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Bismuth vanadate (BiVO,4, BVO) is a widely studied photoanode material for photoelectrochemical (PEC)
water splitting due to its suitable band gap, which enables efficient visible light absorption. However, its
practical performance is significantly limited by poor charge carrier separation and low mobility, resulting
in high recombination rates and reduced photocatalytic efficiency. To overcome these challenges, we
propose a novel doping strategy involving the substitution of V> sites with cations of varying oxidation
states, specifically 4%, 5%, and 6 to modulate the structural, electronic, and catalytic properties of BVO.
Using density functional theory (DFT) calculations, we systematically investigate the impact of these
dopants on the crystal structure, electronic band structure, charge transport behavior, and oxygen evol-
ution reaction (OER) energetics. Among the doped systems, Ti**-doped BVO (Ti-BVO) demonstrates
superior OER performance, primarily due to a reduced hole effective mass and an improved charge
carrier mobility of 0.3802 cm? V™1 s for holes and 0.1527 cm? V™! s7* for electrons. Additionally, the
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charge separation and transport. The calculated overpotential for Ti-BVO is significantly reduced to 0.41
V, compared to 0.97 V for pristine BVO, indicating a substantial improvement in reaction kinetics. These
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1. Introduction

Bismuth vanadate (BVO) is a highly promising photocatalyst
for solar energy conversion, owing to its nontoxicity, afford-
ability, photostability, and eco-friendly characteristics."?
Among its three crystalline polymorphs, monoclinic clinobis-
vanite (m-BVO) exhibits the highest photocatalytic activity,
attributed to its optimal band gap of 2.4-2.9 eV.*"® However,
recent studies have identified limitations in m-BVO due to the
low mobility of photogenerated charge carriers (electron-hole
pairs), a positive conduction band potential (vs. NHE), and
high charge recombination rates, significantly hindering its
practical applications. Enhancement in the photocatalytic
activity of m-BVO can be achieved through approaches such as
metal or non-metal doping, heterojunction formation with
other semiconductors, deposition of cocatalysts, defect engin-
eering (e.g., oxygen vacancies), crystal facet optimization, and
morphological modifications.””® While many studies have
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findings provide valuable insights for designing BVO-based next-generation photoanode materials.

explored doping BVO at vanadium (V) or bismuth (Bi) sites
and oxygen (O) sites,"® previous research has extensively exam-
ined doping at V sites,"'™*® which, although common, often
leads to distortions in the [VO,] tetrahedral chains due to
varying valence states of the dopants. Such distortions can
cause a phase transition from the monoclinic to tetragonal
structure, adversely affecting photocatalytic water-splitting and
hydrogen generation.

Recent studies show that doping with 4", 5%, and 6" valence
state dopants can maintain the structure of the [VO,] tetra-
hedral chains in m-BVO and potentially increase its water split-
ting performance.'®' Also, attempts have been made to
engineer the various crystal facets of BVO to enhance its water
splitting activity. In a theoretical study reported by Lardhi
et al., the DFT results predict the BVO (001) facet as the only
good candidate for both the HER and the OER, while the (010)
facet is a suitable candidate for the OER only. The (110) and
(121) surfaces are acceptable candidates only for the OER but
have less potential than the (001) and (010) surfaces.”*

In contrast to the experimental investigation, theoretical
analysis by computer simulation is expected to clarify in detail
the metal doping effects. In recent years, density functional
theory (DFT) calculations have made important contributions
to solving this issue. Recently, Li et al. explored halogen atom
doping (Cl, Br, and I) in BVO to enhance its electronic pro-
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perties for solar water splitting applications. Research shows
that doping at oxygen sites under oxygen-poor conditions is
energetically favorable, even at higher concentrations. Halogen
doping modifies BVO’s energy levels, enhances redox capa-
bility, and suppresses photoexcited carrier recombination.
These effects intensify with increased dopant concentration,
especially with iodine. Overall, the study confirms that
halogen doping is a promising strategy to improve the photo-
catalytic performance of BVO-based photoanodes.?® Massaro
et al. conducted a first-principles DFT + U study to investigate
the effects of Mo and W doping on the photocatalytic perform-
ance of BVO. Mo-doping notably reduces the OER overpoten-
tial to 0.68 V by stabilizing the high-energy *O intermediate,
aligning with experimental evidence of improved n-type con-
ductivity. In contrast, W-doping does not lower the overpoten-
tial due to the high energy required for *OOH formation,
though it still improves hydration.**

Previous theoretical work has typically focused on single
transition metal dopants or specific properties in isolation. To
the best of our knowledge, there have been limited theoretical
investigations into the origin of transition metal doping effects
on BVO. Crucially, several fundamental questions remain
unanswered: (1) How does the local chemical environment of
different dopants systematically impact the electronic structure
and charge transport behavior? (2) What is the quantitative
influence of a wide range of dopants on catalytic activity rele-
vant to solar water splitting (OER energetics)?

To address these gaps, in the present work, we systemati-
cally examine the structural and electronic properties, charge
transport, and OER energetics of BVO doped with transition
metals (Ti*", Zr**, Hf*", Nb**, Ta**, Cr®*, Mo®*, and W*") using
first-principles calculations. From the previously reported
experimental®>® and theoretical works,?” the substitution of
dopants replacing the V site is more favorable or thermo-
dynamically stable compared to the Bi site. Therefore, the opti-
mized structure of pristine BVO was used for cation doping,
where a V>* atom is replaced by a dopant metal atom. Both bulk
and (001) faceted BVO systems are considered to provide a com-
prehensive understanding of doping effects. A direct compari-
son of the influence of different dopants is presented, and the
relationship between structural features and catalytic activity is
discussed. This work also offers insights that may guide future
experimental efforts in optimizing BVO-based OER catalysts.

