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ABSTRACT: Developing efficient photocatalysts for clean energy generation is crucialto © @ O O
achieving net-zero emissions. To this end, we investigate the behavior of photoexcited e e e
charges in bismuth oxyhalides BiOX (X = F, Cl, Br, and I), a family of inexpensive and & & @& 4
promising photocatalysts. To model the localization of excess electrons and holes, we use W 3
hybrid density functional theory PBEO(a). Our results indicate that electron polarons are o oap0 ©
unstable in these materials. Concurrently, we find that hole localization is favorable,and o o o o
we identify two different possible configurations in which polarons are formed. One W(@
consists of two dimerized halogen atoms (Vy center) and is preferentially formed in BiOBr BiOX

and BiOI with binding energies that amount to —0.26 and —0.21 eV, respectively. The

other corresponds to localization on a single Bi site and the surrounding oxygen and halogen atoms (Bixp). This form of polaron is
favorable in BiOF and BiOCl with binding energies that amount to —0.35 and —0.23 eV, respectively. These findings highlight the
behavior of photogenerated carriers and may open up avenues for future investigations on carrier transport in bismuth oxyhalides.

Hole Polaron

B INTRODUCTION

Semiconductor photocatalysts are widely applied in solar-to-
chemical conversion: CO, reduction reaction,’ water splitting,
or N, fixation to ammonia.” The concept here is to mimic plants’
photosynthesis, where the semiconductor will be used to harvest
solar radiation. In the past decade, bismuth oxyhalides with the
formula BiOX (X = F, Cl, Br, and I) have emerged as potential
photocatalysts owing to their nontoxicity, structural flexibility
(accommodation of different halogens), and low cost.’ ™ All
BiOX compounds crystallize in the tetragonal Matlockite
structure (see Figure 1), which represents the simplest form of
Sillén-type structures with the general formula [M,0,][X,,].”
Moreover, they exhibit a layered structure comprising repeated
[X—Bi—O—X] slabs which are connected by van der Waals
interactions, and each bismuth atom is eight-coordinated via
strong covalent bonding by four halogens (X) and four
oxygens.”

As for their electronic structure, the conduction band is
dominated by Bi 6p states in all BiOX compounds. Additionally,
their valence band is mainly composed of X np (n =2, 3, 4, S for
F, Cl, Br, and I, respectively) states and O 2p states. Generally,
the halogens np orbitals are located at higher energies than O 2p
ones, except for X = F due to its higher electronegativity.’
Varying the halogen size was found to cause an upward shift of
valence band maximum (VBM), in accordance with the reduced
electronegativity from F to I, and a downward shift of the Bi-
dominated conduction band minimum.”~"" Consequently, the
band gaps of BiOX compounds decrease from 4.01 for BiOF to
1.85 eV for BiOI (see Table 1). Hence, the light absorption is
extended from the ultraviolet (for BiOF and BiOCl)'” to the
visible region (for BiOBr and BiOI)."

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

ex1

Tto%g]

[X-Bi-O-X]

Figure 1. Crystal structure of BiOX systems with a Sillén-type structure
and P4/nmm space group. The elements Bi, X, and O are shown in gray,
yellow, and red, respectively.

Besides high photoabsorption, the layered bismuth oxyhalides
exhibit an extraordinary capability of separating and transferring
the charges due to an internal electric field perpendicular to
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Table 1. Experimental Lattice Parameters and Band Gaps of
the Considered Oxyhalides (from Refs 10 and 11)“

material a (&) c () a Egr(eV)
BiOF 3.76 6.23 0.26 4.01
BiOCl 3.89 7.37 0.24 3.44
BiOBr 3.92 8.10 0.23 2.76
BiOI 4.00 9.14 0.24 1.85

“q is the fraction of Fock exchange used in the PBEO(«a) functional, as
derived based on Koopmans’ condition.

