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Strong band bowing in BiOX (X = CI, Br, I) due to halogen alloying
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Bismuth oxyhalides (BiOX, X = Cl, Br, I) are promising photocatalytic materials whose electronic
and optical properties can be systematically tuned through halogen alloying. This study presents
a comprehensive computational and experimental investigation of halogen anion alloying effects on
the electronic structure and optical properties of BiOCl, ,Br,, BiOCl,_,I,, and BiOBr, ,I, alloy
systems. Using density functional theory calculations combined with the generalized quasichemical
approximation, we systematically investigated band gaps and density of states for all symmetrically
non-equivalent configurations in 24-atom supercells. Our calculations reveal significant band gap
bowing behavior with bowing parameters of 0.98, 2.23, and 2.70 eV for BiOCl,_,Br,, BiOBr,_,I,,
and BiOCl,_,I, alloys, respectively, representing substantial deviations from Vegard’s law. Point
defect formation energy calculations demonstrate that although halogen substitution is endothermic,
the formation energies remaining sufficiently low (2-143 meV per dopant atom) to enable experi-
mental synthesis. The mixing enthalpies remain below 10 meV per formula unit across the entire
composition range for all three systems. At typical synthesis temperatures, the configurational en-
tropy contribution easily overcomes the enthalpy penalty, stabilizing the random solid solution. We
successfully synthesized BiOCl,_,I, nanoparticles across the complete composition range (z = 0-1)
with yields exceeding 90%, experimentally validating our predictions. UV-visible spectroscopy of
the synthesized alloys confirms the predicted red-shift in absorption onset with increasing iodine
content. While the electronic band structures exhibit strong bowing effects, the absorption spectra
are reasonably captured by a linear interpolation between pure end-members, providing a practical
approximation for targeted optical design applications. The minimum band gaps occur at approx-
imately 75-78% heavier halogen content, offering optimal visible light absorption. These findings
provide fundamental insights into halogen alloying mechanisms in bismuth oxyhalides and establish

clear design principles for enhanced photo-absorption or photo-catalytic applications.

I. INTRODUCTION

Bismuth oxyhalides (BiOX, where X represents Cl,
Br, and I) have been considered for diverse applications
spanning electronics, energy conversion, energy storage,
and environmental remediation [1-4]. Among them, the
BiOCI system has demonstrated exceptional photocat-
alytic activity, as substantiated by extensive research [5—
7]. The structure of BiOCl exhibit a distinctive nanoplate
morphology featuring alternating Bi,O, layers interca-
lated with double-layer Cl slabs, as illustrated in Fig-
ure 1. Previous density functional theory (DFT) calcu-
lations classify this compound as an indirect band gap
semiconductor [8]. The valence band (VB) is primar-
ily composed of O-2p and Cl-3p orbitals, while the con-
duction band (CB) predominantly consists of Bi-6p or-
bitals. Upon photoexcitation, electrons transition from
Cl-3p orbitals to hybridized Bi-6p-derived bands, result-
ing in distinctive photocatalytic properties [8]. However,
the photocatalytic efficiency of BiOCI is constrained by
its relatively wide band gap (3.02-3.5 eV [9, 10]) and in-
direct nature, which limits visible light absorption and
restricts activity primarily to the UV range.

Fortunately, the layered structure of BiOCIl provides
multiple opportunities for band gap engineering through
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morphology control [11], hetero-junction formation [12],
and impurity doping [13]. A particularly promising strat-
egy for band gap tuning is halogen anion alloying [14-
16]. The chemical similarity among halogens facilitates
the synthesis of solid solutions such as BiOCl,_,I, [17],
BiOCl,_,Br, [18], and BiOBr,_,I, [19].

Previous DFT investigations have demonstrated that
anion alloying can dramatically reduce the band gap
of BiOBr [20], BiOCI [21], and BiOF [22]. The varia-
tion of band gap with respect to anion ratios in anion
mixed structures was investigated and large band gap
bowing behavior was found [23]. However, these stud-
ies employed single ordered configurations (typically in
2 x 2 x 1 supercells) for each stoichiometry. This single-
configuration approach cannot capture the distribution
of local environments in a truly disordered solid solution,
which is essential for describing the properties of experi-
mentally synthesized alloys.

