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ABSTRACT: Photoelectrocatalytic water splitting using bismuth vanadate <
(BiVO,) is a promising approach for sustainable hydrogen production, but yater s @
its efficiency is limited by charge carrier dynamics. Though charge trapping

in the form of polarons is well-studied, the behavior of self-trapped excitons HydrO%e“

(STEs), particularly whether they remain stable or dissociate under
operating conditions, remains far less understood. Using hybrid density
functional theory with the nudged elastic band method, we quantify
activation barriers for STE hopping, dissociation and transformation in
BiVO,, revealing distinct behaviors and kinetic time scales for two STE
types: a separated, more mobile state and a compact, more stable one with
higher barriers. Additionally, we study an alternative charge trapping
mechanism via O—O dimers, providing an alternative multipolaron binding pathway with distinct kinetics. These findings provide
fundamental insights into the kinetic stability and mobility of trapped charges in BiVO,, aiding the interpretation of charge trapping
dynamics under operating conditions.

B ismuth vanadate (BiVO,) has emerged as one of the most hole dimers has been proposed in ref 24 as another mechanism
promising photoanode materials for photoelectrocatalytic for charge trapping, potentially explaining the delayed dynamics
water splitting, thanks to its favorable band gap of approximately observed in spectroscopic experiments. Such multihole binding
2.4 eV, which aligns well with the requirements for visible light may introduce slower kinetics than STE formation and therefore
absorption and water oxidation.'™® Despite its potential, the provides an important alternative trapping pathway. However,
practical efficiency of BiVO, is hindered by poor charge the behavior of these trapped states, including their stability,
transport and rapid recombination of photogenerated elec- mobility and propensity for dissociation, remains poorly
. 4—7 e . . . ... . .
tron—hole pairs. These limitations are closely tied to the understood, leaving critical gaps in our understanding of charge
behavior of excess char§e carriers in the material, which is still an transport limitations in BiVO,. In particular, without quantita-
active area of research.” tive activation barriers, it is not possible to assess whether STEs
In oxide semiconductors, excess charge carriers tend to are expected to remain intact, migrate as bound pairs, dissociate
localize, leading to lattice distortions and the formation of into separate polarons, or transform between configurations on
polarons—quasiparticles that occupy energy levels within the experimentally relevant time scales.
band gap and can interact with other carriers and defects. '~ To address these open questions, this work combines density
C.hargel 4localization has been experirpe.nta.lly. observed. in functional theory (DFT) with hybrid functionals to calculate the
BiVO,, * where electrons and holes exhibit distinct dynamics: structures of STEs and their energy barriers in different
electrons rapidly collapse into localized small polarons, while processes in BiVO,. Nudged elastic band (NEB) calculations

holes initially remain more delocalized before being captured
over longer time scales.'”'® Polaron formation impedes charge
transport by localizing individual carriers, and can promote
further charge trapping via electron—hole binding into self-
trapped excitons (STEs)."”~'” Enhancing photoinduced charge
separation is therefore a key goal for improving photoanode
performance.”’

Recent studies have highlighted the formation of STEs in Received:  February 4, 2026
BiVO, as an additional pathway for charge trapping.'”'>*"** Revised:  March 25, 2026
We have recently computationally identified two distinct types Acce.pted: Apr%l 3, 2026
of STEs, both with similar formation energies, suggesting a Published: April 10, 2026
complex interplay between localized electron and hole polarons
and lattice distortions.”® Alongside STEs, the formation of O—O

are used to investigate their mobility, stability and the energy
barriers associated with pairwise hopping, electron—hole
separation, or transformation between STE types. By elucidating
these processes, our findings provide a barrier-based mechanistic
picture of STE stability and mobility under operating conditions,

© 2026 The Authors. Published b
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with implications for enhancing the overall efficiency of water
splitting.”>*°

The calculations presented here are performed within the
CP2K code.”” We apply the PBEO() hybrid functional with a
fraction of & = 14% of exact Hartree—Fock exchange to relax the
initial and final points of the process and carry out NEB
calculations.”® The a value of 14% is derived in ref 23 from
Koopmans’ condition and applied here due to its relevance for
localized states. For more computational details and con-
vergence tests, see the Supporting Information (SI).