2. Computational methods

Theoretical calculations analyzing the effect of transition metal
doping on structural, electronic, and charge transport pro-
perties of BVO were carried out using spin-polarized density
functional theory (DFT), implemented via the Vienna Ab initio
Simulation Package (VASP).*® The Perdew-Burke-Ernzerhof
(PBE) functional was employed within the generalized gradient
approximation (GGA)*® to account for exchange-correlation
effects. The projector augmented wave (PAW) method®® was
used to describe the ion-electron interactions, with spin polar-
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ization included. The electronic wavefunctions were expanded
using a plane-wave energy cutoff of 400 eV.>” Structural relax-
ations were performed with an energy convergence criterion of
1 x 107> eV, and the maximum force threshold was set to 0.01
€V A™'. A Monkhorst-Pack k-point mesh of 2 x 2 x 3 was used
for Brillouin zone sampling of the 1 x 1 x 1 unit cell. The elec-
tronic density of states and band structure of pure and doped
BVO were evaluated using the HSE06 hybrid functional to find
better agreement with the experimental data.*'”* Additional
details regarding the charge transport characteristics and OER
energetics calculations are available in the SI.

3. Results and discussion

3.1. Crystal and electronic structure

To analyse the effect of cation doping on the crystal and elec-
tronic structure of BVO, we initially optimized the pristine BVO
and then doped transition metals by replacing the V atom for
each dopant. The side and top views of the conventional pris-
tine clinobisvanite BVO structure are shown in Fig. 1(a).
Pristine clinobisvanite BVO crystallizes in a monoclinic struc-
ture (space group I2/b), where Bi** ions are coordinated by
oxygen in a distorted 8-fold polyhedron and V>* ions form
slightly distorted VO, tetrahedra.®® These tetrahedra are linked
via shared oxygen atoms, forming a 3D network that stabilizes
the monoclinic lattice. The structure exhibits anisotropic
bonding, which influences its electronic and optical pro-
perties. The optimized structure of pristine BVO was used for
cation doping, where a V>* atom is replaced by the dopant
metal atom, as shown in Fig. 1(b). The optimized structural
parameters of pristine and transition metal-doped bulk BVO,
including lattice constants (a, b, and c¢), the monoclinic S
angle, the unit cell volume, and the resulting strain induced
by doping, are shown in Table 1. The pristine BVO exhibits
lattice parameters of @ = 7.251 A, b =11.582 A, and c = 5.125 A
with a f# angle of 134.974°, which is consistent with the experi-
mental results,**® yielding a unit cell volume of 304.554 A®,

Upon doping with various cations, noticeable variations in
the lattice parameters and unit cell volume are observed, indi-
cating that the substitution of V with dopants of different
ionic radii induces lattice distortions. For instance, Ti*"
doping slightly reduces the lattice constants and results in a
negative strain (—1.2%), suggesting a compressive effect due to
the smaller ionic radius of Ti** (0.66 A) compared to that of
Vv** (0.52 A).*® Conversely, doping with larger cations such as
Nb>*, Ta>*, and W®" causes an expansion of the lattice, as
reflected by increased unit cell volumes (up to 307.647 A® for
W-BVO) and positive strain values (1%).

The strain values in the table quantify these lattice modifi-
cations, with values ranging from -1.2% (Ti-BVO) to 1%
(W-BVO). The degree of strain introduced is crucial, as it can
influence the electronic structure and charge transport pro-
perties of the material. Overall, this table highlights how
cation doping modulates the crystal structure of BVO, which in
turn can affect its photoelectrochemical performance.

This journal is © The Royal Society of Chemistry 2026
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(a) Side and top views of the conventional unit cell of pristine BVO, (b) top view of metal-doped BVO, and (c) calculated formation energies

of metal-doped BVO. The blue, green, grey and sky-blue balls represent Bi, V, O, and dopant atoms, respectively.

Table 1 Optimized structural parameters of pure and doped BVO

Photoanode a(A) b(A) c(d) B(°) Cell volume (A%) Strain (%)
BVO 7.251 11.582 5.125 134.974 304.554 0.00
Ti-BVO 7.242 11.467 5.120 134.950 300.950 —-1.20
Zr-BVO 7.298 11.42 5.155 134.844 304.737 0.06
Hf-BVO 7.253 11.438 5.113 134.201 304.19 —-0.01
Nb-BVO 7.303 11.508 5.161 135.030 306.593 0.06
Ta-BVO 7.309 11.503 5.165 135.04 306.876 0.07
Cr-BVO 7.224 11.574 5.107 135.031 301.829 —0.09
Mo-BVO 7.295 11.522 5.155 134.998 306.44 0.06
W-BVO 7.314 11.516 5.167 135.032 307.647 1.00

The synthetic feasibility and solubility limits of dopants in
BiVO, are largely determined by the dopant’s ionic radius and
oxidation state matching with those of the host V°* ion and
the associated formation energy of necessary charge-compen-
sating defects. Low oxidation state dopants like Ti**, Hf**, and
Zr*" are easily soluble in BiVO, due to lower charge imbalance
while substituting V>*. Iso-valent dopants like Nb°" and Ta>*
have high solubility due to minimal lattice disruption and
charge imbalance.

