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Bismuth vanadate is a promising photoanode material for photoelectrocatalytic water splitting.
Localized charges play a crucial role in the water-splitting mechanism by introducing charge-transition
levels within the band gap and thereby modifying the band alignment. Additionally, the introduction
of oxygen vacancies, which can interact with electron polarons, has been reported to improve the
photoelectrocatalytic efficiency. However, charge-transition levels are typically evaluated at 0 K, whereas
operating conditions involve finite temperatures and, in thin films, epitaxial strain. Capturing these effects
requires free energies and extensive sampling that are generally prohibitive for ab initio methods. In this
work, we train a machine-learned interatomic potential for BiVO4, including electron polarons and oxygen
vacancies in various charge states, to resolve how free energies, transition levels, and charge trapping
evolve under operando temperature and strain conditions. For oxygen vacancies, the use of a machine-
learned potential enables efficient sampling of charge-localization sites in the vicinity of the vacancy,
revealing favored configurations. The energies of the localized polaron and oxygen-vacancy states remain
essentially unchanged with temperature, while their transition levels relative to the band edges vary due to
temperature-dependent band-edge shifts. In contrast, strain more strongly modifies both the localized
states and the band edges. These results provide new insights into the stability of localized charges and
their role in photoelectrocatalytic water splitting at finite temperature.

DOI: 10.1103/xwxv-6s55

I. INTRODUCTION

Photoelectrocatalytic (PEC) water splitting is a clean
method for producing hydrogen from water and solar
energy [1–3]. PEC relies on the hydrogen evolution
reaction (HER) at the cathode and the oxygen evolution
reaction (OER) at the anode [2,4]. In an efficient setup, the
conduction band minimum (CBM) of the cathode must lie
above the HER, while the valence band maximum (VBM)
of the anode must lie below the OER. This requirement
implies that photoexcited charges occupy delocalized band
states. However, in semiconductors, charges can localize
due to doping [5], point defects [6,7], or polaron formation
[8,9], resulting in additional energy levels within the band
gap. These charge-transition levels (CTLs) affect PEC
efficiency by either improving or degrading band align-
ment with HER and OER. Thorough investigations of

these additional energy levels are therefore crucial to
identify potential candidates for PEC applications.
Transition metal oxides have been suggested as photo-

anodes for PEC water splitting [10–12]. Among them,
bismuth vanadate (BiVO4) is one of the most promising
and most studied candidates [13–15], due to its band gap
being suitable for absorption of visible light [16] and a
favorable band alignment with the OER [17,18]. BiVO4

exhibits n-type conductivity [19]; however, electron trap-
ping greatly limits carrier mobility and lowers PEC
performance [20]. Conductivity and charge transfer can
be increased by introducing charge carriers through
doping, for example, by substituting V5þ with Mo6þ or
W6þ [21] or by interstitial hydrogen [19,22]. Charges can
also localize around intrinsic defects, such as oxygen
vacancies [23–25], or through the formation of polarons
[18,26–29]. In particular, the electron polaron has been
found to have an energy level aligned with the OER and
could potentially enhance the PEC performance [18].
In addition to doping and defects, the position of the
CTL can also be tuned by applying strain [30].
Experimental measurements on epitaxial BiVO4 thin films
indicate that small biaxial strains (∼1%) can induce CTL
shifts approaching 100 meV, making strain a promising
route for tuning polaron levels [31]. While localized
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electrons arising from polarons and oxygen vacancies play
an important role in the water-splitting reaction, their
stability, and energetic alignment under operando temper-
ature and strain conditions remain largely unexplored.
Finite-temperature simulations rely on molecular

dynamics (MD). In the context of CTLs, the free energy
can be obtained through thermodynamic integration [32],
which requires long simulations to obtain converged
results. Additionally, large supercells are necessary when
studying charged systems [33–35]. This makes the use of
ab initioMD computationally impractical. In recent years,
machine-learned interatomic potentials (MLIPs) have
emerged as an efficient solution to perform long MD
simulations for large numbers of atoms, routinely allowing
nanoseconds-long simulations for millions of atoms
[36–40]. While standard MLIPs are trained to predict
energies and forces, there have also been MLIPs developed
to predict other properties, such as electric dipoles [41,42],
polarizabilities [43,44], or even electronic densities
[45,46]. A few models that predict atomic charges have
also been suggested, for example, based on partial charges
[47,48], Born effective charges [49], or charges learned
implicitly from electrostatics [50,51].
While these models have been successfully trained for