To properly account for configurational disorder in
alloys, several theoretical approaches have been devel-
oped, each with distinct advantages and limitations.
The special quasirandom structure (SQS) model [24] is
widely employed to identify representative atomic con-
figurations that reproduce the pair and multi-site corre-
lation functions characteristic of random alloys. While
SQS structures are amenable to standard DFT calcula-
tions, this approach suffers from important limitations:
(i) it typically represents the alloy through a single su-
percell or small set of configurations, providing only
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FIG. 1. The crystal structure of BiOCI. The pink, light blue,
and green spheres denote the Bi, O, and Cl atoms, respec-
tively.

point estimates rather than proper thermodynamic en-
semble averages, (ii) results depend critically on user-
defined choices such as which correlation functions to
match and the supercell size; and (iii) it does not read-
ily yield information about property distributions across
different configurations. The coherent potential approx-
imation (CPA) [25] adopts a complementary strategy,
treating disorder through a self-consistent mean-field ap-
proach wherein the random alloy is replaced by an effec-
tive ordered medium with composition-dependent poten-
tials. While CPA offers computational efficiency and cap-
tures disorder-induced effects on the average electronic
structure, it inherently sacrifices information about spe-
cific local atomic environments, their energetic distri-
butions, and property fluctuations arising from compo-
sitional variations. The virtual crystal approximation
(VCA) [26] represents the simplest approach, treating al-
loy composition as a continuous variable through linear
interpolation of atomic potentials between end-members.
Although VCA provides qualitative trends with minimal
computational cost, it fundamentally neglects the dis-
crete nature of atomic substitutions and typically un-
derestimates band gap bowing by failing to capture the
nonlinear responses to local compositional variations. In
contrast, the generalized quasichemical approximation
(GQCA) [27, 28] explicitly enumerates all symmetrically
non-equivalent atomic configurations within a finite su-
percell and weights their contributions according to for-
mation energies through a temperature-dependent Boltz-
mann distribution. This approach combines the rigor of
explicit configuration enumeration with proper thermo-
dynamic ensemble averaging, making it particularly suit-
able for simulating disordered solid solutions. Moreover,
GQCA naturally provides access to both average proper-
ties and their distributions across different configurations
at each composition, which can be crucial for understand-
ing experimental variability and predicting synthesis out-
comes.

In this study, we combine density functional the-
ory (DFT) calculations with GQCA to systematically
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investigate the electronic and optical properties of
BiOCl,_,Br,, BiOCl,_,I,, and BiOBr;_,I, disordered
solid solutions. We address three key aspects that remain
poorly understood in these systems. First, we investigate
the formation energies of the solid solution with respect
to the pristine parent compounds and establish quantita-
tive relationships between theoretical predictions and ex-
perimental synthesis feasibility across the complete com-
position range. Second, we systematically compare band
gap bowing behavior and its compositional dependence
across all three alloying systems, revealing how differ-
ent halogen combinations influence electronic structure
through rigorous configurational averaging. Third, we
examine optical absorption spectra from both theoreti-
cal and experimental perspectives, establishing the con-
nection between electronic band structure bowing and
practical optical properties relevant for photo-absorption
applications.

II. METHODS
A. DFT calculation

We performed all geometry optimizations and total en-
ergy calculations using the code VASP [29, 30]. We used
the projector augmented wave setups [31, 32] of VASP
version 5.2 with a cutoff of 520 eV. We used uniform
I'-centered k-point grids to sample the Brillouin zones
with densities of 2000 and 3000 k-points per reciprocal
atom for geometry optimizations and total energy calcu-
lations, respectively. We used the Perdew Burke Ernz-
erhof (PBE) [33] exchange-correlation functional in all
calculations. Spin—orbit coupling (SOC) was included
in all calculations, given the presence of the heavy el-
ement Bi (Z = 83), for which relativistic effects are
known to influence the band structure through split-
ting of the Bi-6p-derived conduction bands [34]. As
shown in Table S1 of the Supplementary Information
(SI), the inclusion of SOC leads to significant differ-
ences relative to scalar-relativistic calculations, most no-
tably for the BiOCl;_,I, system, underlining the im-
portance of treating relativistic effects in these heavy-
element compounds. We converged the forces to val-
ues smaller than 0.005 eéV/A during optimization, and
for total energy calculation, we converged the energy be-
low 0.01 meV/atom. The frequency-dependent dielectric
function was calculated within the independent-particle
approximation (IPA) [35].