However, aliovalent (different valence) dopants, such as the
high-valence Cr®", Mo®", and W°®', require charge compen-
sation mechanisms, typically the formation of oxygen/cation

This journal is © The Royal Society of Chemistry 2026

vacancies and reduction of V>* adjacent to doping sites to V**,
The dopants like Mo®" and W°" are well studied and show
good experimental solubility (up to ~10 at%).” The synthesis
of Cr®"-doped BiVO, is generally more problematic, with lower
solubility limits caused by increased lattice strain and the for-
mation of potentially detrimental, complex defects that limit
performance. Our theoretical predictions correlate well with
these known experimental trends, highlighting a lower theore-
tical formation energy for the functional dopants with a con-
centration of 4.17 at%.

Therefore, we analyze the dopant formation energy (E),
which is a widely accepted method, to compare the relative
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degree of solubility in the host materials for different metal
dopants incorporated into the lattice of BVO. Among the con-
sidered metal dopants for BVO, Ti'" exhibits the lowest for-
mation energy, indicating that it can be more easily incorpor-
ated into the host lattice during synthesis.>””*® The low for-
mation energy reflects the thermodynamic ease with which
Ti*" can substitute V>*, meaning that less energy is required to
form the doped structure. This makes Ti*" a highly soluble
dopant in BVO, capable of achieving higher equilibrium con-
centrations without forming secondary phases. Hf**- and Zr**-
doped BVO have higher formation energies than Ti*" due to
their larger ionic radii, i.e., 0.78 A for Hf** and 0.79 A for Zr*",
compared to Ti*" (0.66 A).*°

In contrast, Cr shows the highest formation energy, largely
because Cr®" has a higher oxidation state and a smaller ionic
radius (0.44 A), and the need for charge compensation mecha-
nisms, such as oxygen/cation vacancies, and reduction of V**
to V**. These factors make Cr less thermodynamically favor-
able and reduce its solubility in BVO. Nb and Ta, both penta-
valent and similar in size to V>*, exhibit nearly identical for-
mation energies, suggesting comparable substitution behavior
and solubility. W®" shows lower formation energy than Cr®" in
BVO due to favorable electronic interactions, i.e., W*"’s 5d orbi-
tals enable strong overlap with O 2p orbitals, forming stable
W-0 bonds that reduce the energy cost of substitution, and
lower tendency to destabilize the host lattice, making it a more
effective and soluble dopant for enhancing the photoelectro-
chemical performance.

3.2. Effect of doping on the electronic structure

The effect of transition metal doping on the electronic struc-
ture of BVO is shown in Fig. 2 and Fig. S1. The evaluated elec-
tronic band structures and total density of states (TDOS) for
pristine and transition metal-doped BVO systems, specifically
Ti'*, Nb>", and Mo®" dopants, calculated using the
HSEO06 hybrid functional, are shown in Fig. 2. The electronic
band structures and TDOSs for zr*'-, Hf*'-, Ta**-, Cr°*- and
W°*-doped BVO systems are shown in Fig. S1.

In Fig. 2(a) and Fig. S1(a), pristine BVO exhibits an indirect
band gap of 2.64 eV, in agreement with the experimental find-
ings.? The relatively flat valence and conduction bands suggest
low intrinsic carrier mobility, especially for holes. The corres-
ponding DOS shows a symmetric distribution around the
band gap without any mid-gap states, indicating a clean semi-
conducting nature with limited defect states. Fig. S2(a) shows
the projected band structure of pristine BVO consisting of
mostly O 2p states in the VBM and V 3d states dominating the
conduction band.

Ti** doping in BVO (Fig. 2(b)) leads to a notable reduction
in the band gap to 2.25 eV, which can be attributed to the
introduction of Ti*" states that hybridize with the CB, effec-
tively lowering its edge. The increased dispersion of the con-
duction band indicates a reduced effective mass of electrons,
thereby enhancing their mobility. This is corroborated by the
TDOS, which shows a higher density near the CBM, suggesting
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improved charge carrier transport and a potential boost in the
photocatalytic efficiency.

The projected band structure (Fig. S2(b)) confirms the pres-
ence of shallow trap states just above the VBM and near the
Fermi level. These shallow trap states are likely due to the sub-
stitutional incorporation of Ti'" into the BVO lattice, which
introduces localized states that facilitate charge separation
without significantly increasing recombination losses.*°

Fig. S1(b) and (c) show the band structures and TDOSs of
Zr**- and Hf""-doped BVO, respectively. In these cases, the
band gaps are slightly reduced to 2.45 eV for Zr-BVO and 2.5
eV for Hf-BVO. The modest reduction suggests weaker inter-
action between the dopant orbitals and the host conduction
band compared to Ti*" doping. Additionally, both Zr** and
Hf"" doping introduces deeper trap states above the VBM (as
confirmed in Fig. S3(c)), which may act as recombination
centers, potentially limiting charge carrier lifetimes.*!