the neutral charge state, their application to charged
systems is not straightforward. One possibility is to treat
different charge states by training separate models [52].
This approach is, however, limited in that it does not
ensure convergence of the formation energies for large
periodic systems [53], thereby restricting the system size
to the one used during training. Instead, charge states can
be modeled by distinguishing atoms near the localized
charges by labeling them as different species depending on
the total charge, effectively allowing them to adopt differ-
ent oxidation states [53]. When combined with thermo-
dynamic integration, the labeling approach has been
successfully applied to study the temperature dependence
of CTL in semiconductors [54] and is expected to be
suitable for the study of electron polarons and oxygen
vacancies in BiVO4.
In this work, we investigate the stability of electron

polarons and oxygen vacancies in BiVO4 under realistic
conditions through the use of a neuroevolution potential
(NEP). Localized charges are treated by labeling atoms,
which enables simulations across different charge states
and greatly simplifies thermodynamic integrations. To
closely match experimental conditions, free-energy
differences and CTL are calculated at temperatures
between 10 and 400 K, as well as under biaxial strains
between −2% and 2%. For the oxygen vacancy, different
localized sites are considered, revealing favored sites in the
vicinity of the vacancy. Because of the strongly harmonic
VO4 units and cancellation of terms, the free-energy
differences are found to be constant with temperature.
As a result, the temperature dependence of the band edges

is identified as the main source of variation in the CTL
and formation energies with temperature, for both the
electron polaron and the oxygen vacancy. In contrast,
strain is found to impact the absolute position of the CTL
and therefore can be used to tune the optical properties
of BiVO4.

II. METHODS

A. Electron polaron and oxygen vacancy in BiVO4

The different atomic structures considered in this work
are presented in Fig. 1. Scheelite BiVO4 consists of
isolated tetrahedral VO4 units, with Bi atoms situated
between them in an eightfold coordination environment
[Fig. 1(a)]. Upon formation of an electron polaron, the
excess charge localizes around a single vanadium site,
leading to an elongation of the V–O bonds [Fig. 1(b)].
For an oxygen vacancy, removal of an O2− anion perturbs
the local environment, with the vanadium in the resulting
VO3 unit shifting toward a neighboring VO4 and giving
rise to the corner-sharing structure shown in Fig. 1(c).
Because oxygen vacancies act as donor-type defects in
oxides, an oxygen vacancy in BiVO4 can occur in the
þ2;þ1, or neutral charge state. The excess electrons
localize on V sites to form one or two electron polarons so
that the different charge states can be viewed as the
vacancy coupled to zero, one, or two localized electrons
[Figs. 1(c)–1(e)]. Note that electron localization can
occur on different sites around an oxygen vacancy,
with previous studies having sampled these different
configurations using density functional theory (DFT)
calculations [23,55].

B. Defect formation energy and
charge-transition levels

The CTL is closely linked to the defect formation
energy ΔF. In its most general form, it can be written as

ΔFq ¼ ΔGq þ
X
i

niμi þ q½εv þ εF� þ Ecorr; (1)

where ΔG is the free-energy difference between the
pristine and defective systems, ni is the number of atomic
defects, μi is the chemical potential of atom i, q is the
charge state, εF is the Fermi energy, εv is the location of the
valence band maximum (VBM), and Ecorr is the finite-size
correction term. This latter term is neglected in this work
for two reasons. First, this work focuses on the effect of
temperature on the stability of localized charges, and the
correction term is expected to be almost constant with
temperature. Additionally, large cells are used for the DFT
calculations, leading to a small correction term due to the
large dielectric constant of BiVO4. The charge-transition
level εq=q0 between charge states q and q0 can then be
written as
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εq=q0 ¼
ΔGq=q0

q0 − q
− εv; (2)

whereΔGq=q0 ¼ ΔGq − ΔGq0 is the free-energy difference
between the two charge states. It should be noted that the
free energy of the pristine system is not necessary to obtain
CTLs of defective systems.

