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Abstract

Bismuth vanadate (BiVOy,) is one of the most promising photoanode materials for water split-
ting, yet its intrinsic oxygen evolution reaction (OER) performance is limited. Here, we employ
hybrid density functional theory calculations to investigate the synergistic effects of nitrogen dop-
ing and oxygen vacancy formation on BiVO, for the OER. We analyze two OER mechanisms, the
traditional single-site adsorption evolution mechanism (AEM) and the dual-site bridging mech-
anism (DSBM), to understand the enhanced catalytic activity observed experimentally. Our res-
ults show that nitrogen doping on the surface, combined with the creation of a vanadium active
site through oxygen vacancy, significantly reduces the OER overpotential from 1.44 V in pristine
BiVO4 t0 0.93V (AEM) and 1.16 V (DSBM). Besides, the nitrogen dopants on the surface alter the
local acid-base chemistry: proton adsorption on nitrogen becomes 0.52 eV more favorable than
on oxygen, and water dissociation is 0.31 eV easier at the V site than at the Bi site. By offering low-
energy proton-binding sites, nitrogen stabilizes key intermediates and favors formation of a stable
O-0 dimer, producing a pronounced reduction in overpotential. These findings highlight that the
effective defect engineering strategies can significantly enhance the overall performance of BiVO4-
based photoanodes in operational photoelectrochemical systems.

1. Introduction

Photoelectrochemical (PEC) water splitting is a promising approach for hydrogen production by con-
verting water and sunlight into storable chemical energy without producing harmful by-products [1-
3]. In PEC water splitting, the hydrogen evolution reaction occurs at the cathode, while the oxygen
evolution reaction (OER) takes place at the anode [4]. The latter reaction involves a complex four-
electron transfer process with high-energy intermediates, making it the primary bottleneck due to its
sluggish kinetics and high overpotentials [5]. Nowadays, significant research efforts have thus focused
on developing semiconductor-based photoanodes capable of efficiently catalyzing the OER under solar
illumination [6-8]. Among various candidate materials, bismuth vanadate (BiVO,4) has emerged as one
of the most promising oxide photoanodes, owing to its moderate band gap ~2.4eV for visible light
absorption, low cost, ease of synthesis [9], robust stability against PEC and chemical corrosion [9, 10],
and favorable valence band edge alignment for water oxidation reaction [11]. Despite these advant-
ages, the practical PEC performance of pristine BiVO4 remains hindered by several limitations. First, its
charge carrier mobility is relatively low [12], constraining large-scale photocatalytic applications. Second,
although BiVO, can harvest a substantial portion of visible light, further extension of adsorption into
longer wavelengths is highly desirable to maximize solar photon utilization [13]. Third, rapid recombin-
ation of photogenerated electron-hole pairs reduces the efficiency of interfacial charge transfer [14, 15].

© 2025 The Author(s). Published by IOP Publishing Ltd
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Addressing these challenges has spurred diverse engineering strategies aimed at enhancing both bulk and
interfacial properties of BiVOy, thereby improving its PEC performance.

To address these limitations, various strategies have been explored, such as morphological
engineering [16, 17], doping with foreign elements [18-20], introducing surface vacancies [21-23], and
creating heterojunctions [24-26]. For example, Wang ef al [23] reported that the oxygen vacancies can
increase the electron carrier concentration in BiVO4. Hu et al [21] found that introducing oxygen vacan-
cies on surface converts previously inactivate V sites into catalytic centers, thereby expanding the number
of available active sites. Moreover, Seo et al [27] found that N atoms can be introduced into BiVO, by
substituting oxygen atoms, the co-doping BiVO, with nitrogen and oxygen vacancies can substantially
improve both carrier concentration and mobility by promoting polaron formation and reducing polaron
formation energy. Similarly, Osterbacka et al [28] showed that surface oxygen vacancies in BiVO, spon-
taneously ionize, and these ionized vacancies makes the OER more thermodynamically favorable while
enhancing the carrier concentration.

A key experimental investigation demonstrated that annealing nanoporous BiVO, in a mild N, atmo-
sphere at ~350 °C effectively incorporates nitrogen into the lattice and induces the formation of oxygen
vacancies [29]. In addition to facilitating oxygen vacancy formation, this treatment narrows the band
gap by ~0.2 eV by introducing states within the gap, improves charge separation, and increases solar
photon absorption, leading to water-splitting efficiencies exceeding 2% [29]. Despite these promising
findings, the precise atomic-level mechanisms by which nitrogen doping and oxygen vacancy synergistic-
ally enhance OER performance remain insufficiently understood. Consequently, density functional theory
(DFT) calculations are essential for systematically examining how nitrogen doping and associated oxygen
defects modify the water oxidation activity of BiVOy, thereby elucidating the reaction pathways respons-
ible for improved OER efficiency in nitrogen-doped BiVOj.