Fig. S2(b) and (c) further reveal that Hf** doping results in
the deepest trap states among the three dopants, indicating
stronger localization of electronic states. This could hinder
charge transport more significantly than Ti'** doping, thereby
affecting photocatalytic performance. Deep trap states (from
Zr*" and Hf"") tend to trap holes. Hole trapping reduces the
number of mobile holes that can reach the surface and partici-
pate in the OER, so these are usually detrimental to OER kine-
tics and efficiency.

Doping BVO with Nb>* (Fig. 2(c)) results in a modest band
gap reduction to 2.49 eV. This slight narrowing can be attribu-
ted to the introduction of Nb 4d states, which interact weakly
with the conduction band edge, thereby lowering its energy.
Although the overall band dispersion remains similar to that
of pristine BVO, the increased electronic states near the CBM
suggest enhanced electron availability, indicative of n-type
semiconducting behavior.*> This could facilitate improved
electron conduction, beneficial for photocatalytic and photo-
electrochemical applications.

Similarly, Ta>" doping (Fig. S1(d)) leads to a slightly greater
band gap reduction to 2.35 eV. This effect is likely due to the
stronger contribution of Ta 5d orbitals near the CBM, which
increases the number of electronic states and further lowers
the conduction band edge. The enhanced CBM states may
improve charge carrier separation and transport, contributing
positively to the photocatalytic performance.*?

Projected band structures shown in Fig. S2(d) and (e)
confirm that neither Nb®>* nor Ta>* doping introduces mid-gap
trap states between the valence band maximum (VBM) and the
CBM. The absence of deep or shallow trap states implies that
the band gap reduction is intrinsic to the dopant-induced
band edge modulation, rather than the defect-related states.
Consequently, these dopants maintain the electronic integrity
of the BVO lattice while subtly tuning its optical and transport
properties.

In the case of Mo-doped BVO (Fig. 2d), the band gap is
further reduced to 2.25 eV. The DOS shows high densities near
both the CBM and the VBM, which could improve both light
absorption and charge separation efficiency. A shallow trap

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 DFT-calculated electronic band structures and total DOSs of (a) pure; (b) Ti**-doped, (c) Nb>*-doped, and (d) Mo®*-doped bulk BVO,
respectively, and (e) calculated band gaps and band edge positions of pure and doped bulk BVO using the HSE0O6 method. The VB and CB values are
given concerning the standard redox potentials vs. NHE for water splitting.

state near the CBM is observed, which is attributed to the
incorporation Mo®", which is further confirmed by the 2D
charge density maps in Fig. 4(d) and Fig. S2(h). The shallow
trap state near the CBM can be beneficial for electron trapping
and increasing the recombination time.*” Fig. S1(e) and (f)
show the band structure and TDOS of Cr®*- and W°"-doped

This journal is © The Royal Society of Chemistry 2026

BVO, where a mild reduction in the band gap is observed.
However, W' introduces very shallow trap states near the con-
duction band, which can enhance electron mobility but may
also lead to insufficient charge separation. These overly
shallow states allow electrons to quickly recombine with holes,
which is corroborated by the 2D charge density maps in
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Fig. S3(d), thereby hindering the OER process. In contrast,
Cr®" creates deeper trap states near the conduction band that
can localize electrons (as shown in Fig. S3(c)) and act as recom-
bination centers, ultimately hindering OER efficiency.**

Fig. 2e shows a comparison of the calculated band edge
positions (CBM and VBM) of pristine and TM-doped BVO with
respect to the normal hydrogen electrode (NHE). The redox
potentials for water splitting are marked at 0 V (H'/H,) and
1.23 V (H,0/0,). For efficient photoelectrochemical (PEC)
water splitting, the CBM must lie above 0 V to facilitate proton
reduction and the VBM must lie below 1.23 V to drive oxygen
evolution. All the investigated doped systems satisfy these cri-
teria, indicating their thermodynamic viability for overall water
splitting. Notably, the Ti- and Mo-doped BVO samples retain
favorable band alignments while also exhibiting reduced band
gaps, making them particularly promising for visible-light-
driven PEC applications. In addition, some dopants such as
Cr, W, and Ta also show slight upward shifts in the VBM,
which could aid hole transport and improve OER kinetics. The
calculated band gaps for pure and doped BiVO, using the stan-
dard HSEO6 parameters are approximately in the range of
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2.64-2.25 eV, respectively, which is in excellent agreement with
the experimentally reported values.** ™"

3.3. Effect of doping on the charge transport

Fig. 3 provides a comprehensive comparison of effective
masses, carrier mobilities, and diffusion lengths for the pris-
tine and transition metal-doped bulk BVO photoanodes, the
key parameters that govern photoelectrochemical perform-
ance, particularly for the oxygen evolution reaction (OER). In
pristine BVO, the relatively large effective masses of electrons
(1.892m,) and holes (0.915m,) suggest restricted carrier trans-
port, which has been a major bottleneck in achieving high-
efficiency water oxidation with the BVO-based photoanodes.

Upon doping with transition metals such as Ti, Zr, Hf, Nb,
Ta, Cr, Mo, and W, a general reduction in both electron and
hole effective masses is observed. Among these, Ti-doped BVO
exhibits the lowest effective masses (1.15m, for electrons and
0.462m, for holes), suggesting significantly improved charge
transport behavior.