C. Neuroevolution potential and labeling of atoms

Finite-temperature MD simulations are performed
using a neuroevolution potential (NEP) [56,57]. The model
is trained using reference energies, forces, and stress
calculated at the DFT level using the FHI-AIMS package
[58–61]. The hybrid functional PBE0 with a mixing
parameter of 0.14 is employed to obtain accurate band
gaps and CTLs [28,29]. This value follows the generalized
Koopmans’ condition for localized charge states in BiVO4

and is therefore well suited for describing the electron
polarons and vacancy-bound localized electrons consid-
ered here. We note that previous work by some of the
authors used a larger mixing parameter, around α ¼ 0.22,
chosen to reproduce quasiparticle self-consistent GW band
gaps. Changing α would affect the band gap, the absolute
band-edge positions, and the CTLs, including their posi-
tions relative to the VBM. However, the main conclusions
of the present work concern the temperature and strain
dependence of free-energy differences. Once the localized
defect level is stabilized within the band gap, these trends
are expected to depend only weakly on the precise amount

of exact exchange, because they are governed mainly by
the local potential-energy surfaces of the localized charge
states. The near-harmonic potential energy surfaces found
here therefore suggest that the temperature independence
of the free-energy differences should be robust with
respect to moderate changes in α. Similarly, spin-orbit
coupling (SOC) is not included in the present calculations.
Previous work showed that SOC reduces the band gap of
BiVO4 by about 0.13 eV [62]. Since the electron-polaron
states are mainly derived from V 3d states, the direct effect
of SOC on the absolute CTL positions is expected to be
smaller than its effect on the band gap. Its effect on the
temperature and strain dependence of the CTLs is expected
to be even smaller.
In the NEP model, localized electrons are treated

by labeling atoms, similar to the method developed in
Ref. [53] and successfully applied to charged defects in
Ref. [54]. When considering the electron polaron and
oxygen vacancies in BiVO4, negative charges strongly
localize at specific vanadium sites [25]. We therefore only
label vanadium atoms, resulting in only one additional
species denoted V4þ, while other vanadium atoms are
labeled V5þ. A graphical representation of the labeling
procedure is shown in Fig. 1(e). Note that having two
electron polarons on the same site is found to be one of the
most stable electronic states for the oxygen vacancy
[23,55]. Including this electronic configuration to the
labeling would require adding an additional specie V3þ
and effectively make the NEP model more complex. We
therefore restrict ourselves to configurations with electrons

(a)

(d) (e)
(g)

(b) (c) (f)

FIG. 1. Atomic structure of (a) pristine BiVO4, (b) an electron polaron, and an oxygen vacancy in (c) charge state þ2, (d) charge
state þ1, and (e) neutral charge state. For the latter, the labeling of atoms is also shown, with localized electrons (on the left) replaced
by a separate V species (in blue on the right). (f)–(g) Formation energy diagrams of (f) the electron polaron and (g) the oxygen vacancy
obtained using the labeled NEP model at 0 K. The VBM and CBM are shown using vertical lines, while arrows indicate the CTLs, with
their values given in eV.
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on distinct V sites. It is important to note that the labeling
scheme used in this work does not capture migration/
hopping of localized charges and therefore treats the
localization sites as static.
A first generation of NEP model is trained using rattled

structures as well as snapshots from ab initio MD from
Ref. [18]. Additional structures were iteratively added to
the training set using active learning and committee error
estimates. The data acquisition workflow is presented in
more detail in Fig. S1 in Supplemental Material [63]. To
ensure consistent labeling, we only select structures where
V4þ atoms have a Hirshfeld spin moment higher than 0.5.
As a result, the final training set contains 973 structures,
including 18 6221 atoms in total and 774 V4þ atoms. The
quality of the dataset is further assessed using principal
component analysis, as presented in Fig. S2 in
Supplemental Material [63]. The final resulting model
shows root mean square error of 2.74 meV=atom,
115 meV=Å, and 12.1 meV=atom for the energies, forces,
and virials, respectively. Further metrics for assessing the
accuracy of the model are discussed and presented in Fig.
S3 in Supplemental Material [63]. Note that the force error
is the largest for the marked atoms (299 meV=Å), mostly
due to their underrepresentation within the training data.
Despite this, the model still closely reproduces the for-
mation energy of the electron polaron and the oxygen
vacancy, which are presented in Figs. 1(f) and 1(g). For the
electron polaron, we find a formation energy of−514 meV
and a CTL at 2.85 eV, which agrees well with our own
DFT values of −584 meV and 2.78 eV as well as other
previous DFT calculations [28,29]. For oxygen vacancies,
the two CTLs are found at 2.41 and 2.79 eV for εþ1=þ2 and
ε0=þ1 respectively. Additionally, the model also correctly
predicts the increased V–O bond length in the presence
of a polaron, going from 1.72 to 1.8 Å, again in good
agreement with previous DFT calculations [28] as well as
ab initio MD [27].