In this work, we use hybrid DFT calculations to investigate how nitrogen incorporation alters the
catalytic landscape of BiVO,. Charge-neutral doping is achieved by replacing three oxygens (oxida-
tion state —2) with two nitrogen atoms (oxidation state —3) either in the surface (outermost layer)
or subsurface (one layer below). Two reaction pathways are analyzed: (i) the conventional single-site
adsorption-evolution mechanism (AEM), where *OH, *O, and *OOH adsorb and react at a single Bi or
V site, and (ii) a dual-site bridging mechanism (DSBM), in which neighboring Bi and V work cooper-
atively to stabilize intermediates and facilitate O—O bond formation across both sites. The calculations
reveal that surface doping lowers the AEM overpotential to 0.93V (versus 1.44 V for pristine BiVO,) and
the DSBM overpotential to 1.16 V, whereas an equivalent subsurface doping offers little or no benefit.
Additionally, the surface doping stabilizes a superoxide-like O,'~ dimer, while subsurface doping favors a
less reactive peroxide-like O,>~, explaining the divergent catalytic activities. Nitrogen also alters the local
acid-base chemistry: proton adsorption is ~0.5eV stronger on N than on O, and water dissociation is
~0.3 eV easier at a V site than at Bi, further lowering the kinetic barrier. These atomistic insights high-
light the dual structural-and-chemical role of surface nitrogen doping with its adjacent oxygen vacancy
and provide design rules for defect-engineered BiVO, photo-anodes.

2. Computational details and OER theory

2.1. Computational details

All calculations presented in this study are performed using hybrid DFT within the Gaussian plane-waves
method, as implemented in the CP2K package [30]. Goedecker—Teter—Hutter pseudopotentials are used
to describe the core-valence interactions [31]. Gaussian-type DZVP-MOLOPT basis sets are employed
[32], and a plane-wave energy cutoff of 600 Ry is set to expand the electron density and REL_CUTOFF
= 80 Ry. Exchange—correlation interactions are described using the hybrid PBEO functional with a frac-
tion of exact exchange set to 0.22 [11]. The fundamental bandgap produced by this parameter is con-
sistent with the bandgap calculated by QSG W method [33, 34]. This parameter also gives a bandgap

in good agreement with experiments, once additional effects are considered [35]. An auxiliary dens-

ity matrix method with a cFIT auxiliary basis set is employed to reduce computational costs associ-

ated with the hybrid functional calculations. Geometry optimization is carried out until the maximum
residual force on atoms fell below 1.94x10~* Hartree Bohr~!. The Brillouin zone is sampled at the I'
point. We consider the (001) surface of 141/a tetragonal scheelite BiVO,, whose electronic properties are
near identical to those of the monoclinic phase, constructed using a 2 x 2 x 2 repetition of the primitive
structure (a = b = 5.147 A, c=11.726 A) [28]. This model consists of eight layers containing 192 atoms
and 30 A of vacuum in the surface normal direction are used, ensuring sufficient vacuum spacing to pre-
vent interactions between periodic images; thus I' point is sufficient for this size. SCF used OT minimiz-
ation. Spin-polarized calculations are performed to account for the presence of unpaired electrons.
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2.2. OER theory

In this study, we consider two possible pathways for the OER under acidic conditions: the traditional
AEM [36, 37], which proceeds at a single active site; and the DSBM [38-40], which involves two neigh-
boring active sites. The overall water oxidation reaction is:

2H,0 (1) = O, +4H" +4e™, AGy=4.92eV (1)

where ([) refers to the liquid phase, and AGy = 4.92¢V is the experimentally measured Gibbs free energy
for this reaction.

Under the AEM pathway, the OER is usually assumed consisting of four steps, each involving a
proton—electron transfer:

H,O()+% —*OH+HT +e, (2)
*OH—*O+Ht +e, (3)
H,O()+* O —=* OOH+H* +e™, (4)
*OOH — x+ 0, (g) + HY +e7, (5)

where * represents the catalyst’s active site (either a Bi site or a V site exposed on the surface as a con-
sequence of the formation of the oxygen vacancy). The intermediate species *OH, *O, and *OOH refer
to the respective adsorbates bound to the active site. We employ the computational hydrogen electrode
(CHE) approach, which assumes equilibrium in the reaction HT + e~ <+ 1/2 H, at T = 298K and

pu, = 1bar, along with equilibrium between liquid and gaseous water H,O(I) <+ H,O(g) at T = 298K
and pp,0 = 0.035bar [41]. In this model, explicit liquid water is not included. This approach has been
widely used to evaluate OER thermodynamics on lots of systems without explicit solvation [36, 41]. The
omission of solvent means that polar intermediates such as *OH and *OOH may be somewhat over-
estimated in energy; however, solvent stabilization tends to shift both reactants and products similarly,
and thus relative trends and the potential-determining step (PDS) are expected to be preserved [42]. Our
main conclusions, which focus on the thermodynamic effect of surface modification on OER energetics,
are therefore robust. The Gibbs free energy changes for reactions (2)—(5) are given by:

