Tuning the band gap and structure from wide gap SrBiz04Cls to narrow gap BisO4SeClz
by aliovalent anion substitution

T. Robinson!, A. Safdar! J.W. Still?, I. D. Seymour', Q.D. Gibson!"

"University of Aberdeen, Department of Chemistry, Advanced Centre for Energy and
Sustainability (ACES)

2University of Aberdeen, School of Geosciences
*corresponding author: quinn.gibson@abdn.ac.uk
Abstract

Modifying the atomic and electronic structure of materials by chemical substitution is a
common method of achieving properties by design. Cations and metal atoms are the most
frequent choices for chemical substitution; replacing anions with ones from a different
chemical group is unusual due to the very different orbital energies and electronegativities
involved. Here we demonstrate full substitution of Se by Cl in the visible band gap material
Bi404SeCl: charge balanced y simultaneous replacement of Bi with Sr, all the way to the
wide gap photocatalyst material SrBi304Cl3. This compositional flexibility is associated with
the layer-segregation of Sr and Se atoms. The crystal structure and electronic structure
change non-linearly, with a compositional regime of two band gap transitions observed, due
to the introduction of in-gap Se states to the electronic structure. The material CaBi304Cl3 is
also synthesized, revealing the separate effects on the crystal structure of the anion and cation
composition. This work presents aliovalent anion substitution in multiple anion materials as a
strategy for tuning between narrow and wide gap materials, with properties showing more
than one optical transition achievable at intermediate compositions.

Introduction

Multiple anion, or heteroanionic, materials are a class of compounds that have two or more
anion species. This chemistry allows for complex packings of the anion sublattices as well as
diversity of the chemical bond types compared to single anion materials, facilitating
properties such as superconductivity!, superionic transport?, low thermal conductivity®=,
catalysis® and quantum magnetism’. Properties design via chemical tuning of single anion
materials often involves either the isovalent or aliovalent substitution of the cation or metal
sites, for example tuning the A and B composition in the perovskite structure ABX3. Isovalent
substitution of the anion sites in multiple anion materials can also be utilised, such as band
gap tuning in the BiOCI type family for photocatalytic applications® or in halide perovskites
with photovoltaic applications”!. Aliovalent anion substitution, where an anion is replaced
by another anion of a different group, can also be used to tune properties. There are cases in
which some O replaced by some amount of H", F~ or N*, often charge balanced by a redox
active cation becoming reduced or oxidized'"'?. Another technique is to charge balance
aliovalent substitution on the anion sublattice by simultaneous aliovalent substitution on the
cation sublattice or of a different anion. For example, Zn,FN can be synthesized as an
analogue to ZnO to tune the band gap and photocatalytic properties'?, V and O can be
simultaneous replaced in PbVO2(Se03)2Cl and -Bax[ VO2F2(103)2](103) by Ga and F to
synthesize PbGaF2(Se03)Cl1'* and B-Bax[GaF4(103)2](103)" to engineer the nonlinear optical
properties.
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Aliovalent anion substitution in materials allows for a different tuning of properties than
either isovalent anion or cation substitution, as materials with different anion groups (e.g.
halides vs. chalcogenides) tend to have very different band gaps and applications due to the
large differences in orbital energies in the groups. Full aliovalent substitution, in which an
anion is continuously replaced by another is somewhat rare, but has been demonstrated in
some zincblende type photovoltaic materials'é, with the extreme case of InP-CdS solid
solution allowing for band gap tuning from 1.3 eV to 2.6 eV, which occurs in a nonlinear
fashion!”. Tuning the band gap from a narrow band gap (solar absorber) to wide gap
(photocatalyst) is of interest, as materials that have intermediate or overlapping properties
have unique applications e.g. for two photon absorption in photocatalysis and photovoltaics.
Aliovalent substitution is a good candidate for this type of materials tuning.