[Bi,O,] and [X,] layers."”"*> We will refer to these layers by
[Bi,0,]; and [X,],, respectively (see Figure 1). Therefore, the
photogenerated charges have more chances to diffuse through
the materials and thus reach the surface where the reactions take
place. Although many works have reported the importance of
this internal feature, the behavior of the excess charges has not
been investigated in detail, especially in the presence of lattice
distortions that can cause charge self-trapping through the
formation of polarons. Meanwhile, electron and hole local-
izations have been observed in metal oxides and alkali halides
and, therefore, can also be expected in the family of oxyhalides.
Due to the structural complexity of these materials, there are
multiple configurations in which charges can potentially localize.
For instance, in alkali halides,"* polarons are found to localize on
pairs of halogen atoms, forming a bond between them and
leading to their dimerization. This corresponds to the formation
of so-called Vi centers."” In perovskites,'®'” charges are often
found to localize around a single atom like in SrTiO; (Ti site for
the electron and O site for the hole),'®'? NaTaO, (O site for the
hole),”® or CsPbBr, (Pb site for the electron).”’ Another
possibility is a multisite localization like in the case of BiOV,
where a hole is trapped at a Bi site with eight oxygens around it.””
Given that BiOX materials possess two distinct compositions
(halide in [X,]; and oxide in [Bi,O,],), it is, therefore, of high
interest to investigate the stability of all aforementioned
polaronic states.

In this work, we study the behavior of the photogenerated
holes and electrons in bismuth oxyhalides BiOX (X = F, Cl, Br,
and I) by using hybrid functional PBEO(a),”* where a values
fulfill Koopmans® condition™* (see Table 1). We investigate
different structural distortions associated with polaron for-
mation and show that hole trapping in Vi centers is only
favorable in BiOI and BiOBr. Hole trapping in BiOCl and BiOF,
on the other hand, is predicted to occur in a multisite
configuration where the hole is localized on a Bi site and the
surrounding oxygen and halogen atoms. At variance, we have
found that electron polarons are not stable in any of the
considered bismuth oxyhalides.

B METHODS

In this study, we performed first-principles calculations in the
framework of hybrid functional PBEO(«)*® with D3 van der
Waals (vdW) interactions by Grimme™® as implemented in the
CP2K package.”® For each compound, we apply Koopmans’
theorem to find the o parameter. We focus on the vertical (+2/
+1) transition of an unrelaxed oxygen vacancy, following the
same procedure as in ref 20 To compute the finite-size
corrections needed to identify the single-particle energy levels,
we adopt the approach by Falletta et al.”’ In the correction
scheme, we use the reported theoretical values of the high-
frequency dielectric constant from ref 28. The obtained a values
are listed in Table 1. Furthermore, we employ Gaussian-type

DZVP-MOLOPT basis sets”” with a cutoff energy of 650 Ry to
expand the electron density into plane waves. To describe the
core—valence interactions, Goedecker—Teter—Hutter pseudo-
potentials are used.”” To improve the performance of Hartree—
Fock exchange calculations, we use cFIT-type auxiliary density
matrix method®" basis sets for all elements. We consider a 4 X 4
X 2 tetragonal Matlockite supercell of bismuth oxyhalides BiOX
(X =F, Cl, Br, and I) containing 192 atoms, with experimental
lattice parameters as summarized in Table 1. We note that in the
present computational setup, the spin—orbit coupling (SOC) is
not taken into account. However, we expect that in the case of
hole polarons, their stability can be at most reduced by the
increase of the VBM due to SOC,*"”** which has been found to
be only significant in BiOI and amount to 0.11 eV.”

B RESULTS AND DISCUSSION

We begin by assessing the stability of electron polarons in the
BiOX materials. Because the Bi 6p states dominate their
conduction band, we add an electron to supercells with various
starting structural distortions around the Bi site, corresponding
to elongating one or several Bi—X and Bi—O bonds. The
electron delocalizes during the geometry optimization of all
considered structures, thus suggesting that electron polarons are
not stable in bismuth oxyhalides.