The energy barriers for different analyzed processes are
presented in relation to the configurational coordinate Q_of the
corresponding structure, calculated as

| 2
Q= \/Z mylr; — 1o
j (1)

Here, i indexes the NEB image, while m; and r; ; are the mass and
position of atom j.*” Schematic representations of the initial and
final structures with their charge isosurfaces can be found in the
SI as insets in the graphs.

To analyze the time delays related to different barriers, we use
the Arrhenius equation for the rate k of a thermally activated

process

E
k = kvl exp ——]
kT (2)

with the activation energy E, the Boltzmann constant kg, the
temperature T (room temperature was assumed) and the
attempt frequency v.”° The electronic transmission coefficient x

is defined as
2P
K=
1+P

(3)

We here assume the adiabatic regime, in which P — 1, and thus k
= 1, but keep nonadiabatic effects in mind when discussing the
results. Furthermore, the nuclear tunneling factor I" should only
be important for low temperatures or light elements and can
therefore also be set to 1.””*' The attempt frequency can be
obtained from the second derivative of the energy with respect
to the configurational coordinate at the polaron ground state Qy:

L [PEQ
0Q*

Q=q, 4)
The time scale 7 is found with the inverse of the rate
1
Tk (8)

We note that the resulting time scales are intended as order-of-
magnitude estimates to compare competing mechanisms, rather
than absolute predictions. The detailed values are presented in
the SI in Table S3.

The investigations in this study focus on the two types of STEs
found previously” and later also consider the O—O dimer
configuration.”* The shape of both STE types is shown in Figure
1. STE1 exhibits a more separated localization, where the
electron is positioned around a V atom in the d :-orbital shape,
while the hole is arranged around the closest neighboring Bi
atom. STE2 on the other hand is more compact, with the
electron around the V atom in the d,-orbital shape, but the hole
localized now around an O atom of the same VO, unit.

5647

e s
2\ /»

4
e

&

-
(& / \
I 7/
Figure 1. Drawing of STE1 (left) and STE2 (right) found in BiVO,
with their charge densities. Bi, V.and O atoms are colored in beige, dark

blue and dark red, respectively, while the charge isosurfaces for the
electron and hole are shown in turquoise and pink.

Formation energies previously found by us”* within VASP are —
0.88 eV for the STE1 and — 0.85 eV for the STE2. Calculations
performed within CP2K show similar formation energies for
both types of STEs. However, the order is now changed, with
STE2 being slightly more stable at — 0.86 eV than STEI at —
0.82 eV. Nevertheless, these energy differences observed are
comparable to the typical uncertainties associated with these
computational methods. The relative ordering is thus sensitive
to the computational setup (here, VASP vs CP2K) and, as
shown in ref 23, also to the fraction of exact exchange a. We
therefore treat the small differences in stability with caution
when discussing transformation kinetics. To test the depend-
ence of energy barriers on a, we perform additional calculations
with «a 22% on the STEl hopping barrier and the
transformation between STE2 and STE1 (see the SI).

To understand how STEs in BiVO, evolve after formation, we
compute activation barriers for (i) hopping of the full STE
(electron and hole) between neighboring sites, (ii) dissociation
into separate electron and hole polarons and (iii) trans-
formations between STE configurations. We use NEB
calculations to obtain energy barriers for these pathways and
systematically explore relevant structural rearrangements to map
the associated energetics. Sketches of the considered paths are
provided as insets in Figure 2. The individual processes are
discussed in more detail in the following.