The doping environment changes the electronic band struc-
tures and thus affects the carrier effective masses. We observed
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Fig. 3 Calculated (a) electron and hole effective masses, (b) carrier mobilities, (c) diffusion lengths, and (d) charge carrier diffusion coefficients for
pristine and doped BVO, highlighting the impact of doping on charge transport properties.
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that the dopants with smaller ionic radii like Cr (0.44 A) can
cause the lattice distortion and flatten the curvature of the
electronic band structure corresponding to a larger effective
mass, whereas dopants like Ti** (0.66 A), Nb®>" (0.64 A), Ta>"
(0.64 A), Mo®" (0.60 A), and W°' (0.60 A) with ionic radii
similar to that of the host atom V*' (0.52 A) have shown more
stable structures and smaller effective masses.

The dopants with larger ionic radii like Zr** (0.72 A) and
Hf*" (0.71 A) have shown the larger effective masses compared
to the other dopants, owing to the structural distortion and
the flattened electronic band structure.

It is known that the lower electronegativity typically lowers
the effective mass and vice versa, the same trend we have
observed in our study. The dopants like Zr** (0.72 A) and Hf*"
(0.71 A) with larger ionic radii and smaller electronegativities
(zr** (1.4) and Hf*" (1.3)) have shown larger effective masses in
this study. Therefore, we consider that the ionic radius is more
significant for the effective mass reduction.

This reduction in effective masses directly translates to
increased carrier mobilities, where Ti-BVO shows the highest
values of 0.1527 cm® V™' s for electrons and 0.3802 cm® V
s~* for holes, more than doubling the hole mobility compared
to pristine BVO. Notable enhancements in hole mobility are
also observed with dopants including Cr, Hf, and Zr. This
improvement is crucial because hole transport currently rep-
resents the rate-limiting step in the OER process. A compari-
son of carrier mobility obtained in this study with previous
reports is shown in Table S2.

The diffusion coefficients of both pristine and doped BVO
were evaluated using eqn (4), as detailed in the SI. For pristine
BVO, the electron diffusion coefficient was found to be 2.4 x
1077 m* s7'. Out of all the dopants explored, Ti-doped BVO
exhibited the highest diffusion coefficients for both charge car-
riers, with values of 9.84 x 1077 m? s™' for holes and 3.95 x
1077 m?® s™' for electrons. This enhancement in carrier
diffusion is likely responsible for the improvement in the
charge transfer efficiency of Ti-doped BVO.*

A carrier’s average travel distance before recombination is
known as the diffusion length and is a crucial determinant of
OER activity. Pristine BVO exhibits a hole diffusion length of
70.5 nm, which is near the minimum effective threshold. Ti**
doping extends this length to 99.2 nm, ensuring a greater pro-
portion of photogenerated holes migrate to the surface sites. The
Cr®- and Hf*"-doped BVO samples also show improved lengths
(85.4 nm and 88.0 nm), enhancing the probability of efficient
water oxidation at the semiconductor-electrolyte boundary.

Transition metal doping, particularly using Ti**, boosts the
performance of BVO photoanodes by improving how charge
carriers move and reducing energy loss. These changes
increase surface hole accumulation and enhance the OER
activity, showing that dopant engineering is a key strategy for
improving the solar water splitting efficiency.

3.4. Charge density difference analysis

The obtained results in Fig. 4 and Fig. S3 show the charge
density difference and 2D-charge density maps for the pure
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and doped BVO systems. These visualizations provide critical
insights into how cation doping alters the electronic environ-
ment and charge distribution within the bulk BVO lattice.

The first thing to notice in Fig. 4(a) is how symmetrical the
pristine BVO charge distribution is, reflecting its natural,
stable bonding structure. The 2D map clearly illustrates strong
Bi-O interactions through distinct red (accumulation) and
blue (depletion) lobes.

Fig. 4(b) shows the charge redistribution caused by Ti**
doping. Notable changes occur around the Ti site and adjacent
oxygen atoms, primarily an increase in charge accumulation
that indicates enhanced orbital hybridization between Ti and
O. This increased electron density is predicted to improve both
electronic conductivity and charge separation, which is highly
beneficial for photoelectrochemical performance.
Conversely, the Hf “"-doped system (Fig. S3a) exhibits a less sig-
nificant charge distribution change. The 2D map confirms
reduced interaction and less distributed charge density around
the Hf and O atoms when compared directly to the Ti** doping
results.

In the case of Nb>" doping (Fig. 4c), the charge density
difference reveals more delocalized electron accumulation
around the Nb site, paired with notable charge depletion from
adjacent O atoms. This indicates that Nb functions as an elec-
tron donor, modifying the local electronic structure and poten-
tially enhancing the material’s n-type behavior. The 2D map
confirms this finding with a dispersed charge density distri-
bution that could facilitate enhanced electron mobility. A com-
parable trend is observed for Ta>* doping (Fig. S3b), where the
electron concentration and charge accumulation are also
increased around the Ta atom, and the 2D map illustrates the
resulting interaction and charge redistribution between the Ta
and O atoms.

Fig. 4(d) shows that Mo®" doping causes major charge redis-
tribution. We observe intense charge accumulation near Mo
and moderate depletion in surrounding O atoms, indicating a
robust interaction and effective charge transfer. The 2D charge
density map visually confirms this with a widespread, intense
concentration of charge around the Mo atom, suggesting an
enhanced electronic coupling that is key for improving how
carriers (electrons) are transported through the material.