To validate our computational approach, Table I com-
pares the calculated structural parameters and band gaps
of pristine BiOCl, BiOBr, and BiOI with reference val-
ues from the literature obtained with different exchange-
correlation functionals. Our PBE results are in good
agreement with previous calculations. Minor differences
can be attributable to the choice of functional.

The average properties of the alloys were obtained by a
thermodynamic ensemble average within the GQCA |27,
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TABLE I. Calculated properties of pristine BiIOX (X=Cl, Br, I) structures, compared reference data using PBEsol ([23]*), PBE
+ DFT-D3 ([21]%), HSE06 ([34]°), and r2SCAN ([36]¢) functionals, repectively.

BiOCl BiOBr BiOI
a (A)  3.908 (3.874%, 3.905%, 3.87°, 3.89%) 3.947 (3.900%, 3.90°, 3.93%) 4.028 (3.968%, 4.035°, 3.98°, 4.00%)
c(A)  7.998 (7.367%, 7.87°, 7.42°, 7.49%) 8.912 (8.325%, 8.14°, 8.39%) 9.977 (9.380%, 9.27°, 9.15°, 9.60%)
Gap (eV) 2.61 (2.49%, 2.90°, 3.37°, 2.57%)  2.25 (2.15%, 2.82°, 2.27%)  1.50 (1.59%, 1.57°, 2.00°, 1.48%)

28]. Within this approximation, a macroscopic N atoms
disordered cell can be represented by the total number
of M cluster cells with n; atomic alloying sites in each
cluster. The cluster cells can be grouped in J different
classes, with each class containing all degenerate (equiv-
alent according to their space group symmetry) clusters.
All classes (M;) together with their cluster fraction x;
form a set {(M;,x;) | j = 1...J} that fully describes
the macroscopic disordered alloy.

The fraction z; depends on the energy per atom (E;),
the symmetry degeneracy (g;), and the atomic fraction
of the two alloying systems A and B (c¢;) through:

oo — _9im; XD(=BAE)) (1)
T Yk 9k exp(—BAEY)
AE; = Ej—c¢j-Ba—(1-¢)- Es, ®

where 371 = kgT. The coefficient 7; is found by min-
imization of the Helmholtz free energy with the con-
straints:

ZIZZJ' = 1, ZleEj = CA, (3)
J J

where cp is the molar concentration of pure system A in

the macroscopic alloy. Any composition-dependent prop-

erty P(ca) is then obtained by a Connolly-Williams sta-

tistical average [37] of the corresponding properties P;

over all J classes:

P(ca) = Z%‘Pj- (4)

The supercell geometries were generated using
17 inequivalent transformation matrices M satisfying
det(M) < 4, yielding simulation cells of up to 24
atoms. The number of halogen atoms in each supercell
is & x det(M) x 2 (reflecting two halogen sites per prim-
itive unit cell), where x is restricted to rational values
consistent with the supercell size. All possible colorings
of the halogen pairs onto the supercell sites were enumer-
ated and symmetry-equivalent duplicates were removed,
resulting in 437 distinct configurations across all compo-
sitions and supercell sizes. The dependence of the GQCA
results on supercell size is expected to be small: previous
studies on similar BiOX systems using a single 2 x 2 x 1
supercell [20-22] found well-converged results, owing to
the weak interlayer halogen—halogen interactions. All op-
timized structures are included in SI.