AG, =E(*OH) — E(*) — En,0 + 1En, + (AZPE — TAS), (6)
AG, =E(*O) — E(*OH) + 3 Ey, + (AZPE — TAS), , (7)
AG; = E(*OOH) — E(*O) — En,0 + 3En, + (AZPE — TAS), , (8)
AGy = AGy — (AG, + AG, + AG3). (9)

Here, E(*), E(*OH), E(*O), and E(*OOH) are the hybrid DFT-calculated total energies of the clean sur-
face and surfaces with the respective adsorbates; Ey,o and Ey, are the hybrid DFT-calculated total ener-
gies of isolated H,O and H, molecules. AZPE and TAS are the changes in vibrational zero-point ener-
gies and entropy contributions, respectively, at temperature T. All Energies were obtained without an
empirical dispersion term. For ionic oxide surfaces with strongly chemisorbed OER intermediates (*OH,
*O, *OOH), the dominant bonding is ionic; literature benchmarks indicate that semi-empirical disper-
sion terms (D3/Tkatchenko—Scheffler van der Waals correction) mainly affect physisorbed/weakly bound
adsorbates, while having much smaller effect on chemisorption reaction steps [43, 44]. Accurately treat-
ing gas-phase O, in DFT-even with hybrid functionals remains non-trivial: the triplet ground state is
reproduced, but the computed reaction energy typically deviates from the experimental value (4.92¢eV)
by ~0.04-0.10eV in our tests (PBEQ gives ~ 4.82-4.98 ¢V for our basis/cut-off). To avoid propagat-

ing this small but systematic error into the last OER step, we follow the common CHE approach and
obtain AGy by subtracting the first three steps from the experimental overall free energy (4.92 eV). This
procedure removes the residual O, energy bias while retaining the accuracy benefits of using the hybrid
functional.
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According to previous studies [38—40], the DSBM is another viable OER pathway that becomes relev-
ant when two neighboring active sites are present on the surface. Like the AEM mechanism, the DSBM
also involves four proton—electron transfer steps. However, its distinguishing feature lies in the last three
steps: once *OH is formed on one active site, a second *OH can absorb on the other adjacent active site
(the second step), ultimately generating coexisting *O and *OH intermediates on dual active sites (the
third step). The final release of O, proceeds from these *O and *OH intermediates on dual active sites
(the fourth step). In our case, the Bi site and V site (with an oxygen vacancy) serve as potential active
sites, denoted *(Bi) and *(V), respectively. The overall DSBM pathway can be written as:

H,O (D) + (*(v) + *@i)) = (*)OH + %)) +HT +e™, (10)
H,O (1) + (%(vyOH + *(g;)) — (%(v)OH + * (3 OH) + H* +e™, (11)
(*(v)OH + #(3;yOH) — (%(y)O +#(3;)OH) + H" + e, (12)
(*)O + @) OH) — (*(v) +*i)) + 02 (g) + H 4. (13)

The Gibbs free energy of reactions (10)—(13) are then given by:

AG) = E(*(vyOH + #gi))) — E(*(v) + *(8i)) — En,0 + 5 En, + (AZPE — TAS),, (14)
AG; = E ((v)OH + #(5iyOH) — E (*(vyOH + *(5i)) — Enyo + 3En, + (AZPE—TAS),,  (15)
AGs = E (*(v)O + (5i)OH) — E (%(v)OH + #(5;yOH) + 1Ey, + (AZPE — TAS); (16)
AGy = AG) — (AG + AG, + AG3). (17)

For an ideal catalyst, the total Gibbs free energy AGy (4.92eV) would be evenly distributed among these
four steps, yielding AGp/4 = 1.23 eV per step. In practice, however, the free energy varies, resulting in
an overpotential that corresponds to the step with the largest free energy requirement. The overpotential
is given by:

A max — 1-
n= Sl (18)
where AGp,y is the largest of the four reaction energies and e is the elementary charge.
3. Results and discussion