D. Thermodynamic integration

Free-energy differences at finite temperature are
obtained through nonequilibrium thermodynamic
integration [32],

ΔG ¼
Z

ts

0

½HfðtÞ −HiðtÞ�
dλ
dt

dt; (3)

where ΔG is the free-energy difference between the
Hamiltonians Hi and Hf. To obtain a reference free
energy, an Einstein crystal is typically used as one of
the Hamiltonians, resulting in the Frenkel-Ladd path [65].
In this work, Hi and Hf denote two versions of the NEP
model, in which the marked atoms are either treated as V4þ

or V5þ, thereby allowing a continuous path between charge
states. Combining marked atoms with thermodynamic

integration has already been successfully applied to
charged defects in several materials [54]. Free energies
are obtained by first equilibrating the initial charge state
for 20 ps in the NPT ensemble at the target temperature. To
reduce errors, we use the mean between the forward and
backward processes. Free energies are obtained by running
thermodynamic integration for 100 ps in both forward and
backward directions. To avoid finite-size effects, we use
8

ffiffiffi
2

p
× 8

ffiffiffi
2

p
× 2 supercells containing 12 288 atoms. The

convergence of ΔG with the simulation length and the
supercell size is benchmarked and discussed in Figs. S4
and S5 in Supplemental Material [63]. Finally, to reduce
noise from the finite length of the thermodynamic inte-
gration, the free-energy differences are obtained from the
average over 10 MD runs. Note that the standard deviation
is found to be at most 5 meV, far smaller than the energy
range considered in this work.

III. RESULTS

A. Temperature and strain dependence
of electron polaron free energies

Combining our marked NEP model with Eq. (3) enables
efficient computation of free energies. To better recreate
experimental conditions [30,31], all results pertaining to
strain are obtained at 300 K and with biaxial strain along
the ½100� and ½010� directions. The temperature depend-
ence of the electron polaron free-energy difference (ΔGe)
as well as CBM, and VBM are presented in Fig. 2(a). ΔGe
is found to be constant with temperature at 2.83 eV above
the VBM at 0 K, with small fluctuations of 2 meV, likely
due to finite length of the thermodynamic integration.
When applying strain instead, ΔGe shifts at a rate of
−46 meV=%, as shown in Fig. 2(b).
The difference in behavior can be explained by exam-

ining the potential energy surface (PES) as a function of
the V–O bond length at 0 K, as shown in Fig. 2(c). The
corresponding vertical transition energies are 3.45 and
2.17 eV for the absorption and emission, respectively. The
effect of temperature on the vertical transitions of the
electron polaron and the oxygen vacancy is discussed in
Fig. S6 in Supplemental Material [63]. In all cases, the
vertical transitions are temperature-independent, with
temperature mainly broadening the distribution through
thermal fluctuations. Note that comparison with exper-
imental vertical transitions can be difficult because the
band gap is sensitive to many-body interactions, nuclear
quantum effects, and spin-orbit coupling [62]. From
Fig. 2(c), the PESs of V5þ and V4þ along the V–O bonds
are found to be harmonic with similar curvatures. The
harmonicity is reflected in the V–O radial distribution
functions (RDFs), shown in Fig. 2(d) as a function of
temperature and in Fig. 2(e) as a function of strain. At low
temperature, sharp peaks appear around 1.72 and 1.80 Å
for V5þ and V4þ, respectively, as expected from the PES.
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With increasing temperature, the peaks broaden but remain
symmetric, indicating weak anharmonicity. Additionally,
the average bond lengths remain constant, with fluctuations
of the order of 3 × 10−3 Åover the entire temperature range.
While the harmonic PESs lead to symmetric RDFs with
temperature-invariant mean bond lengths, their similar
curvatures ensure that vibrational contributions largely
cancel betweenV5þ andV4þ. Together, these effects explain
why both the vertical transition energies and the free-
energy difference ΔGe are temperature-independent.
Similar behavior was reported for the optical defect level
in CsBrCl3 [52], while thermal fluctuations of the free-
energy difference are observed for defects in materials
with anharmonic PESs [54]. Despite the average V–O
bond length remaining constant, we still observe a thermal
expansion of 3.94 × 10−5 K−1 (see Fig. S7 in Supplemental
Material [63]), in good agreementwith experiment [66]. The
change of volume induced by thermal expansion likely
arises from elongation of Bi–O bonds and/or increased
spacing betweenVO4 units, and accordingly has a negligible
effect on the stability of the electron polaron.
In contrast, strain clearly impacts the peak position of

