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Abstract

Herein, we present a study on the adsorption of one water molecule (bonded to either Bi or V
sites) and two water molecules (bonded to both Bi and V sites) onto seven low-index surfaces
(001), (010), (011), (200), (101), (110), and (111) as well as one high-index surface (211) of a
monoclinic scheelite-type BiVOs crystal structure using ab initio calculations. By predicting the
adsorption energies for different facets, we find that water adsorption is more likely to occur on
Bi sites. However, for the (001) and (211) surfaces, water adsorption is more likely on the V
sites. Furthermore, we find that the studied low-index facets can be grouped into four distinct
categories. Facets within the same group exhibit similar water adsorption energies. These groups
are ((001)), ((010), (100)), ((2110)), and ((011), (101), (111)). For low-index surfaces, favorable
adsorption occurs on the (001) surface on the V sites.
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1. Introduction

Hydrogen is an environmentally clean, non-fossil fuel. The production of hydrogen via
electrocatalytic and photocatalytic water splitting processes has been widely studied. Bismuth
vanadate semiconductor (BiVOs) is one of the materials frequently studied for
photoelectrochemical (PEC) water splitting, enabling efficient solar energy conversion to
chemical fuels and contributing to environmental protection. BiVOs is an n-type semiconductor
with a bandgap width of 2.3-2.9 eV [1-5]. Using BiVOa, approximately 11% of the solar
spectrum can be efficiently converted into chemical fuel. In contrast, the highest percentage of
the solar spectrum that can be converted into chemical fuel using other semiconductor oxides is
about 8% [6]. Therefore, BiVO4 has attracted the attention of both experimental and theoretical
researchers.

BiVOs has three crystalline phases: monoclinic scheelite-type (ms-BiVOs), tetragonal
scheelite-type (ts-BiVOs), and tetragonal zircon-type (tz-BiVOs) [7, 8]. Among them, ms-BiVO4
is stable at ambient temperature and pressure. Herein, we focused on the structure of ms-BiVOa.

The photocatalytic mechanism of BiVO4 can be enhanced by doping it with individual
rare earth elements [9-11] or by codoping it with various types of ions [7, 12].

Because water can interact only with the surface of a material, understanding the
structure of the hydrated surfaces of that material is important. Similarly, to gain a better
understanding of the BiVO4 aqueous electrolyte interfaces used in solar water splitting, it is
necessary to study the hydrated surface structure [13]. It has also been shown that surface
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factors, such as orientations and electronic structures, have a crucial impact on the efficiency of
photocatalytic activity for BiVO4 [14].

Knowledge of the surface physics and chemistry of BiVOs is crucial for improving the
desired surface physicochemical properties and can help understand and control the catalytic and
PEC properties of BiVO4 for widespread applications. One such application is energy conversion
and storage [8, 15]. It is well known that some facets exhibit greater reactivity for photocatalysis
than others. It is desirable to synthesize crystals with a high percentage of these highly reactive
facets. Understanding the relationship between the photocatalytic activity of BiVO4 and the
orientation of its surfaces is of great interest for the design and preparation of BiVO4 with high
performance and efficiency.

In the study of Kamble and Ling, a significant percentage of the exposed (211) surface
has been identified by X-ray diffraction in ms-BiVO4 [16]. Numerous studies have addressed the
low-index surfaces of BiVVOs (see, for example, Ref. [8]); however, only a few have investigated
the physical and chemical properties of the (211) surface. One of the aims of the present work is
to enhance our understanding of the adsorption properties of low-indexed BiVOas surfaces,
including one high-index surface (211).

Herein, we investigated the structures, reactivity, and water adsorption properties of
several surfaces of ms-BiVVO4 using ab initio calculations. Our study focuses on the dynamics
and behavior of H2O molecules on ms-BiVOs surfaces. The results of this study will provide a
foundation for future work on BiVVOs-based materials with enhanced performance and efficiency
for solar water splitting.