B. Syntheses

All materials were used without specific purification.
Bi(NO3)3-5Hy0 (purity: 98%), potassium chloride (pu-
rity: 99%) and D-Mannitol (purity: 98%) were purchased
from Sigma-Aldrich. Potassium iodide (purity: 99%) was
purchased from Carlo Erba Reactifs. In a typical experi-
ment, a 100 mL solution with 1.94 g of Bi(NO3)5-5H,0
and 2.0 g of D-mannitol was prepared using ultrasoni-
cation to facilitate the dissolution. Just after dissolu-
tion, this solution was poured in a 250 mL flask and a
10 mL KCI solution was added, resulting in a white pre-
cipitate. A third solution containing KI was then added
(10 mL), resulting in a coloration. Potassium chloride
and potassium iodide quantities were adjusted to fit the
I/Cl ratio (x = n1/(n1 + nc1) and the stoichiometry of
the composition (n; + ncy = ng;). The values of = were
chosen among {0,0.05,0.1,0.25,0.5,1}. The medium was
then heated under stirring at 100 °C (reflux) for 6 hours
and the medium was maintained under stirring to cool
to room temperature. At the end of the reaction, the
medium was a white to orange suspension depending on
the I/Cl ratio. The material was separated using cen-
trifugation at 4000 rpm, washed twice with water and
dried under vacuum at 60 °C to obtain white to orange
powders of BiOCl;__I, nanoparticles with yields typically
above 90%.

C. UV-Visible spectrophotometry

Dispersions with 0.1 wt% of bismuth oxyhalides
(BiOCl,_,I,) were prepared in a water/propylene gly-
col/polysorbate 20 (Tween 20) mixture with respective
weight fractions of 49.85 / 49.85 / 0.30. The disper-
sions were sonicated for 15 min and then stirred with
a magnetic stirrer for 16 h. The suspensions were then
diluted to 0.01 wt% in bismuth oxyhalides (BiOCl,_,I,)
with the same medium and stirred again with magnetic
stirring for 20 min. For each spectrum, around 2.5 mL
of the 0.01 wt% dispersion were placed in a quartz cell
(1 cm optical path length). The UV-Vis spectrum was
then collected between 220 and 800 nm using a Genesys
10S spectrophotometer (Thermo Fischer Scientific).
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III. RESULTS AND DISCUSSION
A. Defect Formation Energies

We calculated the single point-defect formation ener-
gies using the expression:

AE; = E(BIOX : Y)
— E(BiOX) + E(X) — E(Y) (5)

where the energies of the X (substituted) and Y
(dopant) atoms correspond to the total energy per atom
for the most stable pure elementary halogen solids at 0 K.
Our calculations reveal that substitutional defect forma-
tion is endothermic for all doping systems investigated
(See Table II). However for Br substituting Cl the for-
mation energy is remarkably low, being only several meV
per defect. This minimal energy requirement suggests
negligible thermodynamic obstacles for achieving Br—Cl
alloying under experimental conditions. In contrast, io-
dine doping exhibits significantly higher substitution en-
ergies (approximately 100 meV per dopant atom) com-
pared to bromine doping. Nevertheless, when compared
to other anion-alloying systems reported in the literature,
e.g. CsyAgBiBrg ,Cl, [14], the formation energy is still
one order of magnitude lower. These energetic consider-
ations indicate that halogen substitution and mixing in
BiOX;_,Y, systems should be synthetically feasible.

TABLE II. The point defect formation energies (Ey, in
meV /defect) for the BiOX systems.

Charge X X X
Defectrattice Brg Ia Ia:

AE; 2 143 135

To assess the full thermodynamic stability of the solid
solutions beyond the dilute limit, we calculated the mix-
ing enthalpy and Helmholtz free energy at 300 K for
all three alloy systems within the GQCA framework, as
shown in Figure 2. The mixing enthalpies remain be-
low 10 meV per formula unit across the entire compo-
sition range for all three systems. For BiOBrj_,I, the
mixing is even slightly exothermic. At typical synthe-
sis temperatures, the configurational entropy contribu-
tion easily overcomes the enthalpy penalty, stabilizing
the random solid solution, as confirmed by the negative
Helmholtz free energy curves in Figure 2. Importantly,
none of the three systems exhibits inflection points in
the free energy curve at 300 K, confirming the absence
of a miscibility gap and ruling out spontaneous phase
separation under experimental conditions. The success-
ful experimental synthesis of BiIOCl,_,I,, with the highest
mixing enthalpy among the three with yields exceeding
90% provides direct experimental validation of this ther-
modynamic analysis.