Extensive literature demonstrates the feasibility and stability of N substitute doping and oxygen vacan-
cies in BiVOy, both experimentally and theoretically [27-29]. Here, we consider a range of N-doped
BiVO, models and retained only the lowest-energy surface and subsurface configurations for OER cal-
culations. A previous study has found that substitutional N is more stable than interstitial in BiVO, [27].
Therefore, in each case, two neighboring oxygen atoms at adjacent Bi sites are replaced by two nitrogen
atoms. The corresponding defect formation energies and ab initio molecular dynamics (AIMD) simula-
tion have been performed to test the thermodynamic stability of the most stable configurations (see the
supporting information for more details). For surface doping, the N dopants lie at the outermost layer,
and the associated oxygen vacancy stabilizes at the outermost layer and is coordinated to adjacent V and
Bi atoms that do not bond to nitrogen. For subsurface doping, the N dopants are one layer below the
surface, and the vacancy is preferentially positioned within the layer below the surface as well. In this
configuration, the oxygen vacancy is located between a V atom bonded to nitrogen and a Bi atom that
is not. Following the nitrogen doping and creation of an oxygen vacancy, both Bi and V sites can serve
as active sites. We evaluated the stable OER intermediates (OH, O, and OOH) under the AEM pathway
[reactions (2)—(5)] on both N-BiVO, surface and subsurface, focusing on four active site configurations:
S-*Bi, S-*V, Sub-*Bi, and Sub-*V. The corresponding active site is indicated by an arrow in figure 1.
Here, ‘S-> denotes models in which the N dopants lie in the outermost layer, while ‘Sub-’ indicates that
they are one layer below. The symbol following the asterisk (*Bi or *V) identifies the metal atom that

4
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Figure 1. Side view of N-BiVO, surface and subsurface in configurations S-*Bi, S-*V, Sub-*Bi, and Sub-*V. The corresponding
active site is indicated by arrow. The purple, gray, red, and blue spheres represent Bi, V, O and N atoms, respectively.

directly binds the OER intermediates. Thus, *Bi in S-*Bi and Sub-*Bi refers to crystallographically equi-
valent Bi sites that differ only in N dopants depth. Specifically, S-*Bi denotes surface nitrogen doping
with Bi as the active site, S-*V denotes surface nitrogen doping with V as the active site. In the subsur-
face cases, Sub-*Bi denotes subsurface nitrogen doping with Bi as the active site, and Sub-*V denotes
subsurface nitrogen doping with V as the active site.

For the AEM mechanism, the OH, O and OOH intermediates adsorb at the top of the active site.
This conventional adsorption sequence is observed for both S-*Bi and Sub-*Bi systems (figure 2). The
S-*V and Sub-*V systems follow the same pattern for the first two steps: the OH and O adsorb on the
V site. The third step, however, diverges. Previous studies have indicated that when the V site contains
an oxygen vacancy, an O—O dimer formation becomes energetically favorable [28, 45]. Accordingly, in
our S-*V configuration, we consider not only standard OOH adsorption but also H desorption from
OOH and subsequent O—O bond formation on the active site. We define three configurations to explore
these possibilities (figure 3). In S-*V(OOH1), the OOH intermediate adsorbs intact on a single active
site without proton desorption. In S-*V(OOH2), an O-O dimer forms at the V with the dissociated H
adsorbing on a nearby oxygen atom. Since N-doping may make it easier for the OOH to donate protons,
we introduce S-*V(OOH3), in which the O-O dimer is adsorbed at the V site while the H binds to a
nitrogen atom on the surface.

Taking S-*V(OOH]1) as reference, S-*V(OOH2) and S-*V(OOH3) are 0.32eV and 0.88 eV lower in
energy, respectively, indicating that S-*V(OOH3) is the most stable configuration. In this configuration
the O-O dimer bond length is 1.32 A. We also calculate the density derived electrostatic and chemical
(DDECS6) charge using the Chargemol code [46] and find a value of —0.58 e. Hydrogen preferentially
adsorbs on the nitrogen site rather than on the oxygen site. Thus, when a V site adjacent to an oxygen
vacancy acts as the active site, proton desorption from the *OOH intermediate is thermodynamically
favored, and the resulting O—O dimer is stabilized on the V atom with the proton anchored to nitrogen.
The nitrogen dopant therefore provides a low-energy hydrogen-binding site that further stabilizes the
O-0O dimer.

Furthermore, in the Sub-*V configuration, beyond conventional OOH adsorption, the formation
of an O-O dimer with H desorption is also possible. To investigate this, we consider three scenarios as
shown in figure 4: in Sub-*V(OOHI1), the OOH intermediate remains bound to a single V site, rep-
resenting the conventional adsorption configuration; in Sub-*V(OOH2), an O-O dimer forms at the V
site, and the desorbed hydrogen adsorbs on a nearby surface oxygen that bonds to both Bi and V atoms,
without nitrogen substitution; in Sub-*V(OOH3), the O—-O dimer also adsorbs on the V site with an O—
O bond length of 1.44 A and carries charge —0.95 ¢, while the hydrogen binds to a neighboring oxygen
atom that is likewise coordinated to both Bi and V. Using Sub-*V(OOH]I) as the reference configuration

5
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@ =Eq. 2 (* » *OH), @ =Eq. 3 (*OH » *0),
®-= Eq. 4 (*O > *O0OH/0-0), @ = Eq. 5 (*OOH/0-0 > * + 0,)

on Su

Figure 2. Side view of the AEM reaction cycle, reactions (2)—(5), for S-*Bi, S-*V, Sub-*Bi, and Sub-*V, respectively. The interme-
diate species O and H atoms are marked by yellow and white spheres, with dashed lines indicating hydrogen bonds.