the RDF, as represented in Fig. 2(e). The V–O bond length
decreases with compressive strain, and increases with

tensile strain, as can be seen from the RDF in Fig. 2(e).
The movement of RDF peaks can be attributed to a shift of
the V4þ PES under strain (see Fig. S8 in Supplemental
Material [63]), which has already been suggested from
experimental measurements [31]. Interestingly, the PES
and the RDF peaks remain largely symmetric under strain
despite the variation in bond length, consistent with the
weak anharmonicity already observed in the absence of
strain. The structural origin of this behavior is likely
related to the fact that electron localization mainly shifts
the preferred V–O bond length, without substantially
changing the local V–O stiffness. As a result, the V5þ

and V4þ states sample similar, nearly harmonic wells, such
that increasing temperature mostly broadens the bond-
length distributions without changing the free-energy
difference. Biaxial strain, in contrast, changes the equi-
librium geometry of the surrounding lattice and can
therefore change how favorably the longer-bond V4þ

configuration is accommodated relative to V5þ.

B. Configurational sampling of oxygen-vacancy
charge states

For oxygen vacancies, the formation energies of charge
states þ1 and 0 depend on which vanadium sites the

(a)

(d) (e)

(b) (c)

FIG. 2. Band edges and free-energy difference of the electron polaron ΔGe as a function of (a) temperature and (b) strain.
(c) Potential energy surface along the V–O bond distance for V4þ and V5þ. The emission and absorption vertical transitions are shown
in gray, with their value given in eV. Radial distribution function of V–O pairs for V4þ and V5þ at (d) various temperatures and
(e) various strains.
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electrons localize on. Previous studies already investigated
the variation with sites for oxygen vacancies both in
bulk [23] and at the interface [24]. By leveraging the
high efficiency of NEP, we can also sample different
configurations and further investigate their temperature
dependence. In charge state þ1, only one electron local-
izes around the vacancy. Here, we study all vanadium sites
within a 10 Å radius around the oxygen vacancy, as well as
the electron localizing far away from the vacancy (detailed
results are presented in Fig. S9 in Supplemental Material
[63]). Note that the free-energy differences are presented
with respect to ΔGe for an easier comparison with the
electron polaron. In fact, the free-energy difference of
having an electron far from the vacancy is equal to ΔGe,
correctly showing the dissociation between the oxygen
vacancy and the localized electron. The two configurations
leading to the lowest free-energy difference are high-
lighted in Figs. 3(a) and 3(b). In particular, they corre-
spond to the two sites on each side of the oxygen vacancy,
with free-energy differences of 270 and 442 meV below
ΔGe at 300 K for the corner-sharing VO3 and VO4 units,
respectively. This result highlights how oxygen vacancies
can increase charge localization in BiVO4.
In the neutral charge state, a second electron becomes

localized, meaning that a second atom has to be marked in
our simulations. For simplicity, we consider one fixed
electron at the corner-sharing VO4 and sample every
other vanadium site in a 10 Å radius around the oxygen
vacancy. While localization on most of the sites close to
the vacancy leads to a positive free-energy difference (see
Fig. S9 in Supplemental Material [63]), two sites have a
small negative free-energy difference. These two con-
figurations, shown in Figs. 3(c) and 3(d), have already
been separately identified through DFT calculations in
Refs. 25 and 23, respectively. Interestingly, electrons
localizing on each side of the vacancy is not favorable,
although these two sites previously had the lowest free-
energy difference.

Finally, Fig. 3(e) shows the free-energy difference
with temperature of the configurations presented in
Figs. 3(a)–3(d). Similar to the electron polaron, the free-
energy differences for the oxygen vacancy ΔGþ1=þ2 and
ΔG0=þ1 are found to be constant with temperature in all
configurations. This result also holds for configurations
with higher free- energy differences, as can be seen from
Fig. S9 in Supplemental Material [63]. Conclusions from
previous DFT calculations are therefore expected to remain
valid at finite temperature. In particular, although it cannot
be accessed with the current model, the configuration in
which both excess electrons localize on the same V site may
also exhibit only a minor temperature dependence.