To validate our computational predictions regarding
the thermodynamic feasibility of BiOCl;_,I, alloys, we
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FIG. 2. Mixing enthalpy (excess energy) and Helmholtz
free energy at 300 K as a function of composition for
(a)BiOCl, ,Br,, (b)BiOCI, ,I,, and (c)BiOBr, ,L,.

successfully synthesized a series of nanoparticles with
varying iodine concentrations (x = 0, 0.05, 0.1, 0.25, 0.5,
1.0). The successful synthesis across this entire com-
position range experimentally confirms our theoretical
prediction that halogen substitution in BiOX systems
is synthetically feasible from an energetic perspective,
despite the endothermic nature of the substitution pro-
cess. The experimental synthesis yields were consistently
above 90% for all compositions, indicating efficient alloy
formation. This high yield is consistent with our calcu-
lated point defect formation energies, which showed that
while I-CI substitution requires approximately 143 meV
per defect, this energy barrier remains one order of mag-
nitude lower than other mixed-anion systems such as per-
ovskites, making the synthesis experimentally accessible.
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B. Alloying Effect on Band Gaps

We further calculated the band gaps for BiOCl,_,Br,
anion-alloys with Br concentrations ranging from 0 to 1
with increments of 0.125, and the results are presented
in Figure 3. For the alloyed systems, the band gaps
remain indirect, similar to those of the parent pristine
BiOCl and BiOBr. For each Br concentration, we con-
sider all non-equivalent configurations of Br substitution
in a 24-atoms supercell. The calculated band gap val-
ues exhibit a distribution spanning approximately 0.3 €V,
with a greater number of configurations displaying lower
band gaps compared to higher values at each composi-
tion ratio. The most significant finding in our analysis
is the distinctive bowing behavior exhibited by the aver-
aged band gap curve. This band gap bowing effect, as
observed in our study, represents a common phenomenon
in semiconductor alloys and bears resemblance to similar
behaviors reported in other alloy systems [3§], including
Be,Zn; ,Se [39] and alkaline earth chalcogenides [40].

The manifestation of this band gap bowing phe-
nomenon represents a departure from Vegard’s law [41],
which predicts a linear interpolation between two pure
end-member systems. Instead, the band gap of an alloy
A.Bi_, can be described by the expression:

Ey(z) =xzE4(A)+ (1 —2)E;B) —bz(l —z), (6)

where b represents the band gap bowing parameter [38].
For BiOCl,_,Br, alloys, we determined a bowing param-
eter of 0.98 eV, with the alloy achieving a minimum band
gap of 2.17 eV when 77% of Cl atoms are replaced by Br.
Furthermore, our findings reveal a rapid decrease in band
gap values even with minimal Br incorporation. This
demonstrates the high sensitivity of the electronic band
structure to Br alloying/doping, and it is therefore rea-
sonable to expect significantly change in the band struc-
ture around the Fermi-level with even low doping con-
centration. This sensitivity provides valuable opportuni-
ties for tuning optoelectronic behavior of BiOCl, ,Br,.
In the vicinity of the minimum £, around z = 0.77,
the band gap variation exhibits a relatively gradual re-
sponse to Br/Cl ratio changes. This behavior suggests
that around x = 0.77 the electronic structure maintains
a degree of stability with respect to the varying chemi-
cal stoichiometry of the alloy. It should be noted that
Eq. 6 cannot fully capture the observed nonlinearity, as
the fitted curves exhibit non-negligible deviations from
the thermodynamically averaged values.