2. Computational method

BiVO4 prepared in the laboratory crystallizes in a scheelite-type or zircon-type structure
[2,16,17,18]. The scheelite-type structure can exhibit either a monoclinic (space group number
15, C2/c setting) or tetragonal (space group number 88, 141/a setting) crystal system. Space group
number 15 has several different settings, including C2/c, 12/b, 12/a, and B2/b [8].

Herein, we focus on the monoclinic scheelite-type BiVOs crystal structure, space group
number 15, C2/c setting, which is denoted in this work as ms-BiVOs4. The calculated lattice
parameters a, b, ¢, a, B and y of ms-BiVOs are presented in Table 1 and compared with those
from Ref. [19].

The first principles density functional theory (DFT) calculations were performed using
the Vienna ab initio simulation package (VASP) code to optimize the crystal structures [20,21].
Optimization is an iterative process in which the total energy of the structure and the atomic
forces are minimized by adjusting the coordinates of the atoms and lattice parameters. Plane
waves and projector augmented wave pseudopotentials, implemented in the VASP code, were
used to calculate the ground state properties of the crystalline structures. The electronic
exchange-correlation energy was treated using the generalized gradient approximation
parametrized by Perdew—Burke—Ernzerhof [22-24], which underestimates the band gaps. Hybrid
exchange-correlation functionals, such as B3LYP or B3PW, achieve excellent agreement with
experimental data for the bandgaps of related perovskite materials [25-26]. We selected the
Monkhorst-Pack 8 x 8 x 8 k-point mesh (for the pure bulk system) and 4 x 4 x 1 k-point mesh
(for the pure surface system) to sample the entire Brillouin zone, yielding 512 points (for the
pure bulk system) and 16 points (for the pure surface system) in the irreducible Brillouin zone



[27]. A cut-off energy of 500 eV was chosen. The bulk structure was relaxed according to the
Hellmann—-Feynman forces calculated at the end of each self-consistent cycle until the forces
acting on all atoms were less than 0.02 eV/A. Self-consistency was achieved by requiring the
convergence of the integrated charge difference between the last two iterations to be smaller than
107° e". All calculations refer to zero temperature.

3. Results and discussion
3.1. ms-BiVOq4 bulk calculations and optimizations

From Table 1, it can be seen that our calculated parameters are in excellent agreement
with previous calculations [19]. The optimized ms-BiVO;4 structure shown in Fig. 1 was used to
calculate the adsorption properties of the facets considered in this study.

Table 1

Calculated lattice parameters of ms-BiVVOa. The calculated values from Ref. [19] are presented
for comparison. V is the cell volume.

ms-BiVOas
This work Ref. [19]
a [A] 6.9026 6.9256
b [A] 6.9022 6.9256
c [A] 5.1460 5.1774
a[°] 68.11 68.05
BI°] 68.11 68.05
v [°] 116.24 116.02
V [A3] 155.770 158.134
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Fig. 1. Calculated ms-BiVOs structure. The Bi, V, and O atoms are shown in blue, red, and



turquoise, respectively. Some oxygen atoms are labeled A and B (see the text for an
explanation). The right side displays the same crystal structure in polyhedral style.

In the BiVO;4 structure, the V atom is surrounded by four O atoms, forming a VOgu
tetrahedron (Fig. 2 - left part). Each Bi atom is surrounded by eight O atoms, forming BiOg
dodecahedrons (Fig. 2 - right part) located at the corners of eight different VO4 tetrahedra. The
ion—ion distances of this crystal structure are shown in Table 2.

The bond lengths of Bi-O, (~2.45 A, Table 2) are considerably larger than those of V-O
(~1.75 A). Consequently, the interaction between V and O atoms is stronger than that between Bi
atoms and O atoms. The same conclusion is drawn in the study reported by Zhao et al. for
monoclinic clinobisvanite BiVO4 [14].