STE Kinetic Pathways. In the event that the STEs are mobile
and transported as a whole, their mobility would be determined
by the energy required to induce their hopping to another
position within the material. Therefore, we investigate the
barrier that needs to be overcome for both the electron and hole
to migrate simultaneously (process i). The initial and final
positions for the STEs are chosen so that hopping occurs along
the shortest possible path. For the STE], the electron and hole
hop between neighboring V and Bi sites, respectively, while
remaining localized around separate atoms (see Figure S2a). For
the STE2, the electron and hole move together from the same
starting atom to the nearest-neighbor V atom (see Figure S2b).
We find an energy barrier of approximately 123 meV for the
hopping of STE1, while for the STE2 it is significantly higher at
322 meV. A comparison of these energies with other analyzed
processes is provided in Table 1, while the full paths are shown in
Figure 2. From the energy barriers, using eqs 2 and 5, we
estimate the time delay for the hopping of STE1l in the
picosecond range. Due to the much higher barrier for the
hopping of STE2 and the exponential dependence, the delay
amounts to a much longer time in the nanosecond range for this
process. We note that our analysis assumes an adiabatic regime
when estimating STE hopping rates. For strongly localized

https://doi.org/10.1021/acs.jpclett.6c00396
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Figure 2. Plots of the activation barriers for investigated paths: (a) hopping, (b) dissociation and transformation, (c) dimer processes. The insets show
schemes of how electron (turquoise) and hole (pink) move in the material.

Table 1. Energy Barriers for Different Hopping, Dissociation
or Transformation Mechanisms®

Type of process E [meV]
STE1 hopping 123
STE2 hopping 322
STE1 formation 9
STEI dissociation 48
STE2 to STE1 174
STE1 to STE2 113
Dimer formation 389
Dimer separation 1071
Dimer - electron trapping 42
Dimer - electron separation 377

“All calculations were done with CP2K.

carriers, nonadiabatic effects can reduce hopping rates if the
electronic coupling between sites is small compared to the lattice
reorganization energy.’ > Such effects are expected to be more
relevant for the compact and high-barrier STE2, whereas the
more extended lattice distortion and lower hopping barrier of
STEI make the adiabatic approximation more reasonable.’*
Although nonadiabatic corrections may affect absolute hopping
rates, the qualitative trend of STE1 being significantly more
mobile than STE2 is unlikely to change.

An explanation for the significant difference between the two
states can be found by examining the entire simulation path step-
by-step. In the case of STE], the transition state is achieved by
temporarily delocalizing the hole, which then localizes around a
new atom. Only then, the electron follows to hop to the new site
as well, leading to two separate processes. Because the hole is
weakly bound and can easily migrate, the required energy of the
entire process is determined mainly by the electron mobility.
Conversely, the hopping path for the STE2 proves more
complex. Observing the transition state reveals that the electron
and hole cannot jump to a new position together when localized
around the same V atom. Therefore, the transition state requires
the hole to break away from the electron and localize around a
nearby Bi atom. The electron can then jump to the final position
once the hole has moved away, maintaining the structure
characteristic for the STE2 state. Finally, the hole rejoins the
electron at the new atom, completing the migration of STE2 to
the new location. This process explains the much higher
activation energy, as the separation and rebinding of the hole
and electron nearly constitute two transformations from STE2
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to STE1 and back, which will be analyzed in detail in the
subsequent sections.

Because of the relatively high energy barriers of the hopping
processes and the previously reported low binding energies of
the STEs,”® we also investigate their dissociation (process ii).
First, we focus on the dissociation of STE1, in which the hole is
moved away from the electron polaron from the first to second
neighbor Bi (see Figure S3a). The energy barrier for this process
is 48 meV (Figure 2b). This low barrier indicates that the hole
can detach from the electron at modest energetic cost,
suggesting that STE1 is only weakly kinetically stabilized against
dissociation. The corresponding Arrhenius estimate yields a
dissociation time scale of around a picosecond. In the reverse
direction, the barrier for STE1 formation from separated
electron and hole polarons is only 9 meV, implying an even
faster formation time scale in the subpicosecond range. For
STE2, attempting to separate the hole from the electron directly
leads to relaxation into an STE1-like configuration. As any way
of moving the hole away from the electron in this state
immediately leads to the configuration changing into the
arrangement of STEI, the transformations between the two
types are studied instead (process iii).