S-*V(OOH1) S-*V(OOH2)

Figure 3. Side view of OOH adsorption and O-O dimer formation at the S-*V site in three different configurations. In S-
*V(OOHL1), the OOH intermediate adsorbs on a single V site and is used as the reference configuration with its energy set to
0eV.In S-*V(OOH2) and S-*V(OOH3), O-O dimer formation occurs with proton desorption, where the proton adsorbs on an
oxygen and nitrogen site, respectively.

(0eV), Sub-*V(OOH2) is 0.21 eV higher in energy, whereas Sub-*V(OOHS3) is 0.16 eV lower, indicating
that Sub-*V(OOH3) is the most stable of the three. Therefore, Sub-*V(OOH3) is used as the represent-
ative intermediate in the third step of the AEM pathway for this configuration.

The corresponding free energy profiles (equations (6)—(9)) for each step are shown in figure 5, with
the PDS indicated by a solid line between the two relevant reaction steps. The overall Gibbs free energy
difference between the initial state, marked *, and the final state, marked * + O,, is fixed at 4.92 V.
The free energy profile of pristine BiVOy is included to enable direct comparisons of overpotentials (1)
between configurations. For pristine BiVOy, the surface Bi site serves as the primary active site, and our
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Sub-*V(OOH?2) Sub-*V(OOH3)

Q

-0.16 eV

0eV
Figure 4. Side view of OOH adsorption and O—O dimer formation at the Sub-*V site in three different configurations. Sub-
*V(OOHL1), where the OOH intermediate is adsorbed on a single V site, serves as the reference configuration with its energy

set to 0 eV. In Sub-*V(OOH2) and Sub-*V(OOH3), O-O dimer formation occurs with proton desorption, where the hydrogen
adsorbs on neighboring oxygen atoms with different bonding environments.

T
| ——S-*Bi, 7=1.28V
6L ——8-V. =093V _
i Sub-*Bi, =142V
5L ~Sub-*V, 7=1.60 V
K pristine, = 1.44 V:
Al ;
:
~ 3 2
Q
= I
2+
1k
0 -

- *OH  *O  *OOH *+0,

Figure 5. Gibbs free energy profiles of N-BiVO, surface and subsurface with *Bi and *V as active site, respectively. The PDS is
indicated by the solid line between the two relevant reaction steps.

calculations yield an 7 of 1.44 V, with the PDS identified as the formation of *OH. This value aligns
closely with a previously reported result of 1.40 V [28], corroborating the reliability of our computational
approach. Additional details on the OER reaction on pristine BiVO, can be found in [28].

Doping noticeably affects the OER performance. In the S-*Bi configuration, the 1 decreases to 1.28V,
with the PDS shifting from *OH to *O. Notably, S-*V configuration reduces 7 even further to 0.93V,
shifting the PDS to *OOH formation. Conversely, Sub-*Bi configuration offers only a modest improve-
ment (n = 1.42V), maintaining the same PDS as pristine BiVO,, whereas Sub-*V increases 1 to 1.60 V
with the PDS involving the *OOH formation. These results indicate that nitrogen doping at the surface
(especially activating the V site) substantially modifies the adsorption of OER intermediates and strongly
enhances catalytic activity. Meanwhile, doping at the subsurface shows limited benefits at the Bi site and
may adversely affect performance at the V site. Therefore, both the formation of O-O dimer and direct
involvement of surface nitrogen contribute to lowering the OER overpotential, underscoring the critical
role of strategic defect engineering in optimizing BiVO, OER catalyst performance.

To interpret the overpotential trend, we evaluate the Gibbs free energies of adsorption AGaps, where
ADS is the adsorbed species *OH, *O, or *OOH, using [6, 47]:

AG(*OH) = AG; = E(*OH) — E(*) — Eu,0 + 5En, + (AZPE—TAS), , (19)

7
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*OOH

AG.,, (eV)

*OH

S-*Bi S-*V Sub-*Bi  Sub-*V  pristine

Figure 6. Gibbs free energies of the OER intermediates on S-*Bi, S-*V, Sub-*Bi, Sub-*V, and pristine BiVO,4. Adsorbed spe-
cies are abbreviated as ADS and correspond to *OH (pink squares), *O (blue circles), and *OOH (green triangles). The dashed
horizontal lines at 1.23 eV (pink), 2.46 eV (blue), and 3.69 eV (green) mark the ideal free energies for *OH, *O, and *OOH,
respectively.