In the VOg tetrahedron, there are two types of O atoms, labeled “A” and “B” in Figs. 1
and 2. This study, along with the findings of Zhao et al., indicates that the behaviors of these two
types of oxygen atoms differ in the surface models [14]. The bond lengths between the V atom
and the corresponding “A” and “B” oxygen atoms as well as the angles (<) are as follows:

d (V-On)=1.741 A
d(V-Og)=1.759 A

< (0a-V-0p) = 115.22°
< (Og-V-Og) = 117.10°
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Fig. 2. VOg tetrahedron and BiOg dodecahedra of ms-BiVOa.

Table 2
Different ion—ion distances of ms-BiVOa. The calculated values from Ref. [19] are provided for
comparison.

ms-BiVOa

This work Ref. [19]
dei-si [A] 3.873-3.933  3.889-3.948
dv-v [A] 3.866-3.940  3.882-3.955




deio[A] 2418 2454  2.432 2.463
dvei[A] 17411759 175 1.768

We also performed a calculation for an isolated water molecule by considering the water
molecule in a 30 A x 30 A x 30 A box. The calculated total energy Ew of an isolated water
molecule is —14.272 eV, the calculated O—H bond length is 0.972 A (experimental value is 0.957
A), and the calculated H-O—H angle is 104.668° (experimental value is 104.52°) [28,29].

3.2. ms-BiVOq4 surface structure calculations

The calculated lattice constants for bulk ms-BiVVO4 presented in Table 1 are used to construct
various facets, as listed in Table 3, from bulk termination. Each ms-BiVOg4 surface is represented
by a slab with lattice constants a and b, as calculated for the bulk. For the c direction, the slab
thickness is chosen such that the lower surface always has a bulk-truncated structure, and a 10 A
vacuum layer is added above the surface of interest. No symmetry is imposed during the
relaxation. It should be emphasized that oxygen atoms bound only to bismuth atoms are removed
from the facet to the lower layer. In this way, the stoichiometric formula of the crystal structure
is maintained, but the facet is cleared of the Bi—O bond [7]. We focus on the Bi—O bond because
its strength (Egi-o = 0.52 eV) is much weaker than that of the V-O bond (Ev-o = 3.54 eV) [7].
This is consistent with the conclusion regarding the strength of the interactions between Bi and V
atoms with O atoms made in the previous section (3.1) and Ref. [14]. The low-index surfaces
(hkl) are modeled using the function [30]:

ase.build.cut (bulk, (Ax,Ay,A;), (Bx,By,B:), nlayers)

where (AxAy ,A;) and (Bx, By,B;) are the components of two vectors 4 and B, respectively,
belonging to the corresponding (hkl) plane.

Let the vector n("kD be the vector, which is normal to the (hkl) surface. Then, n(tkD is
always normal to the vectors A and B;

nkD . =0 and n®kD.F =0 )

The coordinates of the vectors A, B and n*D are not unique; however, we have chosen the
values provided in Table 3.

Table 3
Coordinates of the vectors A, B, and n"kD for the given surface (hkl).

Surface (kD) A B
(hkl)

(001) (0,0,1) (1,0,0) (0,1,0)
(010) (0,1,0) (1,0,0) (0,0,1)
(011) (0,1,1) (1,0,0) 1,1,-1)

(100) (1,0,0) (0,1,0) (0,0,1)




(101) (1,0,1) (0,1,0) (1,0,-1)

(110) (1,1,0) 0,0,1) (1,-1,0)
(111) (1,1,2) (2,-1,-1) (1,-2,1)
(211) (2,1,1) (1,-31) (1,-1,-1)

The surface stabilities of various facets is estimated using the following formula for
surface energy o [31]:

Etor — x;:lli *Epuik
o= W (2)
where Eot is the total energy of the slab, Enui is the total energy of the bulk, Nsian, and Npuik are
the total number of atoms in the slab and the bulk, respectively, and A is the surface area of the
X-y plane of the slab.

