-VO2 and t-VO4 (V-rich). These surfaces

are denoted t-BixVyOz , reflecting the relative ratios of atoms in the outermost layers. Each

aqueous BiVO4 interfacial model employed a symmetric p(2× 2) slab containing at least ten
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BiVO4 trilayers; a ∼15 Å water layer (56 H2O, matching bulk water density) was added to

form the aqueous interface. The initial water configuration was taken from the equilibrated

BiVO4(010)/water interface of Ref. 1.

Born–Oppenheimer ab initio molecular-dynamics (aiMD) simulations were run in the

canonical (NV T ) ensemble at 350 K (a commonly used choice to avoid over-structured water

and to ensure diffusive dynamics at hybrid-DFT accuracy16,17) using a Nosé-Hoover chain

thermostat, a 0.5 fs timestep, and the D3 dispersion correction.18 Production trajectories of

7.5 ps were generated for each termination, with electrostatic potentials saved every 50 fs for

band-edge analysis. For the equilibrated trajectories, we introduced a single oxygen vacancy

(VO) in the BiVO4 bulk-like region of the aqueous slab, thereby adding two unpaired excess

electrons, and followed the equilibration of these excess electronic states for ∼3.0 ps.

SHE/Vacuum-referenced band alignment

We determine the band edges of bulk BiVO4 in water using a hybrid–DFT/electrostatic

line-up scheme, following Refs. 11,19. First, the conduction- and valence-band edges are

obtained from ab initio MD of bulk BiVO4 (supercell 2 × 2 × 2) run for > 10 ps with a

0.5 fs timestep; Kohn–Sham eigenvalues (along with the electrostatic potential needed for

the subsequent line-up) are sampled every 50 fs over the last 5 ps to yield time-averaged

CBM and VBM at 300 K.

These raw, finite-T band edges are then corrected to account for the spin orbit coupling

(SOC), excitonic effects (EE), and nuclear quantum effects (NQE), using shifts from Refs.

11,19 (∆VBM= +0.50 eV and ∆CBM= −0.43 eV). We write

εCBM(T ) = εAIMD
CBM (T ) + ∆εSOC

CBM +∆εNQE
CBM +∆εEE

CBM,

εVBM(T ) = εAIMD
VBM (T ) + ∆εSOC

VBM +∆εNQE
VBM +∆εEE

VBM.

(S1)
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The room-temperature fundamental gap then follows as

Eg(T ) = εCBM(T )− εVBM(T ). (S2)

The corrected bulk edges are subsequently placed on an absolute scale at the BiVO4(010)/water

interface via plane-averaged electrostatic line-up, as in Refs. 11,19.

The bulk band edges depending on the BiVO4(010)/water interface are aligned to the

vacuum level and to a computational standard hydrogen electrode (SHE) potential, µSHE.

Following the plane-averaged electrostatic line-up scheme,20,21 the bulk BiVO4 and water

references are obtained by comparing plateau values of the electrostatic potential in bulk-like

BiVO4 and water regions in the interface models. Specifically, the potential offsets for BiVO4

and liquid water are defined as

∆VBiVO4 = VBiVO4(bulk)− VBiVO4(interface),

∆Vwater = Vwater(bulk)− Vwater(interface) ,

(S3)

where VBiVO4(bulk) and Vwater(bulk) denote the plateau values from separate bulk calculations

and VBiVO4(interface) and Vwater(interface) are the corresponding plateau values extracted

from each bulk-like region of the interface supercells. All potentials are plane-averaged along

the surface normal and time-averaged over the last 5 ps of the 10 ps PBE0–aiMD bulk BiVO4

trajectory; for interfaces, averages are taken over the last 2.5 ps of the 7.5 ps PBE0–aiMD

runs.

For surface-derived electronic levels, we do not re-reference to a separate VBiVO4(bulk).

Instead, the surface-projected Kohn–Sham levels (VBM/CBM or defect states) from the

aqueous interface are placed on an absolute scale using only ∆Vwater offsets, enabling a con-

sistent vacuum/SHE comparison with bulk band offsets. The surface-projected VBM/CBM

were corrected analogously to the bulk edges, i.e., including SOC, nuclear-quantum, and

excitonic effect.
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Vacuum-referenced edges are obtained via the interfacial electrostatic line-up (the ∆VBiVO4

and ∆Vwater offsets) and by adding the inner potential of bulk water relative to vacuum,

ϕwater ≈ 3.7 eV (Refs. 22,23), yielding εvacVBM and εvacCBM for both bulk and surface-projected

states.