In summary, Fig. 4 highlights how transition metal doping
modifies the internal charge distribution of BVO. These
changes directly impact the material’s electronic properties,
such as conductivity and carrier separation efficiency, which
are crucial for applications in photoelectrochemical water
splitting. The stronger charge redistribution observed in the
Ti**-, Nb**-, Ta>*- and Mo®"-doped systems, in particular,
suggests their potential for boosting the performance of BVO.

f4+

3.5. Oxygen evolution reaction (OER)

The free energy diagrams of the pristine and doped BVO
samples are shown in Fig. 5 and Fig. S4. The free energy dia-
grams for the pristine BVO and Ti**-doped, Nb>*-doped, and
Mo®"-doped BVO (001) surfaces are shown in Fig. 5. The green
line represents the ideal catalyst energies for each intermediate
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Fig. 4 DFT-calculated charge density difference and 2D-charge density maps of the (001) plane for (a) pure bulk BVO; (b) Ti**
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Nb®* cation-doped, and (d) Mo®* cation-doped bulk BVO, respectively. The iso-surface value was set to 0.05 eV A~3. The dark-cyan and purple
color regions represent the charge accumulation and depletion, respectively. The red and light-green regions in the 2D-charge density map rep-

resent the higher and lower charge regions, respectively.

step in the OER pathway. The black line shows the calculated
free energies at 0 V, the red line corresponds to the free ener-
gies at an applied potential of 1.23 V, and the blue line illus-
trates the free energies after accounting for the potential-deter-
mining step (PDS). Pristine BVO (Fig. 5(a) and Fig. S4(a))
shows the second intermediate step, i.e., OH* — O¥*, as the
potential determining step (PDS) for water oxidation with a
potential of 2.20 V. The PDS gives an overpotential of 0.97 V
for the pristine BVO, i.e., when an external potential of 1.23 V
is applied, and the second intermediate step has an energy
barrier of 0.97 V.

Pristine BVO exhibits the highest charge transfer (—0.62¢)
and strongest adsorption (—1.19 eV); such strong binding can
hinder the desorption of intermediates, limiting turnover in
multistep reactions like the OER.>*

From Fig. 5(b) and Fig. S4(b), it can be seen that Ti-BVO
shows the most effective OER performance and overpotential
(0.41 V) with a PDS of 1.64 V for the second intermediate step,
i.e., OH* — O, in the four-electron step process. The obtained
overpotential in this study is much lower compared to the pre-
viously reported experimental overpotentials of 0.44 eV>> and
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0.97 V.°° This improvement correlates with the DFT-calculated
charge density difference (CDD) plots and charge transferred
(Fig. 6(b)), which show moderate charge transfer (—0.50e) and
the lowest OH adsorption energy (—0.29 eV), indicating optimal
binding strength and enhanced reaction kinetics.”” In contrast,
as shown in Fig. 5(c), the PDS of Nb-BVO is shifted to the fourth
intermediate step, i.e., OOH* — O,, with a higher potential
(1.98 V), resulting in a higher overpotential (0.75 V) for water
oxidation. The corresponding charge transfer (—0.23¢) and
adsorption energy (—0.67 eV) suggest moderately strong OH
binding, which still supports catalytic activity but is weaker
than Ti-BVO. Fig. S4(c) and (d) present the free energy profiles
for the Zr- and Hf-doped BVO samples, respectively. In both
doped systems, the PDS, the step that requires the highest
energy input and thus controls the overall reaction rate, occurs
at the second intermediate of the OER pathway. The energy bar-
riers for this step are 2.09 eV for Zr-BVO and 2.06 eV for Hf-
BVO, which correspond to overpotentials of 0.86 V and 0.73 V,
respectively, when an external potential of 1.23 V is applied.
These overpotentials reflect the extra energy required beyond
the thermodynamic minimum to drive the reaction efficiently.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 DFT-calculated Gibbs free energies at different operating potentials for (a) pure BVO; (b) Ti**-doped, (c) Nb>* cation-doped, and (d) Mo®*

cation-doped BVO (001) surfaces.

The charge transfer values (—0.55e for Zr-BVO and 0.38e for
Hf-BVO) and adsorption energies (—0.88 eV for Zr-BVO and
0.90 eV for Hf-BVO) indicate that OH* intermediates bind
moderately strongly to the surface. This level of binding is gen-
erally favorable, as it supports catalytic activity without overly
stabilizing the intermediates, which could hinder their trans-
formation or desorption.>®

The superior performance associated with Ti** doping is
linked to enhanced orbital hybridization, which can be visual-
ized and confirmed through Projected Density of States
(PDOS) analysis, as shown in Fig. S6(a) in the SI. When Ti*" is
introduced, it integrates well into the lattice due to its similar
size and d-electron character. The PDOS plots show significant
energetic overlap between the newly introduced Ti 3d orbitals
and the neighboring O 2p orbitals. Unlike Ti*" doping, which
introduces states close to the conduction band edge, the
hybridization of Hf 3d (Fig. S6(b)) and Zr 4d (Fig. S6(c)) orbi-
tals occurs at much higher energy levels (>5 eV). This indicates
that the Hf** and Zr"" states are less effective at modifying the
active band edge regions crucial for visible light absorption
and charge transport. A comparison of OER overpotentials

This journal is © The Royal Society of Chemistry 2026

obtained in this study with previous reports is shown in
Table S2.