AG(*0) = AG, + AG, = E(*O) — E(*) — Enyo + Eu, + (AZPE—TAS), ,, , (20)

AG(*OOH) = AG; + AG, + AG; = E(*OOH) — E(*) — 2En,0 + 3Eu, + (AZPE—TAS) .5 . (21)

The resulting values are plotted in figure 6. As a comparison, the ideal Gibbs free energies for
AG(*OH), AG(*O), and AG(*OOH) are also shown. The total free energy for water oxidation is
4.92 eV, so an ideal catalyst would distribute this evenly across the four proton—electron steps (4.92 eV/4
= 1.23 €V per step). Accordingly, the ideal adsorption free energies are 1.23 eV for AG(*OH), 2.46 eV
for AG(*0O), and 3.69 eV for AG(*OOH), as shown by the horizontal dashed lines in figure 6. The
higher the free energy than the ideal values, the weaker the bonding of the intermediate to the active
site.

On pristine BiVQOy, all values lie well above the ideal values, with OH binding being particularly
weak (AG(*OH) ~ 2.7 eV), which makes *OH formation the PDS and produces the high 7 of 1.44V.
For S-*Bi, nitrogen strengthens OH bonding but simultaneously weakens O bonding, shifting the PDS to
*O formation; the net effect is a modest reduction of 7 to 1.28 V. For the S-*V, AG(*OH) decreases to
essentially the ideal value, while AG(*O) moves slightly below and AG(*OOH) slightly above the ideal
line. This near-balanced stabilization of all three intermediate shifts the PDS to the *OOH formation,
and yields the lowest 77 of 0.93 V. The Sub-*Bi energies nearly coincide with those of pristine BiVOy,
explaining the minor drop in 7 to 1.42V. On Sub-*V, although AG(*OH) and AG(*O) move closer to
ideal values, AG(*OOH) increases sharply, leaving *OOH far too weakly bound. The large gap between
*O and *OOH becomes the new PDS, raising the 7 to 1.60 V. Therefore, the overpotential trend mirrors
how closely each set of adsorption energies approaches the ideal 1.23 eV spacing, with the S-*V provid-
ing the most favorable balance, followed by S-*Bi, whereas both subsurface models offer little or no cata-
lytic benefit.

To clarify why the overpotential drops for the N-doped surface, we quantify DDEC6 charge of the
nitrogen dopants and all OER intermediates (table S2). On pristine BiVO, (n = 1.44V) the intermedi-
ates retain radical or singly reduced character in the form of OH radical (4+0.03¢), O~ species (—0.50¢),
and OOH radical (+0.04¢). In the clean N-BiVOj, slabs the two nitrogen dopants are close to an N°>~
oxidation state (~ —1.1e on the surface, —1.3 e in the subsurface). On the surface and subsurface Bi sys-
tems, adsorption of OH and O draws ~0.3-0.4 e from the N nearest the active site, forming N>~ (N ~
—0.87 e surface, —0.90 e subsurface) and stabilizing highly reduced OH™ /O~ fragments (~ -0.40 e each).
Nitrogen returns to N°~ upon *OOH adsorption. The extra electron donation to *OH~ /O~ (—0.40e
vs +0.03 e in pristine BiVO,) explains the modest overpotential drop at Bi sites ( = 1.28 for surface
doping and 1.42V for subsurface doping). When intermediates adsorb at surface or subsurface V site,
nitrogen donates even more charge: from N>~ /N>~ for OH adsorption to N>~ /N?~ for O adsorption,
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Table 1. Calculated values (eV) of AuqsHT, A.gsH20, A,gsOH™ (equations (26)—(28)).

Aads Energy (eV)
H* +0.52
H,O —0.08
OH™ +0.43

thereby stabilizing OH™ and O*~ (~-0.90¢). The greatest difference between the surface and subsurface
doping cases appears in the third step. At the surface V site, the nitrogen dopants revert to their N>~
oxidation state while a superoxide-like O, dimer forms (O-O = 1.32 &, —0.58 ¢), driving the overpo-
tential down to 0.93 V. In the subsurface model the nitrogen dopants also return to N°~, but the reac-
tion produces a peroxide-like 0, dimer (O-O = 1.44 A, —0.95¢), leaving the overpotential at 1.60 V.
These charge/bond-length assignments match the results reported by Osterbacka et al [28] Complete
charge data are given in the SIL.

Next, we aim at a more detailed understanding of the origin of the lowered overpotentials when the
reaction pathways involve a surface N site and a surface V atom. To this end, we calculate the adsorption
energies of aqueous species, namely H, H,O, and OH™ on different sites, to verify if a variation in the
acid-base chemistry on the doped surface is the cause of the observed trends.