C. Temperature and strain dependence of CTLs

Using the results for the free-energy differences, along
with the dependence of the VBM shown in Figs. 2(a)
and 2(b), we can determine the movement of the CTLs
with temperature and strain. Figures 4(a) and 4(b) shows
the CTLs relative to the temperature- and strain-dependent
VBM. This representation is most relevant for comparison
to optical absorption/emission and spectroscopic measure-
ments, which probe transition energies relative to the band
edges. In contrast, Fig. 4(c) shows the absolute CTLs
within the band gap, which are relevant when assessing the
band alignment with the OER. This representation also
provides additional insights by clearly separating the
contributions arising from the free-energy differences or
from shifts of the band edges. When considering only the
effect of temperature, it is clear that the absolute position
of the CTL is constant, while variations of the band edges
dominate. We find a band gap of 3.26 eV at 10 K, which
decreases to 3.01 eV at 300 K. This value is still higher
than the experimental one, consistent with the absence
of many-body interaction, nuclear quantum motion, and
spin-orbit coupling [62]. However, we find that the band
gap decreases at a rate of 0.86 meV=K, in good agreement
with experimental observations [66]. The band-gap

(a) (b) (c) (d) (e)

FIG. 3. Atomic structures of oxygen vacancies in (a),(b) charge stateþ1 and (c),(d) the neutral charge state. The vanadium sites with
localized electrons are shown in cyan. (e) Free-energy differences for each structure as a function of temperature. Note that the free
energy differences are shifted by the polaron free-energy difference (ΔGe) for comparison.
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decrease also leads to a shift of 146 meV in the VBM, as
well as in all CTLs. At 10 K, CTLs of 2.82, 2.78, and
2.39 eV are found for the electron polaron, ε0=þ1 and
εþ1=þ2, which shift to 2.67, 2.64, and 2.25 eV at 300 K.
Also note that the shift of the CBM with temperature leads
to an increase in the formation energy, going from
−436 meV at 10 K to −324 meV at 300 K for the polaron.
Strain is found to have a larger effect on the CTL

position than temperature. From Fig. 4(c), it is clear that
the energy level of the polaron, as well as both band edges,
are strain-dependent. As a result, the polaron CTL shifts at
a rate of −83 meV=%, in good agreement with exper-
imental measurements [31]. Interestingly, the absolute
CTL εþ1=þ2 shows no dependence on strain and is there-
fore only impacted by the movement of the VBM, whereas
ε0=þ1 follows the same behavior as the polaron level.
Additionally, large shifts of the CBM occur under strain,
which directly impacts the formation energy of the
polaron. For example, the formation energy goes from
−324 meV without strain to −60 meV and −558 meV at
−2% and þ2%, respectively. Note that compressive strain
strongly increases the polaron formation energy, such that
at sufficiently large strain, polaron formation is expected to
become energetically unfavorable.
The movement of the electron polaron CTL with

temperature can be compared with previous ab initio
MD results from Ref. [18]. In this previous work, the
CTL is found to move from 2.52 eV at 0 K to 1.81 eV at
300 K. This shift arises from variation in both the VBM
and the free-energy difference, in strong contrast with
the current results. One of the main differences is the use
of a larger mixing parameter in the hybrid functional,
namely 25% compared to 14% in this work. This leads to a
larger band gap, as well as a lower formation energy and
consequently a lower CTL. The shift of the band gap with
temperature is also larger, with a shift of the VBM of
0.51 eV compared to 0.14 eV in this work. In Ref. [27], the
same lattice constant is used at 0 and 300 K, resulting in a

downward shift of 0.21 eV of the polaron energy level. In
contrast, our thermodynamic integrations are performed
after equilibration in the NPT ensemble, effectively
accounting for thermal expansion. Results with NVT
equilibration are presented in Fig. S10 in Supplemental
Material [63] and show an upward shift of 63 meV. While
differences can be found between our results and previous
ab initio MD, they can mostly be explained by differences
in the simulation methods, namely the fraction of Hartree-
Fock exchange used in the hybrid functional and the use of
fixed or relaxed lattice constants. The latter effect further
highlights the usefulness of machine-learned interatomic
potentials for assessing the temperature dependence of
charge-localization stability, as they enable efficient con-
vergence testing with respect to key simulation details.
Both sets of results also agree on the fact that the variation
in the CTL with temperature mainly arises from shifts of
the band edges.