Fig. S4(e) shows the energy profile for Ta-doped BVO. Ta-
BVO also exhibits moderate OER performance, with a PDS
energy barrier of 1.98 eV at the second intermediate, resulting
in an overpotential of 0.75 V. The associated charge transfer
(—0.48¢) and adsorption energy (—0.77 eV) again suggest mod-
erately strong OH* binding. This behavior supports catalytic
activity comparable to that of Nb-doped systems, although
slightly less effective than Ti doping.

In the case of Mo-doped BVO, as shown in Fig. 5(d) and
Fig. S4(h), the second intermediate remains the PDS, with a
slightly lower overpotential of 0.70 V, despite a relatively high
energy barrier of 1.93 eV. The charge transfer (—0.55¢) and
adsorption energy (—0.78 €V) suggest a balanced OH* binding
strength, which is beneficial for maintaining catalytic
turnover.

Fig. S4(g) and (i) depict the free energy profiles for Cr- and
W-doped BVO. For Cr-BVO, the PDS occurs at the fourth inter-
mediate, with an energy barrier of 2.09 eV, leading to an over-
potential of 0.91 V. For W-BVO, the PDS is at the second inter-
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Fig. 6 DFT-calculated charge density difference of OH,qs on the (001) surfaces of (a) pure; (b) Ti**-doped, (c) Zr**-doped, (d) Hf*"-doped, (e)
Nb**-doped, (f) Ta>*-doped, (g) Cr®*-doped, (h) Mo®*-doped and (i) W*-doped BVO, respectively. The dark-cyan and purple colors represent the
charge accumulation and depletion, respectively. The blue, green, grey, and light-pink balls represent the Bi, V, O, and H atoms, respectively.

mediate, with a barrier of 2.06 eV, corresponding to an over-
potential of 0.95 V. The charge transfer to OOH from Cr-BVO
is —0.23e and the charge transfer to OH from W-BVO is
—0.33e. The adsorption energies of 0.19 eV for OOH on Cr-
BVO and -0.67 eV for OH on W-BVO suggest moderately
strong binding of these intermediates, which is essential for
maintaining catalytic efficiency without impeding reaction
progression.

Fig. 6 shows the DFT-calculated charge density difference
(CDD) plots for OH* adsorption on the (001) surfaces of the
various doped BVO systems. In these plots, the dark-cyan iso-

Nanoscale

surfaces represent regions of charge accumulation, while the
purple iso-surfaces indicate charge depletion. These visualiza-
tions reveal how electron density redistributes upon OH*
adsorption, offering insights into the electronic interactions
that govern catalytic behavior. Bader charge analysis, indicated
by the sky-blue arrows, quantifies the amount of charge trans-
ferred from the surface to the OH* adsorbate.

In the pristine BVO system, the highest charge transfer
(—0.62e) and strongest adsorption energy (—1.19 eV) are
observed. While strong binding can enhance intermediate
stabilization, it may also hinder their desorption, thereby lim-

This journal is © The Royal Society of Chemistry 2026
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iting the overall reaction turnover, especially in multistep pro-
cesses like the OER.” In contrast, Ti*" doping achieves a more
optimal balance, with a moderate charge transfer (—0.50e) and
the lowest adsorption energy (—0.29 eV) among the studied
systems. This correlates with the lowest calculated overpoten-
tial, indicating that Ti"" doping effectively tunes the surface
reactivity to favor efficient OER kinetics. Overall, Ti** doping
provides the most favorable catalytic profile by optimizing
both charge transfer and intermediate binding, followed by
Mo®", Hf**, Nb>*, Ta>" and Zr"" whereas W®" and Cr®" appear
less promising for efficient OER catalysis. OH adsorption bond
lengths and bond angles obtained in this study are shown in
SI Table S1.

3.6. Effect of doping on the optical properties

The absorption spectra of the pure and doped BiVO, samples
were calculated and are shown in Fig. S7(a). Obviously, pure
BiVO, has intensive adsorption in the visible light region.
The adsorption edge of pure BiVO, is found to be 475 nm,
which is comparable to the measured value. For all doped
systems, the absorption edges exhibit a red shift (meaning
that they absorb longer wavelengths/lower energy light) com-
pared to the pure material (Fig. S7(b)). The magnitude of this
red shift follows a specific order: the Hf-doped sample has
the largest shift, followed by the Ta-, Zr-, Ti-, W-; Nb-, and
Mo-doped systems.

The most substantial red shift observed in the doped BVO
system is likely attributed to an electronic transition originat-
ing from an impurity level within the band structure to the
conduction band.®® Crucially, every one of the tested doped
materials maintains strong light absorption capabilities within
the desired visible light spectrum.

Fig. S7(c) shows the calculated real part of the dielectric
function for pure and doped BiVO4 across the photon ener-
gies. All materials show relatively high, positive values for (¢;).
This indicates strong polarization and a high refractive index
in the visible light range (which roughly spans from 1.6 eV to
3.1 eV). At 0 eV (static limit), the (¢,) values are the highest,
representing the static dielectric constant. There is a promi-
nent peak across all materials in this region. This peak is
associated with the onset of the fundamental electronic tran-
sitions (band gap absorption).

The various dopants (Cr, Hf, Mo, Nb, Ta, Ti, W, and Zr)
cause minor shifts and changes in the intensity of the main
peaks and general dispersion curves. These subtle changes
reflect the modification of the electronic band structure by the
different dopant atoms, which introduces new energy levels
and alters the available electronic states. The data highlight
that these materials are strong dielectrics with significant
responses to visible light, making them promising candidates
for photocatalytic applications.