Here we demonstrate full aliovalent substitution of the narrow gap (1.2 eV) layered multiple
anion semiconductor BisO4SeCl,, a natural heterostructure of BiOCl and Bi,O2Se with
possible solar absorber applications'®, to the wide gap (2.7 eV) semiconductor SrBiz04Cl3
with applications in catalysis (photocatalytic water splitting'® and ethane dehydrogenation®?).
Simultaneous Sr?* for Bi*" and CI" for Se? substitution is shown to be possible all the way to
the Se?” free compound SrBi3;04Cls. The aliovalent substitution is associated with the layer-
segregation of the Se?” and Sr** ions. Despite the large band gap difference of the two end
members (AEg = 1.5 eV), the band gap increases modestly with substitution until
compositions where two band gap transitions are observed, allowing for the possibility of two
photon absorption. The effect of substitution of the alkali earth on the cation site was also
investigated, with synthesis and characterisation of the compound CaBi304Cl3, demonstrating
an increase in band gap and alkali earth independent thickness of the ionic Bi2O2Se type
layer, indicating that aspects of the structure are primarily dependent on anion composition.
The Bi404SeCls structure is therefore open to multiple axes of compositional tuning,
establishing a paradigm of aliovalent substitution in multiple anion compounds for materials
design.

Experimental section
Synthesis

Compositions of SrxBisxO4Se1.xCla+x for x =0, 0.25, 0.5, 0.75, 0.95, 0.99 were synthesized
via a stochiometric combination of Bi2O3, Bi, Se, BiOCl and SrBiO,Cl. Powders were ground
in a mortar in pestle, then sealed in an evacuated quartz ampoule at pressures < 1 x 107 torr.
The ampoules were heated at 700 °C for 12 h in a muftle furnace, then brought to room
temperature at 5°C/min. The x = 1.0 sample (SrBi304Cl3) was synthesized through a
stochiometric combination of SrBiO>ClI and BiOClI, ground in a mortar and pestle and heated
in an alumina crucible in air at 700 °C. CaBi304Cl3 was synthesized through a stochiometric
combination of CaBi0,Cl and BiOClI, ground in a mortar and pestle and heated in an alumina
crucible in air at 700 °C. The SrBiO,Cl precursor was synthesized from a stochiometric
mixture of SrCO3 and BiOCl, which were ground together in a mortar and pestle, placed in an
alumina crucible, and heated in air at 800 °C for 12 h followed by a second identical grinding
and heating step. The CaBi10,Cl precursor was synthesized from a stochiometric mixture of
CaCOs; and BiOCl, which were ground together in a mortar and pestle, placed in an alumina
crucible, and heated in air at 800 °C for 12 h followed by a two more identical grinding and
heating steps.
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Powder diffraction measurements were collected on a PANalytical Empyrean powder
diffractometer with a Cu Ka tube and a Kal monochromator. Data were collected in the
range 5 ° to 120 °. Rietveld refinements were performed using GSAS-II 2!

Diffuse Reflectance measurements were performed on an Agilent Technologies Cary 60 UV-
Vis spectrometer with a Harrick Scientific VideoBarrelino Diffuse Reflectance attachment,
using BaSOy4 as a 100% reflectance background standard. For the plotting of the indirect gap,
the background at low energies (between 1.1 and 1.15 eV) was subtracted for better
comparison and for extraction of the band gap energy

Secondary Electron Microscopy (SEM) and Energy Dispersive X-Ray spectroscopy (EDX)
was performed using a Carl Zeiss Gemini SEM 300 with a field emission. EDX was analysed
using an Oxford Instruments Aztec Energy EDS analysis system with an XMax 80 detector.
The Oxford Instruments Aztec Energy software suite was used for analysis. Samples were
coated with 15nm of carbon prior to measurement to prevent charging. Samples were imaged
and analysed using an accelerating voltage of 15 kV.

Density functional theory (DFT) calculations of the energy and electronic structure of SrxBia-
x04Se1xCly+x and CaBi304Clz compounds were performed using the projector augmented wave
(PAW) approach in the VASP code 2. Non-spin polarised calculations were performed using
the Perdew-Burke-Ernzerhof (PBE) functional ?*. Geometry optimisations were performed
using a plane-wave cut-off of 520 eV and a gamma centred k-point mesh with a density of >28

A.