IV. CONCLUSION

In conclusion, we trained a neuroevolution potential for
BiVO4 capable of modeling localized charges associated
with electron polarons and oxygen vacancies. The poten-
tial is used in combination with thermodynamic integra-
tion to obtain free energies and charge-transition levels
at finite temperature and under strain. For the electron
polaron, the free-energy difference is found to be constant
with temperature because of the strongly harmonic VO4

units. In contrast, strain modifies the potential energy
surfaces of V5þ and V4þ, thereby affecting the free-energy
difference. The method is also used to sample various
localization sites around an oxygen vacancy, revealing
favored sites that remain stable at high temperatures.
Consequently, variations of the charge-transition levels
of the electron polaron and the oxygen vacancy are found
to arise solely from an upward shift of the VBM with
temperature. Similarly, the polaron formation energies are

(a) (b) (c)

FIG. 4. Charge-transition levels of the electron polaron and oxygen vacancy with respect to the (a) temperature-dependent VBM and
(b) strain-dependent VBM. (c) Comparison between energy levels within the band gap at various temperatures and strains.
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found to increase due to a downshift of the CBM, showing
the importance of band-edge fluctuations. Strain is also
found to shift the CTL of the polaron and the oxygen
vacancy. As a result, strain can be used to modify the
position of the CTLs and tune the optoelectronic properties
of BiVO4. Our results show that defect-state alignment in
BiVO4 is intrinsically robust against temperature while
remaining highly tunable through strain, thereby providing
a clearer framework for interpreting spectroscopy and
designing improved photoanodes under operando condi-
tions. Since dopants such as Mo, W, and Cr have been
shown to affect electron-polaron localization in BiVO4

[67,68], it would be interesting in future work to determine
whether charge trapping at or near dopants exhibits the
same weak temperature dependence and strain response as
the intrinsic localized states studied here.
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I. DATA ACQUISITION WORKFLOW

A detailed breakdown of the number of structure in each NEP generation in presented in Fig. S1. Starting from DFT relaxed
structures, the first NEP generation is trained using a total of 284 rattled structures. We then perform four cycles of active
learning, where structures are selected using committee error estimates, as implemented in GPUMD. The final model is trained
on a dataset of 973 structures, containing 186 221 atoms in total and 774 V4+ atoms.

The resulting training configurations cover the relevant structures visited during MD, as can be seen from the PCA in Fig. S2.

Initial model

Rattled structures

80

78

41

42

43

Final model

Total

190

188

201

202

192

Pristine

Polaron

O Vac. +2

O Vac. +1

O Vac. +0

Active learning

Cycle 1

50

50

50

49

47

Cycle 2

0

0

50

51

54

Cycle 3

10

10

10

10

8

Cycle 4

50

50

50

50

40

FIG. S1. Summary of the data acquisition workflow.

FIG. S2. Summary of the data acquisition workflow.
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II. TRAINING OF THE NEUROEVOLUTION POTENTIAL

The NEP was trained using the GPUMD package. The radial and angular cutoffs were set to 6 and 4 Å, respectively, descrip-
tors were described using nmax = (8, 6) and lmax = (4, 0), the hidden layer contained 40 neurons, and the model was trained
for 200 × 103 generations. The empirical short-ranged Ziegler-Biersack-Littmark (ZBL) potential was added using a cutoff of
1.5 Å [1]. Loss functions and parity plots for the resulting model are presented in Fig. S3.

FIG. S3. (a) Total loss function and regularizatioin parameters L1 and L2 during training. (b) RMSE of the energy, force and virial during
training. RMSEs of the final model are given. (c) Comparison between the target and predicted energy of the final model. (d-f) Comparison
between target and predicted forces for each element. For vanadium, both V5+ and V4+ are shown in (e).
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III. CONVERGENCE OF THE FREE ENERGY DIFFERENCE WITH SIMULATION LENGTH AND SUPERCELL SIZE

The convergence of free energy differences depends greatly on the length of the thermodynamic integration. Fig. S4 shows
the free energy as a function of the simulation length at low and high temperatures. Both forward (Hi to Hf ) and backward (Hf

to Hi) are shown, alongside their mean. Since it is clear that the latter converges much faster, we find that the mean between 105

steps forward and backward is a good compromise between accuracy and computational effort, and therefore use this simulation
length to produce all results.