Fig. S7(d) shows the imaginary part of the dielectric func-
tion (e,) for the pure and various doped BiVO, compounds,
plotted against photon energies. The point where the curves
begin to rise sharply from zero indicates the band gap energy
of the material. For pure BVO (black line), this onset is around
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2.0-2.2 eV. Below this energy, the material is transparent to
light; above this energy, absorption begins. The visible light
spectrum spans roughly from 1.6 eV (red) to 3.1 eV (violet).
The figure shows that all these materials exhibit strong absorp-
tion within this visible range, consistent with their use as
visible-light-active materials.

The addition of dopants like Cr, Hf, Mo, Nb, Ta, Ti, W, and
Zr (colored lines) modifies the absorption profile. The primary
absorption peaks shift slightly in energy compared to pure
BVO, indicating changes in the electronic band structure,
often leading to the creation of impurity levels within the band
gap. The intensity (height of the &, values) of the absorption
also changes, suggesting that some doped materials might
absorb more or less efficiently than the pure material at
specific energies.

3.7. Mechanism of doping effects on the OER

The OER on BVO is a complex, multi-step process that relies
on the efficient generation, separation, and surface transfer of
photogenerated holes to oxidize water molecules into
oxygen.®" In its pure form, BVO suffers from poor bulk conduc-
tivity and rapid electron-hole recombination, which limits the
number of holes reaching the surface to participate in the for-
mation of key intermediates such as OH, O, and OOH.®*"®*
These limitations result in sluggish reaction kinetics and low
overall photocatalytic efficiency, making doping a critical strat-
egy to enhance the performance (Fig. 7).

Doping with tetravalent (4%) cations like Ti*", Zr*", and Hf**
modifies the electronic structure in distinct ways. Ti*" intro-
duces shallow acceptor states near the valence band, facilitat-
ing hole transfer to the surface, which enhances intermediate
formation and accelerates the OER.®® In contrast, Zr*" and
Hf"" introduce deep trap states near the valence band that
immobilize holes and increase recombination. Hf*" forms
deeper traps than Zr*", making it more detrimental to OER
kinetics.®® Meanwhile, pentavalent (57) dopants like Nb>" and
Ta®" act as clean donors, increasing the carrier concentration
without introducing trap states. This trap-free doping allows
for efficient hole transport and sustained catalytic activity, sig-
nificantly boosting the OER performance.*>®” When Ta>" or
Nb°" ions substitute for V>* in the BVO lattice, they act as
donor dopants. This means that they introduce extra electrons
into the system without disrupting the charge balance, since
they have the same oxidation state as vanadium. These
additional electrons contribute to the conduction band, effec-
tively increasing the electron carrier concentration and improv-
ing bulk conductivity. This enhancement in conductivity helps
in facilitating better charge separation and transport, which is
crucial for improving the efficiency of the OER.

Hexavalent (6%) dopants such as Mo®", W®*, and Cr®" have
varied effects. Mo®" and W®" introduce shallow trap states near
the conduction band, which temporarily hold electrons and
suppress recombination while maintaining high mobility.**°®
This enhances charge separation and supports rapid for-
mation of OER intermediates. Cr®", however, introduces deep
trap states near the mid-gap that immobilize holes and
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Fig. 7 Mechanism of the doping effects on the OER process. (a) Pristine BVO, (b) 4* cation-doped BVO, and (c) 6" cation-doped BVO and (d) sche-

matic of bands and trap states redrawn from band structure calculations.

promote recombination, reducing the number of active car-
riers available for water oxidation. As a result, while Mo®" and
W®" improve OER kinetics, Cr®* tends to hinder it unless care-
fully managed through co-doping or surface modification.
Understanding these dopant-specific effects is essential for
designing high-performance BVO photoanodes tailored for
efficient solar-driven water splitting.

4. Conclusion

In conclusion, doping BVO photoanodes with cations signifi-
cantly influences their photoelectrochemical OER performance
by modifying trap states, carrier dynamics, and reaction ener-
getics. Among tetravalent dopants, Ti*" is the most effective,
introducing shallow trap states that enhance charge separation
and transport. It also exhibits the highest hole mobility
(~0.3802 cm® V '.s7") and the longest hole diffusion length
(~100 nm), contributing to superior charge dynamics. Density
functional theory (DFT) calculations reveal that Ti-doped BVO
has the lowest OER overpotential (0.41 V), indicating highly
favorable reaction energetics. Meanwhile, Ta>" and Nb>* do
not introduce trap states but significantly enhance the electri-
cal conductivity of BVO, leading to improved OER activity com-
pared to pristine BVO. In comparison, Mo®" introduces
shallow trap states near the conduction band that improve
electron mobility and bulk conductivity, with a DFT-calculated

Nanoscale

overpotential of 0.71 V. Although W®" introduces shallow trap
states near the conduction band that improve electron mobi-
lity, its DFT-evaluated overpotential of ~0.91 V makes it
thermodynamically less favorable for the OER. Zr*" offers mod-
erate improvements, while Hf*" and Cr®" introduce deeper
trap states that can increase recombination and hinder per-
formance. Overall, Ti*", Nb**, Ta®", and Mo®"are the most
promising dopants for enhancing BVO photoanode efficiency
in solar-driven water splitting applications.
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