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I. COMPUTATIONAL DETAILS

We used density functional theory (DFT) to compute the electronic structure and starting-point

wavefunctions of the four structures analyzed in this manuscript. These structures were optimized

in Ref. [1] employing the PBESol functional. In each case, we use a supercell containing six

BiVO4 layers along the ĉ direction with 14 Å of vacuum distance. Each supercell is composed of

about 150−160 atoms (see Fig. I for an example of the supercell). All DFT calculations were done

using the DFT implementation from the QUANTUM ESPRESSO package [2]. As exchange correla-

tion potential we considered the semilocal Perdew–Burke–Ernzerhof (PBE) exchange-correlation

functional [3]. This functional has been shown provide results closer to experiment for the bulk

monoclinic phase of BiVO4 compared to hybrid functionals (see Ref. [4] and references therein).

We employed a plane-wave basis set with an energy cut-off of 90 Ry, and include spin-orbit cou-

pling (SOC) through fully relativistic norm-conserving pseudopotentials [5]. We sampled recipro-

cal space with a uniform 2×2×1 k-point grid.

Fig. S1. Example geometry of the BiVO4 supercell

for the pristine structure (violet: Bi, grey: V, red: O,

white: H). (a) Side view of the pristine supercell [â =

(100), b̂= (010), ĉ= (001)]. The dashed lines denote

the supercell limits.

Using DFT as a starting point, we applied many-body perturbation theory implemented in the

BerkeleyGW package [6] and computed self-energy corrections within a one-shot G0W0 approx-

imation. We employed the Hybertsen-Louie generalized plasmon-pole model for the frequency

dependence of the dielectric screening [7]. We considered a 30 Ry screening energy cut-off and
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a total of 3500 electronic bands, among them 1280 occupied. For optical absorption spectra and

excitonic properties, we solved the Bethe-Salpether equation within the Tamm-Dancoff approx-

imation [8]. For the kernel and absorption calculations we considered 14 valence (occupied)

bands and 16 conduction (empty) bands. The electron-hole coupling and the optical excitations

were quantified following the methods described in Sec. V.

II. BAND STRUCTURES

In Fig. S2, we show the DFT-computed band structures of the four surface structures studied in

this work. We observe that the valence and conduction bands, as well as the oxo bands, all present

a relatively small dispersion thus allowing us to focus our attention on the direct band-gap and

energy levels at the Γ point in the main paper.

Fig. S2. Band structures of the (a) pristine, (b) pristine-peroxo, (c) split vacancy and (d) split-vacancy-

oxo systems obtained using density functional theory. The band energies are normalized to the Fermi

energy, defined as the highest occupied level in each system and computed along a squared path in the two-

dimensional Brillouin zone.
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III. ABSOLUTE DEFECT STATE ALIGNMENT

The energies in Fig. 2 of the main text are referred to the highest occupied state at the Gamma

point that does not have defect character. This state has the same nature in the four systems

considered in our manuscript, therefore, allowing to easily make cross-comparisons between the

different systems.

We can also refer the energies with respect to the vacuum level to compare the absolute align-

ment of the defect levels in the DFT and GW calculations. Table I below summarizes the shift of

the defect/oxo states from the DFT to the GW calculation. It is interesting to note that while for

the pristine oxo system the impact of the many-body interactions that are accounted for in GW is

small, for the defect systems many-body effects can produce large shift in the localized states. The

large shifts, together with the associated mixed nature of the states that they may induce points

to the importance of performing many-body perturbation theory at the GW level in order to study

the excited state properties in these systems since they cannot be deduced by operating at the DFT

level only.

System State EGW −EDFT [eV]

Pristine-peroxo oxo 0.041

Split-vacancy
d1 1.357

d2 1.376

Split-vacancy-oxo

oxo1 -0.481

oxo2 -0.413

oxo3 -0.374

TABLE I. Absolute alignment between GW and DFT of the defect/oxo states.
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IV. OVERLAP MATRIX ELEMENTS

The calculation of the overlap matrix elements at the Γ point mentioned in the main text is

performed by averaging over blocks of degenerate spin states according to

SAB =
1
4 ∑

σ1,σ2

∣∣〈φ
σ1,σ2
A

∣∣φ σ1,σ2
B

〉∣∣2, (1)

where A and B are two different systems, σ1 and σ2 are two spin projections. We also account

for numerical uncertainties (random phases in the states coming from numerical diagonalization

of the Kohn-Sham Hamiltonian) by averaging over a certain small number of configurations.

For completeness with the main text, we compare the overlap matrix elements of the non-

oxidized and oxidized structures with the overlap of the defect and non-defect structures in Fig.

S3). Surprisingly, we find that compared to the overlap elements in the main text, they vanish

almost completely when comparing between the pristine and the split vacancy structures, for both

water and oxo adsorbates, Fig. S3c and Fig. S3d. In both cases, the presence of defects consid-

erably changes the structure and hence the charge distribution associated with it. In other words,

the defect states cannot be considered merely as additional surface states to the pristine system;

instead, they rather change the atomic structure and the associated electronic nature.

V. EXCITON COMPONENTS

As explained in Sec. I, the exciton states were obtained from the solution of the Bethe-Salpether

equation [8]

(Ec −Ev)AS
vck + ∑

k′v′c′
Kvck;v′c′k′(Ωc)AS

v′c′k′ = ΩcAS
vck, (2)

where Ec,Ev are the conduction and valence band energies, Kv,c,k,v′,c′,k′ the electron-hole interac-

tion kernel. This is a generalized eigenvalue problem whose solution yields the exciton energies,

Ωc, and exciton coefficients, AS
v,c,k labeled by the index S and the quantum numbers v,c,k. These

coefficients correspond to the expansion coefficients of the exciton states, ΨS, as linear combina-

tion direct products of single-particle electron, ψck(re), and hole, ψvk(rh), states

Ψ
S(re,rh) = ∑

kvc
AS

vckψck(re)ψ
∗
vk(rh). (3)

As mentioned in the main text, the contribution of a given occupied band, v (resp. empty, c) is

computed by summing |AS
vck|2 over k and c quantum numbers (resp. k and v) and weighting the

result by the corresponding oscillator strength (see also Ref. [9]).
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Fig. S3. Overlap matrix elements SAB = |⟨φA|φB⟩|2 for selected states of pristine and pristine-peroxo sys-

tems. The scale ranges from 0 to 1, 0 being no overlap and 1 being complete overlap (same wavefunction

up to a phase factor). (b) Same as in (a) but for split vacancy and split vacancy-oxo, (c) pristine and split

vacancy and (d) pristine-peroxo and split vacancy-oxo overlap matrix elements. Note that the scale in the

two upper panels is two orders of magnitude larger than in the two lower panels.
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VI. ADDITIONAL ABSORPTION DATA

Fig. S4. Absorption spectra (in arbitrary units) and contribution from each valence (blue), oxo (black) and

conduction bands (orange) to the exciton states (given by adding all circles at a given energy). The size

of the circle is obtained following Sec. V. (a)-(c) pristine, pristine-peroxo and split-vacancy-oxo structures

with absorption occurring for the â = (100) polarization direction; (d)-(f) pristine, pristine-peroxo and

split-vacancy-oxo structures with absorption occurring for the b̂ = (010) polarization direction and (g)-

(i) pristine, pristine-peroxo and split-vacancy-oxo structures with absorption occurring for the ĉ = (001)

polarization direction. The order of the levels correspond to the GW ordering of energy states.
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