As illustrated in Figure 4, similar band gap bowing ef-
fects are observed in BiOCl; I, and BiOBry I, alloys,
where the minimal gaps are found at 78% and 74% io-
dine ratios, respectively. Similar to the previous cases,
the band gaps of the alloyed systems remain indirect.
However, these systems exhibit significantly larger bow-
ing parameters of 2.70 and 2.22 eV, respectively.

Band-gap bowing in semiconductor alloys generally
originates from two contributions[42—44]: (i) the chemical
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FIG. 3. The band gaps vary as a function of the Br ratio in
the BiOCl,_,Br, alloy. The dots correspond to the calculated
gaps for different configurations, the blue line shows the ther-
modynamically averaged gap varying with the ratio of Br (z),
and the green line shows the fitted curve according to Eq. 6.

effect (CE), arising from electrostatic potential fluctua-
tions induced by the mixing of chemically distinct atoms;
and (ii) the geometry effect (GE), arising from structural
distortions (both local and cell-level deformation) due to
the size mismatch between the alloying species. In BiOX
alloys, the lattice mismatch between BiOCl, BiOBr, and
BiOl is particularly large, especially along the interlayer
¢ direction, suggesting that the geometry effect should
dominate, as observed in other highly mismatched semi-
conductor alloys [42]. The calculated band gaps of pure
BiOCI and BiOI (See Fig. S1 in Supplementary Infor-
mation) indeed vary non-linearly with lattice parameter
c.

To quantitatively test this hypothesis, we performed
a decomposition analysis on the BiOClg 251,75 composi-
tion, which is close to the composition giving the min-
imal gap of the alloy system. We computed the band
gaps of pure BiOCl and BiOI structures adapted to the
distorted BiOCly 25175 geometries, yielding “intermedi-
ate pure phases’”. The average gap of these distorted
BiOCl and BiOI structures are respectively 1.64 and
1.17 €V. The linear interpolation (x=0.75) between them
is 1.29 eV, fairly close to the actual average gap of this
composition (1.28 eV). This means that the non-linearity
of band bowing mainly originates from geometry distor-
tion of the pure phases when alloying. This confirms that
the geometry effect accounts for the dominant fraction of
the band gap variation and the deviation from Vegard’s
law, with the chemical effect playing only a minor role.

The magnitude of the bowing parameters follows the
expected correlation with ionic size and electronegativ-
ity mismatch between the halogen pairs [45]. Typical
III-V semiconductors with cation mixing exhibit bow-
ing parameters below 0.2 eV for closely matched sys-
tems (e.g., GaAs—AlAs) and above 1 eV for highly mis-
matched ones [46]. Anion-mixed systems generally show
larger values: zinc-blende anion-mixed alloys span ap-
proximately 0.5—4 eV depending on the degree of mis-
match [45-47], and mixed chalcogenide systems such as
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7nS;_,Te, can reach 2-3 €V due to the large S—Te size
difference [47]. In our BiOX;_,X’, alloys, the mismatch
is largest between Cl and I (ionic radii: 1.81 vs. 2.20 A;
electronegativity: 3.16 vs. 2.66 Pauling) and smallest
between Br and I (ionic radii: 1.96 vs. 2.20 A; elec-
tronegativity: 2.96 vs. 2.66), consistent with the order-

ing BiOCl_,I, (2.70 éV) > BiOBr;_,I, (2.23 &V) >
BiOCl;_.Br, (0.98 €V).
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FIG. 4. The band gaps vary as a function of the I ratio in the
a) BiOCl; I, and b) BiOBr, I, alloys. The dots correspond
to the calculated gaps for different configurations, the blue
line shows the thermodynamically averaged gap varying with
the ratio of I (x), and the green line shows the fitted curve
according to Eq. 6.

We acknowledge that the PBE functional systemati-
cally underestimates absolute band-gap values. However,
this limitation does not significantly affect the bowing pa-
rameter, which characterizes the curvature of the compo-
sition dependence (Eq. 6) rather than the absolute band-
gap values at a given stoichiometry. Since PBE yields
a nearly uniform underestimation across the chemically
similar BiOX compoundss, this systematic error largely
cancels when computing b, as demonstrated in prior stud-
ies on semiconductor alloys [46, 48].