Applying the upper procedure, we calculated the termination structure of all considered
surfaces of ms-BiVOs4. After relaxation, all surfaces exhibit a corrugated structure with a
characteristic sawtooth-like profile along the b direction. The main feature of the relaxed
surfaces is that they consist of VO and BiOn polyhedra, where m < 4 and n < 8. Additionally,
the VOm and BiOn polyhedra for different surfaces are slightly deformed compared to the VOq
and BiOg polyhedra in the bulk. After 6-7 monoatomic layers, the crystal structure resembles
that of the bulk, consisting of VO4 and BiOg polyhedra. We denote BiOn polyhedra as Bin. The
bond lengths and the corresponding angles between the V (Bi) and O atoms located at the
corners of the polyhedra are represented by dv-o and dgi-o and the angles between the O-V-O
atoms are denoted as < (O-V-0). These details are presented in Table 4. In Table 4, the first line
in the last two columns corresponds to the first Bi monoatomic layer, and the second line
corresponds to the second Bi monoatomic layer. The stoichiometric relaxed termination of
various facets of ms-BiVOg is shown in Fig. 3.

Table 4

ms-BiVO;4 relaxed surfaces. The bond length, dv-o, refers to the distance between the V atom
and the O atoms located at the corners of the VO polyhedra, while the bond length, dgi-o, refers
to the distance between the Bi atom and the O atoms situated at the corners of the BiOn
polyhedra. The angles, < (O-V-0), represent the angles between the O-V-O atoms of the VOn
polyhedra. m and n denote the numbers of oxygen atoms in the VOm and BiOn polyhedra,
respectively. The first line in the last two columns corresponds to the first Bi monoatomic layer,
while the second line corresponds to the second Bi monoatomic layer.

ms-BiVOs
facet VOn BiOn
m dv o [A] <(0-V-0) [] n dei o [A]
(001) 4 1.702-1.856 97.55-128.53 4 2.067-2.500
5 2.211-2.626
(010) 4 1.619-1.817 94.86-116.23 6 2.261-2.590
(011) 4 1.697-1.799 106.50-112.30 5 2.175-2.417
(100) 4 1.619-1.817 101.30-116.31 6 2.260-2.592
7 2.236-2.617
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(211)

w

1.621-1.819
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2.218-2.538
2.182-2.348
2.085-2.626
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Fig. 3. Structure of the relaxed surfaces of ms-BiVOa.



The calculated ms-BiVO4 surface energies and other parameters from Eq. 2 are listed in
Table 5. The numbers in brackets represent results from Ref. [8] and Ref. [31]. In Ref. [8], the
authors examined the same crystal structure but in a different setting, 12/b, referred to as the
Ferguson-type monoclinic (fm-BiVOy; see Table 1 in Ref. [8]). In Ref. [31], the authors analyzed
the anatase TiO: crystal structure.

Table 5

Unit cell parameters a, b, and «, the number of atoms Nsian in the slab, the area of the surface unit
cell A, the relaxed total energy E:w: Of the slab, and the relaxed surface energy o for different
facets of ms-BiVOas. The numbers in brackets are results from (a) Ref. [8] and (b) Ref. [31].

ms-BiVOs

Nbulk = 12, Epu = —88.917 eV
facet  Ngap  Unit cell param. [A] A[A%] Ew[eV] o[Jm?]
(001) 36 a=6.903 b =6.902 42.75 —262.838 0.733