We now focus on hole polarons in BiOX compounds. In all
bismuth oxyhalides, the valence band is composed of a mixture
of O 2p states and X np states, and the contribution of the latter
increases as the ionic radius increases (from F to I). Considering
this, we expect that the nature of hole polarons can vary from
oxygen- to halogen-related localization. We therefore explore
the possible localization modes both within [Bi,0,]; and [X,],
(see Figure 1). First, we investigate the possibility of a single-site
self-trapping either on the oxygen atom in the [Bi,O,]; layer or
on the halogen atom in the [X,]; layer. We apply multiple
structural distortions by elongating the Bi—O bonds (for oxygen
site localization) or the Bi—X bonds (for halogen site
localization), and we introduce a hole into the system. However,
following geometry optimization, we find that the hole is
delocalized, with spin density distributed over all O and X sites
in all BiOX materials, indicating that this type of localization is
unstable.

To assess the stability of the so-called Vi center (X, dimers),
we displace the first-nearest-neighbors X ion pairs toward each
other to form initial polaron seed structures. After geometry
relaxation, we observe hole localization in all considered
materials except for BiOF, as can be seen from the spin densities
illustrated in Figure 2. We note that in BiOCI, BiOBr, and BiO],
we find two different forms of X, dimers, one involving halogen
atoms from the same layer, called Vi, and one involving halogen
atoms from two parallel atomic layers, called V, (see Figure 2).
We now analyze the projected densities of state (PDOS)
corresponding to the Vy center in each of the materials (see right
panels in Figure 3) to verify which atoms contribute to the
polaronic state. The PDOS shows that the hole polaron state
primarily consists of X np orbitals, and it appears above the VBM
at an energy level of 1.6, 1.4, and 0.9 eV for BiOCl, BiOBr, and
BiO], respectively. We note that the absence of the Vi centers in
BiOF can be rationalized based on the fact that in this material,
in contrast to other oxyhalides, the highest occupied halogen
states are found below the oxygen-related ones.

The Vi center formation is accompanied by an inward
displacement of the halogen atoms forming the dimer, which
leads to the shortening of the X—X distance. Figure 2 shows the
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Figure 2. Localized state with the hole trapped on dimers formed by
intralayer (Vi,) and interlayer halogens X (Vy,). The isosurface value is
0.045 e/A%.
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Figure 3. PDOS of the hole-trapped states in the Bixo (left panels) and
V center (right panels) configurations.

two possible dimer configurations in BiOCI, BiOBr, and BiOI. In
particular, in BiOCI, the CI—Cl distance amounts to 2.95 A in

the Vi, center, compared to the equilibrium Cl—Cl distance of
3.88 A in the pristine material. The distance is smaller in the Vi,
configuration (2.63 A), consistent with the smaller equilibrium
distance in the neutral system (3.48 A). Similar trends can be
found in BiOBr and BiOI, where the X—X is also longer in the
Vi, center (3.18 and 3.45 A, respectively) than in the Vi, center
(2.93 and 3.33 A, respectively). We remark that the calculated
X—X distances are comparable with those reported for Vi
centers in CH;NH,PbX (X = Cl, Br, I) in a previous theoretical
study.”

We note that while neither of the Vi center configurations is
stable in BiOF, the geometrical optimizations starting from
various initial distortions lead instead to a state where the hole is
localized on a Bi site and the surrounding halogen and oxygen
atoms (Bixo localization). To investigate the structural
distortion driving the system to localize the hole in this
configuration, we analyze the geometry of this polaronic state. In
Figure 4, we show that the lattice distortion associated with Bixq

Figure 4. Biyo configuration of a hole localized on a Bi site and the
surrounding X and O sites. The iso-surface value is 0.045 e/A°.

configuration in BiOF is mainly related to a substantial upward
displacement of a fluorine atom located in the [X—Bi—O—X]
slab beneath, resulting in the shortening of the Bi—F distance by
0.41 A. The other Bi—F bonds are also affected, with two of them
becoming shorter and two others longer than in the pristine
structure (see Figure 4).