To further investigate the electronic structure of the
alloys, we plotted the averaged and normalized density
of states (DOS) for BiOCl,_,I, alloys. As shown in Fig-
ure 5, the DOS of the alloys is deviating from the linear
interpolation between two pure systems. With increasing

View Article Online
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iodine concentration in the alloys, the DOS of the CBs
and higher-energy VBs increases, while the changes in
the lower-energy VBs do not follow a monotonic trend.
More interestingly, both pure BiOCl and BiOI exhibit
lower DOS values near the Fermi level (F¢) compared to
their alloy counterparts. This increased density around
FE could be potentially beneficial for achieving enhanced
optical absorption.

C. Optical Absorption

We further investigated the alloying effects on the ab-
sorption of UV photons by calculating the absorption
spectra under the independent particle approximation
(IPA) [35]. To maintain manageable computational costs
we calculated the averaged spectra for low-energy con-
ﬁgurations Of BiOIO.125CIO'875 and BiOIO‘25CIO'75 aHOyS.
The results are presented in Figure 6. Consistent with
the electronic structure results above, the onset is red-
shifted for the alloys. The higher iodine concentration
(z = 0.25) results in a lower onset energy and enhanced
absorption in the photon energy range below 2 eV. Re-
markably, for a given iodine concentration, despite the
fact that different cluster configurations possess distinct
geometries and consequently different energies and elec-
tronic structures, there are only minor differences in the
absorption spectra. One of the reason could be that the
onset is largely aligned with the low energy CBs from
I-p states. Partially due to this, the spectra of the al-
loys can be well approximated by a linear interpolation
between the two pure end-member systems, particularly
in the lower energy range (below 320 nm) (see dotted
lines in Figure 6(a)). This finding implies that for the
mixed-anion BiOX systems, the linear interpolated ab-
sorption spectra can be used to narrow down the target
onset before experiment syntheses.

It is important to address the relationship between the
electronic band gap bowing (Figures 3 and 4) and the
nearly linear behavior observed in the absorption spec-
tra (Figure 6(a)). While the electronic band gaps ex-
hibit strong non-monotonic variations with composition,
the absorption spectra follow approximately linear inter-
polation between the pure end-members. This apparent
difference arises because the optical absorption coefficient
is determined not solely by the absorption from valence
maxima to conduction minima but by optical transition
matrix elements integrated over the entire Brillouin zone.
This momentum-space averaging smooths out the sharp
compositional variations present at the band edges, re-
sulting in absorption spectra that vary more gradually
with composition than the fundamental band gaps. Fur-
thermore, we acknowledge that the PBE functional sys-
tematically underestimates band gaps, causing our cal-
culated absorption onsets to be red-shifted compared to
experimental values. However, this error manifests as an
approximately rigid shift that does not affect the relative
trends, compositional ordering, or the key finding that
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FIG. 5. The averaged density of states (around Fermi level) in the BiOCl,_,I, alloys. The density of states for pure BiOCI and

BiOI are plotted as black solid and dotted lines, respectively.

absorption spectra can be approximated by linear inter-
polation. Previous studies have demonstrated that semi-
local functionals reliably reproduce bowing parameters
and spectral trends in semiconductor alloys despite un-
derestimating absolute band gap values [23, 49-51]. Our
comparison with experimental UV-visible spectra (Fig-
ure 6(b)) confirms that after accounting for the system-
atic shift, the variation trends of calculated absorption
across compositions are in excellent agreement with mea-
surements.