a = 116.2° (0.57)@
(1.08)®

(010) 24 a=6.903 b=5146 3296 175594 0.544
a = 68.1° (0.31)®@

(011) 18 a=6.903 h=5164  33.05 ~-131.444 0.468
a = 68.0° (0.49)®

(100) 24 a=6.902 h=5146 3296 175594 0.544
a = 68.1° (0.63)®

(101) 54 a=6.902 b =6.902 3433 —399.019 0.258
a = 136.1° (0.62)®
(0.52)®

(110) 72 a=5146 b=11.723 60.33 515992 2.325
a = 90° (0.35)@
(1.15)®

(111) 24 a=6.902 b =6.902 42.73 —-174.844 0.561
a = 116.2° (0.34)@

(211) 108 a=24.007 p=12.802 137.61 -784.484 0.918
a = 26.6° (0.97)®

3.3. Water adsorption on ms-BiVVO4 surfaces

The adsorption of an isolated water molecule on ms-BiVO4 with different facets was
investigated by considering three adsorption configurations: (a) one water molecule adsorbed on
a single surface Bi atom (denoted as BinW, see the fourth column of Table 6), where Bin
represents the polyhedron for the corresponding facet (Section 3.2); (b) one water molecule
adsorbed on a surface V atom (denoted as VW in Table 6); and (c) two water molecules
adsorbed on both the surface V and Bi atoms (denoted as BinVW in Table 6). Surface atoms are
defined as those located at the topmost layer of the surface unit cell. For each adsorption
configuration, the water molecules are positioned upright on the top sites. We optimized these



structures, and the results are shown in Fig. 4 and Tables 6-9 after relaxation of each

configuration.

Table 6

Relaxation adsorption energy E, 4 per water molecule, total energy E;,; in the absence of water
molecules, total energy of the isolated water molecule E},, number of water molecules Ny,
adsorbed on the surface, and total energy of the relaxed system with water molecules E,;; are
reported for different facets of ms-BiVOs. The bold numbers for the relaxed adsorption energies
represent the highest values, but only in the case when one water molecule is considered
(adsorbed configuration (a) or (b) in Section 3.3).

ms-BiVO4
Ew=-14.272 eV
facet Nw Etot [eV] adsorb. configur. Ean [eV] Eads [eV]
(before relax.)
(001) 1 —262.838 BisW —278.399 1.289
1 VW —279.351 2.241
2 BisVW —293.350 0.984
(010) 1 —175.594 BisW —191.208 1.342
1 VW —190.341 0.474
2 BisVW —205.943 0.903
(011) 1 ~131.444 BisW ~146.366 0.650
1 VW —146.550 0.834
2 BisVW -161.317 0.665
(100) 1 —175.594 VW —190.615 0.749
1 BisW —191.207 1.341
1 Bi-W —190.559 0.693
2 BisVW —202.187 —0.976
(101) 1 —399.019 BisW —413.965 0.674
1 VW —413.578 0.287
2 BisVW —429.070 0.753
(110) 1 —515.992 BisW —530.963 0.699
1 BisW —531.345 1.081
1 VW —531.234 0.970
2 BisVW —550.048 2.756
(111) 1 —174.844 BisW —189.808 0.692
1 VW —189.971 0.855
2 BisVW —204.728 0.669
(211) 1 —784.484 VW —804.291 5.535
11 VW —954.446 1.179

The relaxation adsorption energy (Eadgs) of a single water molecule was estimated using

the following formula: [32]
E o = (Etor + Nw " Ew) — Equ
ads — N.
w

(3)



where Eo is the relaxed total energy of the slab in the absence of water molecules (Tables 5 and
6), Ew is the total energy of the isolated water molecule, Nw is the number of water molecules
adsorbed on the surface, and Eay is the total energy of the relaxed system with adsorbed water
molecules.

For cases (a) and (b) of the adsorption configurations with Nw = 1, and for case (c) with
Nw = 2, according to the definition of adsorption energy (Eads) given by Eg. 3, adsorption is more
stable at higher adsorption energies.

In Table 6, the bold numbers for the relaxed adsorption energies represent the highest
values, but this applies only when one water molecule is considered (adsorbed configurations (a)
or (b)). Table 7 summarizes our results for relaxed ms-BiVO;s surfaces. Table 8 shows the O-H
distance (do +) and the H-O-H angle (< (H-O-H)) of the adsorbed H2O molecule for each facet
of ms-BiVO4 are shown.