While the Biyo configuration is spontaneously formed only in
BiOF, it can still correspond to at least a local minimum in other

https://doi.org/10.1021/acs.jpcc.2c06711
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oxyhalides. Therefore, we also initialize such a state in BiOCl,
BiOBr, and BiOI. After geometry relaxation, the hole remains
localized in this configuration in both BiOCl and BiOBr. In these
compounds, we however observe a more symmetrical
contraction of Bi—O (on average —0.06 A) and Bi—X bond
length (—0.07 A), and the absence of any halogen displacement
located underneath [X—Bi—O—X] slab of both BiOCl and
BiOBr (see Figure 4). To further assess the participation of
different states in the Biyxo polaron, we consider the
corresponding PDOS, as given in Figure 3. In all compounds
exhibiting this type of hole localization, the composition of the
localized state is in accordance with the spin density distribution
shown in Figure 4. The contribution of Bi 6s remains almost
constant in the three compounds. At the same time, the O 2p
contribution decreases gradually when the halogen atom
changes in the F—CI—Br order and that of X np increases. At
variance, this type of distortion turned out to be unstable in
BiOI, where the structure returned to its pristine state after the
relaxation and hole delocalization, meaning that in BiOI, holes
only localize in Vi centers. We can generalize that halogens with
larger atomic radius localization in the Vi center are more likely,
while for smaller halogen atoms, the Biyo configuration can be
expected. Therefore, we conclude that there is a correlation
between halogen size and the possible modes of hole
localizations.

To understand the effect of varying the halogen atom in the
BiOX compound on the stability of the polaronic configurations,
we calculate their binding energies as follows

E, = E, [polaron] — E[pristine] + g€, + E

corr

where E [pristine] is the energy of the neutral nondistorted
structure, E, | is the energy of the fully relaxed polaron state, with
q = +1 denoting the excess of charge of a hole, €, is the position
of the VBM, and E_,, is the electrostatic finite-size correction,
calculated according to the scheme proposed by Freysoldt,
Neugebauer, and Van de Walle (FNV).>* We note that the
negative binding energy of a polaronic state means that it is
energetically favorable.

The obtained binding energies of hole polarons in various
configurations are given in Table 2. By analyzing the binding

Table 2. Calculated Binding Energies of Hole Polarons in
Different Configurations

E, (hole) (eV)

Viu Via Bixo
BiOF unstable unstable —0.35
BiOCl +0.39 —0.08 —-0.23
BiOBr —0.01 —-0.26 —0.15
BiOI —0.23 —-0.21 unstable

energies of all polaronic states, we can generally conclude that
the stability of the Vi center increases and the stability of Bixo
decreases when the halogen atom becomes larger. The only
exceptions from this trend are the binding energies of Vy, in
BiOBr and BiOI. To further understand the trends across the
considered materials, we decompose the polaron binding
energies into the electronic energy gain due to the hole
localization E, and the structural deformation cost Eg. E is
calculated as the vertical energy difference between the
delocalized and localized states in the polaronic configuration
(see Figure S). The deformation cost is calculated as the
difference in total energies of the neutral pristine and distorted

system, with Ey = Egigorted — Epristine- The variation of these two
quantities as a function of the halogen size is given in Figure S.
We note that for each of the quantities Ey, E, and E,;, we apply
appropriate finite-size corrections.”””*

We first analyze the stability trends for the Vi centers in the
considered materials. As mentioned previously, hole localization
in the form of the Vi center is not stable in BiOF. This stems
from the fact that fluorine has a higher electronegativity than
oxygen, which causes the VBM to be composed of more oxygen
2p states than fluorine 2p.” As shown in Figure 5, the individual
energy contributions of E; and E,) correlate with the size of the
halogen. The trend is the clearest for the structural deformation
cost, which is the highest in BiOCI and the lowest in BiOI. The
electronic energy gain due to localization has a less clear trend,
but generally, this gain increases when the size of the halogen
atom decreases. The binding energies of the Vi centers being the
sum of these contributions (E, = E, + E,) also do not follow the
size of the halogen in a straightforward way. Focusing on the
binding energies of the Vi, center, we note that this defect is the
most stable in BiOBr (E, of —0.26 V), followed by BiOI (E, of
—0.21 eV) and BiOCI (E, of —0.08 V). The fact that the Vi,
center is more stable in BiOBr than in BiOI is mainly related to
the relatively low value of the electronic energy gain E, in the
iodide. The binding energy of the Vy, center is only negative in
BiOBr and BiOI, which can be explained by the weaker
electronic energy gain found in this state. In BiOBr, the stability
of Vi is very low (E, of —0.01 eV, while it is the most favorable
configuration for hole localization in BiOI with an E, of —0.23
eV.