FIG. S4. Convergence of the free energy differences with the number of thermodynamic integration steps at 10 K (left panels) and 400 K (right
panels).
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Fig. S5 shows the convergence of the polaron free energy with the number of atoms in the supercell. While the free energy
converges for supercells of ∼1000 atoms, we use 8

√
2 × 8

√
2 × 2 supercells containing 12288 atoms to minimize finite-size

effect, which remains a manageable number of atoms for NEP simulations.

Training data
192 atoms

Production
12288 atoms

FIG. S5. Convergence of the free energy differences with the number of atoms. The supercell size used for training and production are
highlighted with arrows.

IV. TEMPERATURE DEPENDENCE OF THE VERTICAL TRANSITIONS

Fig. S6 presents results for vertical transitions of a polaron and an oxygen defect. The left panels show, the center panels show
the distribution of vertical transitions at low and high temperature, and the right panels show the transitions with temperature.
Similar to the free energy presented in the main text, vertical transitions are found to be constant with temperature, which can
again be explained by the high harmonicity of the PES. Although the transitions of the corner sharing VO4 are constant with
temperature [panel (i)], its PES does not look harmonic in panel (g). This could potentially be explained by a wrong choice of
path between V5+ and V4+ when plotting the PES. All paths in Figs. S6 and Fig. 2 of the main text are obtained through linear
interpolation between V5+ and V4+.
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FIG. S6. (a) Potential energy surfaces of the pristine system and the electron polaron, for both V5+ and V4+. (b) Histograms of both vertical
transition energies at 100 K and 500 K. (c) Average emission and absorption vertical transition energies with temperature. (d-f) and (g-i) are
the same as (a-c) for an electron localizing in the VO3 and VO4 corner sharing of an oxygen defect, respectively.
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V. THERMAL EXPANSION

FIG. S7. Thermal expansion of bulk BiVO4. The dashed black line shows a linear fit.
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VI. EFFECT OF STRAIN ON THE POTENTIAL ENERGY SURFACE

Fig. S10 shows the impact of strain on the PES. It is clear that strain modifies the bond length of both V5+ and V4+, which can
also be seen from the RDF in Fig. 2(e). Additionally, tensile strain (in red) clearly decreases the transition energy between V5+

and V4+, which in turn explains the shift of the CTL in Fig. 2(b) of the main text.

FIG. S8. PES at various strain between -2.0% and +2.0%. Compressive strain is in blue, and tensile in red. Solid and dashed lines correspond
to V5+ and V4+, respectively.
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VII. CONFIGURATIONAL SAMPLING OF OXYGEN-VACANCY CHARGE STATES

FIG. S9. (a) Atomistic structure of oxygen vacancy in BiVO4, with vanadium sites at which electrons can localize highlighted by colored
circles. (b–c) Free energy differences ∆G+1/+2 and ∆G0/+1 at various temperatures. Highlighted sites in panel (a) are shown in color, while
gray lines show the other sites within 10 Å around the vacancy. Note that the free energies are shifted by the polaron free energy difference
(∆Ge) for comparison. In (b) and (c), the blue lines correspond to the free energy difference of a localized electron far away from the oxygen
vacancy.
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VIII. DIFFERENCE BETWEEN NPT AND NVT EQUILIBRATION

All results presented in the main text are obtained through thermodynamic integration after NPT equilibration. In Fig. S8,
we present the movement of CTL with temperature for NVT equilibration. All absolute CTLs are found to slightly increased at
high temperature, in contrast with the constant behavior observed for NPT equilibration. In practice, fixing the lattice constant
results in compressive strain at high temperature. The increase observed in Fig. S8(b) and (d) can therefore be related to the one
observed in Fig. 2(b) of the main text when applying compressive strain.

FIG. S10. Relative and absolute CTL from thermodynamic integration after NVT equilibration. (a) CTL of the polaron relative to the VBM.
(b) Absolute CTL of the polaron within the band gap. (c) CTLs of the oxygen vacancy relative to the VBM. (d) Absolute CTLs of the oxygen
vacancy within the band gap.

[1] Z. Yan, Z. Fan, and Y. Zhu, Improving robustness and training efficiency of machine-learned potentials by incorporating short-range
empirical potentials, Journal of Chemical Information and Modeling 66, 1406 (2026).
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