In addition to the acid-base reactions occurring on the pristine surface [48]:

H+@Osurf - Osurf + H+ (aq) ) (22)

H,0@Big, s = OH™ @Big¢ + H (aq). (23)
The doped system also features the following reactions:

H+@Nsurf = Nsurf + H+ (aq) ) (24)

H,0QV,,t = OH™ @Vs+H" (aq). (25)

Therefore, we first compare (i) the adsorption energy of HT on the surface N with respect to that on
a regular surface O site and (ii) the adsorption energies of H,O and OH™ on a surface V atom against a
Bi site. We hence define AgHT, AuqsH,0, A,gsOH™ as follows:

AadsH+ =E [H+@Osurf] —E [H+@Nsurf} ) (26)
AagsH20 = E[H,0@Bigy ] — E[H,0QV,,f] , (27)
AasOH™ = E[OH™ @Bigy] — E[OH™ @V gy . (28)

This is simply the difference in hybrid DFT total-energy for the species adsorbed on different sites of the
slab.

Results collected in table 1 indicate that proton adsorption is remarkably favored on the surface N
site, as we calculate A, H™ = 0.52 eV, consistent with the results shown in figure 3. At variance with
this, the energetics associated with the adsorption of a water molecule are quite similar for Bi and V site
(A.asH,0 = —0.08 eV). However, the supercell bearing a surface hydroxyde anion is found to be more
sizably stable when bound to a surface V atom (A,4;OH™ = 0.43 eV). This indicates that dissociation of
a water molecule is favored on surface V, thus contributing to the observed lowering of the overpotential
for the first reaction steps. Moreover, the present analysis indicates that subsurface doping would not be
beneficial, as the reaction sites would be essentially the same as those of the pristine bulk.

The calculated results allow for a quantitative estimate of the acidity for the Ng,¢ and for HOQV,,
in comparison with those of the sites available on the pristine surface (Ogyf and H,O@Bigy,¢). Similarly
to [33], we define the pK, of Ny,r and H,OQMj,,¢ as relative to those of Ogyr and H,OQBigy,¢:

AadsH+
K, (Ngurf) = pKa (Ogur _ 29
P ( suf) p ( Suf)+ln10'kBT ( )
AgsHy O — ALgsOH™
pKa (HZO@Vsurf> = pKa (HZO@Bisurf) + b2 d (30)

IHIO'kBT ’
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Table 2. Calculated values (eV) of AgiA[H,O@Mgyys] for Mgys = Bi, V with concurring H adsorption on N or O. For the latter the
values are given in parentheses.

M AdisA [HZO@Msurf}

Bi  +0.19 (+0.73)
\% —0.31 (+0.05)

i.e. the variation in acidic constants originates from the different adsorption energies of the aqueous
species on N/O sites and Bi/V sites respectively. Since from a previous study [49], pK,(Oguf) = —1.88
and pK,(H,O@QBi) = 8.42, we here achieve pK,(Ng,f) = 5.60 and pK,(H,OQV) = 1.08. Therefore,
while the extremely acidic nature of surface O implied a negligible concentration of protons bound to
the pristine BiVO, surface under a large range of operative pH conditions for photocatalytic systems,
surface N-doping provides sites more readily available for binding H™. Furthermore, surface V exhibit-
ing a stronger interaction with the hydroxide anion also favor water dissociation, substantially increasing
its acidity. We also note that the effects on the different sites are comparable in absolute value but in
opposite direction, i.e. Ny is more alkaline than Og,¢ while H,OQ@QV, ¢ is more acidic than HyOQBigyf.
Therefore, the effect on the pH of zero charge of the material, i.e the value of pH at which the surface is
electrically neutral, is likely to not be particularly varied. However, the concentration of adsorbed ionic
species (H and OH ™) will indeed be different. In fact, we define the dissociation of a water molecule
adsorbed on a metal site M as:

H2 O@Msurf =OH"™ @Msurf + H+@Xsurf7 (31)
where Mgy, = Bi, V and Xg,r = N, O, whose free-energy reads as [48]:
AgisA [HZO@Msurf] =1Inl10- kBT[pKa (HzO@Bisurf) —pKa, (Xsurfﬂ . (32)

In table 2, we report the calculated values of Ag;;A[H,O@My,,¢] for water molecules adsorbed on Bi and
V, with concurring H* adsorption either on N or O. Both surface N and V contribute to making water
dissociation more favorable with respect to the pristine material. In particular, when the dissociation
occurs only on these sites, the reaction becomes exergonic.

Overall, surface N-doping appears to have remarkable beneficial effects on the acid-base surface
chemistry of BiVO, (001) surface, which is key in lowering overpotentials, and consequently, contrib-
uting to the better performance observed for the doped system.

In addition to the AEM mechanism, we also examined the DSBM mechanism. The most stable OER
intermediates (*OH and *O) [reactions (10)—(13)] for the N-BiVO, surface doping and subsurface dop-
ing cases are illustrated in figure 7, with their corresponding free energy profiles (equations (14)—(17))
shown in figure 8. Under the DSBM mechanism, surface doping results in a substantially lower 1 of
1.16 V compared to both pristine BiVO, (1.44V) and subsurface doping (1.92V). A closer examina-
tion of the individual reaction steps, from deprotonation of *OH-*OH to the formation of *O-*OH,
demonstrates that surface doping benefits from a more favorable free-energy pathway, highlighting the
enhanced catalytic efficiency enabled by surface nitrogen doping. In contrast, the steeper energy gradient
on the subsurface doping results in a higher 1 of 1.92'V, indicating that nitrogen doping at the subsur-
face is less advantageous for OER catalysis.