We now analyze the stability trends of the Biyq configuration.
In BiOF, it is the only stable form of hole localization and also
the most polaronic state in the BiOX family overall (E, of —0.35
eV) owing to its high electronic energy gain compared to the
cases of BiOCl and BiOBr. In BiOCl], this configuration is also
the most favorable polaronic state, with a binding energy of
—0.23 eV (as compared to —0.08 eV for the more stable Vi,
center). We note that despite the high electronic energy gain of
Vi, compared to Biy, the low structural deformation cost E
leads to the highest stability of Biyg in BiIOCI. In BiOBr, the Bixg
configuration is still stable (binding energy of —0.15 eV), but less
stable than Vy, because of the significantly lower electronic
energy gain. In BiOI, we find the Bixy configuration to be
unstable. Overall, the stability of Biyo polaronic decreases in
accordance with the reduced electronegativity (from F to I).

Our findings on hole localization in BiOX compounds can be
related to expected charge mobilities in these materials.
Considering that we find at least one stable form of hole
polarons in each oxyhalide, we can expect that hole diffusion
proceeds via a hopping mechanism with suppressed mobilities.
It is worth noting that there are various models to evaluate the
mobility of charge carriers, such as the Marcus—Emin—
Holstein—Austin—Mott model.”>*® Their application is, how-
ever, beyond the scope of this study. Nevertheless, we can
suggest speculative scenarios of hole migration in BiOX
materials based on different hole localization modes. We
propose that in BiOF and BiOCI, where the hole is favorably
localized in the Biyg configuration, the in-plane migration of the
hole might occur through smooth hopping transfer across Bi
sites in the [Bi,O,]; layers. However, in the z direction, the hole
mobility would be further reduced. In BiOF, the hole would have
to migrate from one Bi site to another through a delocalized
transition state due to the lack of any localization mode at the
[X,], layer. In the case of BiOCI, the hole would have to be

https://doi.org/10.1021/acs.jpcc.2c06711
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Figure S. (a) Sketch of the configuration coordinate diagram showing the polaronic energy (E,,), structural energy cost (E,;), and electronic energy gain
(Eq) energies as a function of lattice distortion for the polaronic and delocalized configuration. (b—d) Variation of E,, Ey, and E, as a function of

halogen type.

transferred via the Vi, polaronic transition state. In BiOBr and
BiO]l, the in-plane hole diffusion would most likely happen
through a charge transfer between the Vi centers. In the z
direction, the hole would have to move from one Vi center to
another via Bixo configuration for BiOBr and a delocalized state
in the case of BiOI (because of the instability of Biyg
configuration).

While small mobilities are expected for excess holes in the
considered materials, we have not found any form of electron
localization, suggesting that these charges remain delocalized
and can quickly migrate via a band-like process to the surface.
This expected difference in the mobility of the electrons and the
holes could either positively affect the performance of bismuth
oxyhalide photocatalysts (by reducing electron—hole recombi-
nation rate) or negatively by reducing their activity (because of
the slow hole diffusion) and would be interesting to study in the
future.

Conclusions. In this work, we studied the behavior of the
photogenerated holes and electrons in bismuth oxyhalides. We
first demonstrated that the electron polaron formation is
generally not favorable in BiOX oxyhalides. However, hole
polaron localization is predicted to be favorable and exhibits
different configurations depending on the halogen type. In
particular, our analysis reveals that in BiOF and BiOCl, holes
preferentially localize on a single bismuth site and the
surrounding oxygen and halogen atoms. On the other hand, in
BiOBr and BiO], the hole preferentially localizes in the form of a
Vi center. We demonstrated that the compositions of the
valence band and atomic radius are major factors defining the
nature of the polaron configuration. Our findings suggest that
electrons in these materials are most likely propagating via a
band-like mechanism, whereas holes diffuse by polaronic
hopping between favorable configurations. Furthermore, we
discussed the implications of these results for applications of
bismuth oxyhalides in photocatalysis. Finally, we believe these
insights into the behavior of the photogenerated carriers in the
BiOX series offer guidelines for future studies.
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