Initially, we study the transformation from STE2 to STEIL.
The relaxed path shows an increase in the system’s total energy
until the barrier is reached, allowing the hole to detach from the
electron. Following that, the hole settles around the closest
possible Bi atom to the V. The electron remains on the same V
atom throughout the process, but changes the shape of its orbital
from d,, to d; However, charge delocalization, as observed
during the hopping of the STEI, cannot be seen in this case (see
Figure S3b). The activation barrier for this process is 174 meV
(Figure 2b), consistent with the relative ordering of STE
formation energies obtained in CP2K. Pathways involving
electron relocation are expected to be higher in energy and are
therefore not explored further. The reverse process, the
transition from the STE] state to the STE2 state, is found to
have an activation barrier of 113 meV. We note that the relative
stability of the two STE configurations depends on the
computational setup: in our previous work using VASP with
=14%, STE1 was favored by 30 meV, whereas the present CP2K
calculations favor STE2 by 40 meV.”” This sensitivity suggests
that the relative transformation barriers may change accordingly.
The resulting barriers correspond to estimated time delays in the
range of picoseconds for the transformation from STE2 to STE1
and for the reverse process.

https://doi.org/10.1021/acs.jpclett.6c00396
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To place our results in context, we now summarize relevant
experimental observations on charge trapping dynamics in
BiVO,. Direct observations of STE migration are not available;
however, a study by Zhang et al." investigated the dynamics of
excited-state polaronic trapping using transient absorption (TA)
and time-resolved terahertz (TR-THz) spectroscopies. The TA
spectra in the 0.75 to 1 eV range revealed the evolution of free
holes into localized states over time, which has been associated
with the emergence of long-lived trapped states, potentially
including STE formation. They concluded that electrons in the
conduction band collapse into severely localized small electron
polarons on a subpicosecond time scale, while holes in the
valence band remain delocalized initially but are subsequently
captured by electron polarons to form STEs on longer time
scales. Other TA spectroscopy measurements presented by
Ravensbergen et al.'® show different absorption times. They
observed trapping of a small fraction of holes after 0.12 ps, while
the majority of holes is trapped within 5 ps. Furthermore, they
report electrons undergoing relaxation with a time constant of
40 ps before deeper trapping on the 2.5 ns time scale, while trap-
limited recombination extends from 10 ns to 10 us.

Comparing these observations with our estimated time scales,
we find very good agreement between the experimentally
reported fast hole trapping and the calculated formation times of
STE1 (subpicosecond) and STE2 (picoseconds). We here
assume that STE2 formation occurs via STE1, such that the
effective formation time scale is approximated by the STE1-to-
STE2 transformation time. The transformation times between
the two STE configurations (in the range of picoseconds) are
comparable to the electron relaxation time reported by
Ravensbergen et al.'® While STE1 hopping (picoseconds) falls
in the same range, in contrast, STE2 hopping occurs on much
longer time scales (nanoseconds), comparable to trap-limited
recombination.

At the same time, the observation of long-lived trapped
charges persisting into the nanosecond to microsecond regime'®
suggests that, beyond the STE-related processes considered
here, additional trapping configurations with slower kinetics
may become relevant. To assess such possibilities, we therefore
explore alternative charge-binding mechanisms below.

O—O0 Hole Dimers as Alternative Binding Pathway. In addition
to the binding between one electron and one hole within STEs,
we investigate two alternative mechanisms: (iv) the formation of
multihole bound states in the form of hole dimers from two
localized holes in close proximity and (v) electron trapping at
the dimer, and the corresponding detrapping (electron release)
to a neighboring site. Both of these processes may occur in
experiments and exhibit slower kinetics due to larger structural
rearrangements. The formation of this O—O hole dimer in
BiVO, was previously investigated in ref 24. The structure is
shown in Figure 3. We find a formation energy E; of about —1.0
eV (—0.5 eV per hole) for the O—O dimer in the singlet state.
Here, E¢= Egimer — Epristine + 2€vpm + Ecory Using the total energy
of the cell with a dimer Egy,, and in the pristine state E ;e as
well as the energy of the valence band maximum eygy and a
finite-size energy correction E_,, calculated according to ref 35.
In addition, by comparing to the formation energies of two
holes, we find a binding energy of 0.37 eV per charge for the
dimer, again including the finite-size energy correction. The
binding energies of STE1 (0.04 eV) and STE2 (0.01 eV) are
reported in ref 23. A comparison of these results suggests a much
stronger binding of the O—O hole dimer than STE1 or STE2.
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Figure 3. Drawing of the dimer on a VO, unit found in BiVO, with its
charge densities. V and O atoms are colored in dark blue and dark red,
respectively, while the charge isosurfaces for the holes are shown in

pink.