Although the dual-site DSBM (n = 1.16 V) is less efficient than the single-site AEM pathway (n =
0.93V), both mechanisms feature overpotentials lower by >0.3 V relative to pristine BiVO, (n = 1.44V),
demonstrating that N-BiVO, enhances OER activity irrespective of whether the reaction proceeds at a
single V site or cooperatively across a Bi—V pair. The AEM pathway is favorable with lower overpoten-
tial, however, if the surface is defect-rich, the *O-*O coupling route could become viable [50]. Previous
research showed that at pH > 8.2 the BiVO,(010) surface becomes hydroxylated, providing the *OH
reservoir that deprotonates to *O as potential increase [49]. Under anodic bias and light, operando spec-
tra reveal a strongly oxidizing, dynamically reconstructed interface, consistent with deeper deprotonation
from *OH to *O [51]. Defects that place oxo sites next to each other further stabilize *O and enable dir-
ect *“O-"0 coupling, bypassing the *OOH penalty that limits AEM [50]. Thus, the DSBM can happen
in extreme or engineered conditions that populate dual oxygen sites, thereby opening a more efficient
pathway for O, evolution. Overall, these results highlight the role of surface doping strategies in govern-
ing OER performance and offer valuable guidance for the development of more efficient BiVO,-based
photoanodes.
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Figure 7. Side view of the DSBM reaction cycle, equations (10)—(13), for N-BiVOy surface and subsurface doping.

Surface, n=1.16 V
Subsurface, =192 V

—

.......

AG (eV)
w

s *OH *OH+*OH *O+*OH *+O,

Figure 8. Free energy profiles of N-BiVO, surface and subsurface with DSBM mechanism.

4, Conclusions

In summary, we employed hybrid DFT calculations to investigate how nitrogen doping and oxygen
vacancy formation synergistically enhanced the OER performance of BiVO,. By substituting two surface
oxygen atoms with nitrogen and introducing an oxygen vacancy for charge neutrality, we evaluated the
catalytic activity at both the surface doping and subsurface doping under two distinct OER pathways: the
AEM and the DSBM.

Our results show that nitrogen doping on the surface, which creates a V-based active site, substan-
tially boosts OER activity. Under the AEM pathway, the OER 7 decreases from 1.44V in pristine BiVO,
to 1.28 V at the surface Bi site, and further to 0.93V at the V site. In contrast, subsurface doping yields
only a modest benefit at the Bi site (n = 1.42V) and even worsens performance at the V site (n =
1.60 V). Charge-state analysis shows that the extra electron from nitrogen donation to *OH™ explains
the modest overpotential drop at Bi sites. At the V site, surface doping stabilizes a superoxide-like O,'~
dimer (0-O = 1.32A, —0.58 ¢), whereas subsurface doping favors a peroxide-like O,>~ species (O-O
= 1.44 A, —0.95¢). Additionally, we find that nitrogen dopants profoundly change the local acid-base
equilibria. Proton adsorption is 0.52 eV more favorable at the N site than on the O site, and water disso-
ciation is 0.43 eV more favorable at a V site than at Bi site. The nitrogen dopants stabilize *OH™, *O~,
as well as the superoxide-like O,'~ dimer, and facilitate proton adsorption, resulting in the lower over-
potential. Under the DSBM pathway, 7 is reduced to 1.16 V for the surface doping case and increased to
1.92 eV at subsurface doping. Therefore, nitrogen doping at the surface plays a direct and active role in
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enhancing OER performance. In contrast, nitrogen doping at the subsurface offers minimal benefits, or
worsens performance, regardless of whether the AEM or DSBM pathway is followed, underscoring the
importance of doping site selection. Although the absolute overpotentials remain above those of bench-
mark OER catalysts, the >0.3 eV drop we observe demonstrates that N-doping and oxygen vacancies
create a more active BiVO4-based photoanode surface that can synergize with photovoltage and standard
co-catalyst overlayers in practical PEC devices.

Supporting information

All nitrogen doped BiVOy, surface and subsurface configurations are described here. Figures S1 and S2
present a comparison of the energy difference between nitrogen-doped BiVO, surface and subsurface
with oxygen vacancy introduced at various sites. Figure S3 show the BiVO, surface and subsurface con-
figurations after AIMD simulation. Table S1 summarizes the defect formation energies of N-BiVO, sur-
face and subsurface. Table S2 summarizes DDEC6 net atomic charges for the two nitrogen dopants (N1,
N2) and for every adsorbed intermediate.
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