For referencing to SHE, we employ a neutral interface at the point of zero charge, pHPZC,

as in Ref. 20. The VBM at pHPZC is

εSHE
VBM(PZC) = εVBM(T )− µSHE −∆VBiVO4 +∆Vwater , (S4)

and εSHE
CBM(PZC) = εSHE

VBM(PZC)+Eg(T ). Here µSHE = −4.44 eV relative to vacuum at 298 K,

and pHPZC is defined as the pH where the surface has no net charge (Ref. 19). Assuming

Nernstian behavior (Ref. 24), band edges at a general pH are obtained via

εSHE
n (pH) = εSHE

n (PZC)− 0.059 eV
(
pH− pHPZC

)
, (S5)

for n∈{VBM,CBM}.
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Figures and Tables

Figure S1: PBE0-computed atom- and orbital-projected density of states at 3 ps for six
reconstructed BiVO4(010)/water interfaces. For each termination (t-BiVO4, t-BiVO6, t-
BiO2, t-BiO3, t-VO2, t-VO4), the bulk-like region (top) and the outermost surface layer
(bottom) are shown. The surface region is defined as the top two to three cationic layers to
capture altered cation–oxygen bonding relative to the stoichiometric surface. Energies are
referenced to EF (vertical dashed line).
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Figure S2: Defect–state charge-density isosurfaces for the aqueous V-rich, oxygen-deficient
t-VO2 termination. In this supercell, the V-rich surface stoichiometry yields eight excess
electrons (relative to stoichiometric BiVO4) due to oxygen deficiency in the outermost eight
V atoms; these localize on surface/subsurface V centers as V4+ small polarons, producing
V 3d–derived mid-gap states in the PDOS (Figure S1). Two representative deep defect
(spin-paired) Kohn–Sham states are visualized in the charge-density plots. Bi, V, and O
atoms are shown as purple, gray, and red spheres, respectively.
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Figure S3: Representative PBE0–MD trajectories of V-centered small-polaron formation at
reconstructed BiVO4(010)/water interfaces. For each termination, the left panel shows a
snapshot at 3 ps with spin-density isosurfaces (yellow/cyan: opposite spin channels) asso-
ciated with the two excess electrons; Bi, V, and O atoms are depicted as purple, gray, and
red spheres, respectively. The top-right panel plots the relaxation energy ∆E(t) upon the
creation of VO, and the bottom-right panel shows the time-resolved spin positions along the
slab z-axis (the gray band marks the oxide slab; spins on O and V are colored red and
turquoise, respectively).
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Figure S4: Spin-density isosurfaces (yellow/cyan: opposite spin channels) for reconstructed
BiVO4(010)/water interfaces containing a bulk-like oxygen vacancy (VO with two injected
e−). Left: O-rich t-BiVO6; right: Bi/O-rich t-BiO3 terminations. Spins localize on a
surface superoxo *O2

– (doublet) and V-centered small polarons, yielding Snet = +1 in both
terminations.

Figure S5: Spin-density isosurfaces (yellow/cyan: opposite spin channels) before and after
O2 release from t-BiVO6 surface with a bulk-like VO. Upon O2 removal in the slab center,
the excess electrons localize on V sites as small polarons, indicating that O2 does not retain
the excess charge under vacuum conditions.
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Table S1: Bulk and surface band-edge positions (eV) for six reconstructed BiVO4(010)
terminations, referenced to the vacuum level. Reported are the CBM (conduction-band
minimum) and VBM (valence-band maximum); values are PBE0–MD averages over the last
2.5 ps, with standard deviations from thermal fluctuations in parentheses.

Bulk Surface

Termination VBM CBM VBM CBM

t-BiVO4 −6.78 (0.05) −4.06 (0.06) −6.66 (0.11) −3.91 (0.13)
t-BiVO6 −7.46 (0.05) −4.74 (0.06) −6.55 (0.20) −4.72 (0.16)
t-BiO2 −6.29 (0.05) −3.57 (0.06) −5.73 (0.19) −3.52 (0.13)
t-BiO3 −6.62 (0.05) −3.90 (0.06) −5.88 (0.21) −4.11 (0.16)
t-VO2 −7.80 (0.05) −5.08 (0.06) −7.77 (0.14) −5.18 (0.21)
t-VO4 −7.84 (0.05) −5.12 (0.06) −7.14 (0.19) −5.13 (0.17)
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