The activation barrier for dimer formation (option iv) results
in the highest calculated value up to now (see Figure S4a). With
389 meV, the energy required for it is larger than any of the STE
processes (Figure 2c). The dissociation of this arrangement into
two separated holes requires an energy of 1071 meV, almost 1
eV higher than any other investigated process. Trapping an
electron at the dimer (option v) is accomplished with a very low
barrier of 42 meV (see Figure S4b), while releasing (detrapping)
the same electron from the dimer configuration is found at 377
meV, still higher than any STE process (Figure 2c). All of the
calculated energies are compared in Table 1. The energy barrier
for dimer formation (option iv) leads to a microsecond time
delay, which is within the range of 10 ns to 10 us for the trap-
limited recombination reported by Ravensbergen et al.'® The
calculated delay for dissociation is extremely long with several
hours, as expected from the high barrier, and confirms the high
stability of the dimer. Once the described dimer has formed, it
can trap an electron within subpicosecond time scale, similar to
STEl formation. Releasing (detrapping) that additional
electron amounts to a time delay on the nanosecond scale.
Again, this is within the range of the time delay for trap-limited
recombination of ref 16.

To conclude, in this work we quantified activation barriers for
the mobility, dissociation and transformation of two distinct self-
trapped excitons (STEs) in BiVO,, enabling estimates of the
associated kinetic time scales.

Our analysis reveals significant differences in the stability and
mobility of these STEs. The more compact STE2 is more stable
and must undergo a multistep dissociation process (with a
transition to STEL1 first), while the more separated STE1 can
dissociate in a single step. The hopping barrier of STEI is
notably lower than that of STE2, reflecting their distinct
migration mechanisms: hopping of STE1 involves a temporary
delocalization of the hole followed by electron migration,
whereas STE2 requires a more complex and energetically
demanding separation and retrapping of the electron—hole pair.
However, for both STE1 and STE2, dissociation is energetically
favored over whole-STE hopping, as the dissociation barriers are
lower than the corresponding migration barriers. As a result,
both STE types are expected to predominantly dissociate into
separated polarons rather than contribute significantly to long-
range charge transport via hopping. This is consistent with the
general picture that carrier separation and indegpendent polaron
transport dominate in biased photoanodes.”**® While dissoci-
ation dominates under the conditions considered here, whole-
STE hopping may become relevant in systems where the STE
binding energy is sufliciently strong or the migration barrier is
lower than the dissociation barrier, allowing hopping to
outcompete dissociation and recombination. Such conditions

https://doi.org/10.1021/acs.jpclett.6c00396
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may arise in regions of low electric field (e.g., outside the space-
charge layer) or in materials with suppressed free-carrier
generation due to strong electron—phonon coupling.37’38

The transformation between the two STE types further
highlights their distinct behaviors. The transition from STE2 to
STEL1 requires a higher activation energy, reflecting the need to
separate the electron—hole pair before hole relocalization.
Conversely, the reverse process—from STE1 to STE2—has a
lower barrier, as it primarily involves the recombination of the
hole with the electron. We note that the difference between the
barriers exceeds the difference in formation energies, indicating
that the latter is not a sufficient estimate for STE mobility.

Additionally, our investigation of the formation of the O—O
hole dimer and its interaction with single electron polarons
offers an alternative mechanism for charge trapping. The high
activation barriers for dimer formation and electron release
suggest that these processes occur on much longer time scales
than STE dynamics, providing an alternative trapping pathway
with substantially slower kinetics that may contribute to long-
lived trapped charge populations observed experimentally.'®

Overall, our results provide a comprehensive understanding
of the mobility, dissociation and transformation pathways of
STEs and O—O dimers in BiVO,. These insights are crucial for
elucidating the fundamental limitations of charge transport in
this material and for guiding the development of strategies to
enhance its photoelectrocatalytic performance.
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