The main characteristic of the unit cell of the relaxed surfaces is that it consists of VO4
and BiO4 (labeled Bis) polyhedra for surfaces (001) and (110) (Figs. 3a and 3f); VO4 and BiOs
(marked by letter Bis) polyhedra for surfaces (010), (100) and (101) (Figs. 3b, 3d, and 3e); of
VO and BiOs (labeled Bis) polyhedra for surface (011) (Fig. 3c); and of VO4 and BiO3 (labeled
Bis) polyhedra for surface (111) (Fig. 3g). The main characteristic of the unit cell of the relaxed
(211) surface is that it consists of one VO3 polyhedron (Fig. 3h).

From Table 7, it can be seen that the adsorption on the (001) surface is more stable when
the water molecule is adsorbed on the V site (Fig. 4a). In this case of water adsorption, the water
molecule is dissociated. V-O and O-H are the distances between corresponding atoms (Fig. 4).
The O-H distance of the adsorbed H,O molecule for the (001) facet is 0.989 A (Table 8), slightly
larger than that of the isolated water molecule (0.972 A).

Table 7
Relaxed adsorption energy Eags of the water molecule on the different facets of ms-BiVOs. The
dissociation of the water molecule occurs when it is adsorbed on the V site.

ms-BiVO4
facet atom site Eads [eV]  dissociation of water
(001) V 2.241 YES
(010) Bi 1.342 NO
(011) Bi 0.834 NO
(100) Bi 1.341 NO
(101) Bi 0.674 NO
(110) Bi 1.081 NO
(111) Bi 0.855 NO
(211) V 5.535 YES

The adsorption on the (010) surface is more stable when the water molecule is adsorbed
at the Bi site (Fig. 4b). In this case, the water adsorption is molecular, without dissociation. Bi—O
and O-H are the distances between the corresponding atoms (Fig. 4b). The O—H distances and
H-O-H angle of the adsorbed H,O molecule for the (010) facet are 1.006 A, 1.013 A, and
108.88° (Table 8), respectively, which are slightly larger than those of an isolated water
molecule (0.972 A, 104.67°). The adsorbed water molecules are stretched due to their hydrogen-
bonding interactions [28, 29].
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Fig. 4. Optimized structure of adsorbed water molecules on different surfaces of ms-BiVOa.

Similarly, Table 7 shows that water adsorption on the (010), (011), (100), (101), (110),
and (111) surfaces is more stable when the water molecule is adsorbed on the Bi site (Figs. 4 b—



g), and there is no dissociation of the water molecule. Bi-O and O-H refer to the distances
between the corresponding atoms (Figs. 4 b—g).

The O-H distances and H-O—H angles of the adsorbed H.O molecules for these facets, as
presented in Table 8, are slightly larger than those of the isolated water molecules (0.972 A,
104.67°). The adsorbed water molecules are stretched due to their hydrogen-bonding interactions
[28, 29].

Table 8
O-H distance (do +) and H-O-H angle (< (H-O-H)) of the adsorbed H>O molecule for each
facet of ms-BiVOas.

ms-BiVO4

facet atom site O-H (A) <(H-O-H)

(001) \ 0.989 dehydrized

(010) Bi 1.006 108.88°
1.013

(011) Bi 0.974 105.52°
1.009

(100) Bi 1.006 108.95°
1.014

(101) Bi 0.974 107.95°
0.988

(110) Bi 0.993 106.01°
0.995

(111) Bi 0.974 107.17°
0.993

(211) \ 0.999 dehydrized

In the case of the (211) surface, the water molecule can only be adsorbed on V sites
(Table 7). The adsorption energies for scenarios in which 1 and 11 molecules of water are
adsorbed are presented in Table 6. In both cases, the water is dissociated. The case of one
molecule of water adsorption is shown in Fig. 4h.