Figure 6(b) presents the experimental UV-visible ab-
sorption spectra of the synthesized BiOCl,_,I, nanopar-
ticles, which provide direct validation of our computa-
tional predictions. The experimental results demonstrate
several key findings that align remarkably well with our
theoretical calculations. Firstly, the experimental spec-
tra clearly show a progressive red-shift in the absorp-
tion onset with increasing iodine content, moving from
the UV range for pure BiOCIl toward the visible range
for iodine-rich compositions. This trend directly vali-
dates our computational prediction of decreasing band
gaps with increasing iodine concentration. Secondly, the
experimental absorption spectra exhibit smooth, gradual
changes with composition that closely follow the linear in-
terpolation behavior predicted by our calculations. This
experimental validation confirms our theoretical finding
that, despite the strong band gap bowing in the electronic
structure, the absorption spectra can be reasonably ap-
proximated by a linear interpolation between the pure
end-members. Last, the experimental absorption edge
positions show excellent agreement with our calculated
band gap values when accounting for the typical differ-
ences between optical and electronic band gaps. For in-
stance, the experimental spectrum for x = 0.25 shows an
absorption onset around 450-500 nm (2.5-2.8 V), which

is in alignment with our calculated onset.

We have to emphasize that the calculated optical ab-
sorption spectra should be interpreted in light of the well-
known limitations of semilocal exchange-correlation func-
tionals. In particular, the absorption onset and band-
gap-related transition energies are expected to be under-
estimated compared to experimental values. Neverthe-
less, previous studies have demonstrated that the overall
spectral line shapes, relative peak positions, and compo-
sitional trends are generally described reliably within this
level of theory. More advanced treatments of excitonic ef-
fects, such as many-body GW calculations combined with
the Bethe-Salpeter equation (BSE), would significantly
increase the computational cost and remain impractical
for the large supercells required by the GQCA-based con-
figurational enumeration.

IV. CONCLUSIONS

The series of bismuth oxyhalides are known layered
crystals and represent a promising opportunity in the
development of safe, environment-friendly, sustainable
and versatile UV absorbing materials. We systemati-
cally investigated the effects of halogen anion alloying
on the electronic structures and optical properties of
BiO(I,Br,Cl) systems. From an energetic perspective, we
determined that substituting Cl with Br requires minimal
energy, and the substitution energies for replacing Br or
Cl with T are higher but remain one order of magnitude
smaller compared to other mixed-anion systems such as
perovskites. This indicates that BiOXY alloys can be
readily synthesized experimentally. We further calcu-
lated the band gaps and density of states for all symmet-
rically non-equivalent clusters containing fewer than 24
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FIG. 6. (a) Averaged absorption coefficient for

BiOCly g751p.125 and BiOClg 751505 alloys calculated at
the IPA level as well as (b) measured absorbance of
BiOCl,_,I, nanoparticles dispersed in a hydrophilic medium
(H,O — Propylene glycol — Tween 20) at 0.01 wt%. Note that
the comparison is limited to the onset position and spectral
shape, not absolute intensities.

atoms. The results demonstrate that the thermodynam-
ically averaged band gap values and DOS significantly
deviate from linear interpolation based on Vegard’s law.
The minimum band gaps are observed at heavy/light

View Article Online
DOI: 10.1039/D5CP04955E &

halogen atom ratios of approximately 75%. Additionally,
we calculated the absorption spectra of low-energy con-
figurations of BiOCl, ,I, using the independent particle
approximation. We found that although the electronic
structures of alloys strongly deviate from Vegard’s law,
the absorption spectra of the alloys can be reasonably
approximated by the linear interpolation between the
pure end-member systems. The combined computational
and experimental results provide valuable insights for ap-
plications. Our calculations predict that the minimum
band gap occurs at approximately 75-78% iodine content
across different halogen combinations, which would max-
imize visible light absorption. However, the experimental
synthesis becomes increasingly challenging at high iodine
concentrations due to the higher formation energies, sug-
gesting an optimal balance between synthetic feasibility
and optical properties. The increased density of states
near the Fermi level in the alloys, as revealed by our
DOS calculations, combined with the experimentally ob-
served enhanced visible light absorption, suggests that
moderate iodine doping (x = 0.1-0.3) may provide the
optimal balance of synthetic accessibility, stability, and
photoabsorption. These results support the possibility to
theoretically assist the design of new UV absorbing ma-
terials for various applications including heterojunctions,
sun filters, photostabilizing agents, ect.
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