From the calculated adsorption energies of the different facets, we can conclude that
water adsorption is more favorable on Bi sites in most cases. Only for the (001) and (211)
surfaces is water adsorption more favorable on V sites, but this could be a consequence of not
accounting for the appropriate surface charges on these surfaces. Additionally, when adsorption
is more favorable on V sites, the adsorption energy is higher than in any case on Bi sites.

The adsorption energies of water molecules on the investigated surfaces increased in the
following order:

Bi site V site
(101) < (011) < (111) < (110) < (100) < (010)< (001) < (211)

no dissociation dissociation




Table 8 shows that the O—H distance and the H-O-H angle are reduced after adsorption
onto the surface compared with the free H2O molecule. Water molecules are stretched due to
their hydrogen-bonding interactions [28, 29].

From Table 7, it is evident that some facets have similar values for the adsorption
energies of water molecules, Eadss. We will refer to these facets as “equivalent” facets (Table 9).
For the ms-BiVO4 crystal system, there are four groups of “equivalent” low-indexed facets
(Table 9).

This is particularly interesting for the (011) and (111) facets: even when a water molecule
attempts to adsorb on the surface V atom, it will, after relaxation, shift and adsorb to the surface
Bi atom.

Table 9
Water molecule adsorption energies, Eads, for the four groups of “equivalent” low-indexed facets
ms-BiVO4 and one high-index facet (211).

ms-BiVO4
facet atom site Eads [eV]
(211) \/ 5.535
(001) \/ 2.241
(010) Bi 1.342
(100) Bi 1.341
(110) Bi 1.081
(111) Bi 0.855
(011) Bi 0.834
(101) Bi 0.674

4. Conclusion

Compared to other common crystalline BiVO4 phases, the monoclinic scheelite-type
BiVO4 exhibits superior characteristics regarding visible light adsorption. It is also an efficient
material for photocatalytic water splitting. Due to its promising technological applications, it is
important to gain in-depth knowledge of the energetics as well as the structural and electronic
properties of its surfaces. Based on DFT calculations, we investigated the competition among the
most prevalent surface types and the mechanisms of water adsorption.

We found that the most stable surface of monoclinic scheelite-type BiVOs is the (101)
surface. This differs from the alternative characterization of monoclinic BiVO4, where the most
stable surface is the (001) surface, while the (101) surface exhibits a somewhat higher surface
energy (Ref. [8]). Our results indicate that there are several mechanisms of water adsorption,
including molecular and dissociative adsorption. Different adsorption sites are favored
depending on the surface type. In general, the Bi surface sites tend to adsorb molecular water,
while water molecules are adsorbed dissociatively on the V sites. The most stable (101) surface
is the least likely to absorb water, while dissociative water has the highest energy adsorption on
the higher index (211) surface.

Therefore, the calculated adsorption energies of the water molecules on the investigated
surfaces increased in the order (101) < (011) < (111) < (110) < (100) < (010) < (001) < (211). In



case of low-index surfaces, a favorable adsorption process occurs on the (001) surface at V sites.
On the (211) surface, water adsorption is also more likely on the V sites. For all other
investigated surfaces, water adsorption is more likely on the Bi sites. For facets (011) and (111),
when a water molecule attempts to adsorb onto a surface V atom, it will, after relaxation, move
and adsorb onto a surface Bi atom.

Although using a layer of water molecules and accurately estimating the point of zero
charge (PZC) are necessary for a realistic comparison of water adsorption on different surfaces,
this is a challenging task. Because PZCs vary across surfaces, such an approach requires
demanding molecular simulations with a layer of explicit water molecules, which is beyond the
scope of this paper. Expanding our research to incorporate the analysis of surface charge and pH
of water solutions [33] is a potential future research direction that is needed.
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