For the end member SrBi304Cl; (x=1) structure in the SrxBis.xO4Se1.xCl+x series, a single unit
cell structure was considered with 50 % occupancy of Sr and Bi on the Bi2 site. The same
Ca/Bi ordering was used for the CaBi304Cl3 unit cell structure. For the Bi4O4SeCl, (x=0) end
member, and intermediate Sro25Bi3.7504Se0.75Cla2s (x=0.25) and Sro.75B13.2504Se0.25Cl2.75

(x=0.75) systems, a V2 X v/2 x 1 supercell expansion of the initial unit cell was used to explore
different Se/Cl orderings. For the end member SrBiz04Cls3, BisO4SeCl, and CaBi304Cl3
structures, the lattice parameters and atomic positions were optimised until the force on any
atom fell below 0.005 eV/A, with and energy converged of 107 eV. For intermediate
compositions, x=0.25 and 0.75, the lattice parameters were initially fixed those of the lowest
energy x=0 and x=1 phases, respectively, and the energies of different Se/Cl orderings were
compared, after optimisation of the atomic positions with the same force tolerance of 0.005
eV/A. The lattice parameters of the lowest energy x=0.25 and 0.75 structures predicted under
fixed cell conditions were then fully optimised before calculation of the electronic structure.

Density of states (DOS) plots were produced for the lowest energy SrxBisxO4Se.xCl2+x and
CaBi304Cl3 structures using a higher plane wave cut off of 600 eV and a gamma centred k-
point mesh with a density of >56 A. All DOS plots in this work were visualised in the Sumo
package®®. The formation energy (Eform,x) per formula unit of the x=0.25 and 0.75 phases
relative to the Bi4O4SeCl> and SrBi304Cl3 end members was calculated via the equation:

Erormx = Ex — XEsrpizoact — (1 — x)Epjspasect

https://doi.org/10.26434/chemrxiv-2024-rrpfv ORCID: https://orcid.org/0000-0001-7020-199X Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-rrpfv
https://orcid.org/0000-0001-7020-199X
https://creativecommons.org/licenses/by/4.0/

Where E, is the energy of the intermediate composition, and Eg,5i304ci13 and Egisoaseciz are
the energies of the end member phases.

Results and Discussion
Composition and Structure

All compounds in the series SrxBis-xO4Se1xCl+x for x = 0, 0.25, 0.5, 0.75, 0.95, 0.99 and 1.0
were identified from X-ray diffraction as having the same I4/mmm unit cell reported for the x
=0 and 1.0 end members (Bi4O4SeCl> and SrBi304Cl3). SEM-EDX was used to check the
actual composition versus the nominal value of x. All samples showed small plate-like
crystals, as expected from the van der Waals gap containing structure. One key difference is
that for x = 0, platelike crystals with approximate in plane dimensions of 10 pm were
observed (Figure 1a), whereas for all other compositions, crystallites with in-plane
dimensions of one order of magnitude smaller were observed (Figure 1b). This indicates that
that a small change in the components involved in synthesis affects the nucleation and crystal
growth kinetics in a way that favours smaller particle sizes in the same experimental
conditions. This could be an important consideration when either designing these materials
for photovoltaic or photocatalytic applications. The experimental value for x was calculated
both from the Se/Cl ratio and the Sr/Bi ratio averaged from 5 measurements for each
composition and compared to the nominal value. Figure 1¢ shows good agreement between
the experimental and nominal values, with the values calculated by Sr/Bi and Se/Cl falling
within error of each other and within error of the nominal composition. Along with the
preservation of the unit cell, this suggests that the composition was successfully tuned by
aliovalent substitution for the series SrxBi4.xO4Se1xClx. A large uncertainty is observed for x
= (.25 likely due to the difficulty of finding sufficiently flat surfaces. It is worth noting that
the value for x calculated by the Sr/Bi ratio cannot be less than zero due to zero being the
minimum content of Sr, while the value of x calculated by the Se/Cl ratio can go below zero
as x = 0 corresponds to a ratio of 0.5 Se/Cl. The composition wasn’t measured for x = 0.99
due to the amount of Se being below the detection limit of the instrument.
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Figure 1. SEM images for (a) x = 0 Bi4O4SeCl; and (b) Sro.5Bi3504Seo.5Cl2.5 on the same
scale, demonstrating the difference in particle size. (c) comparison of the value for x
calculated by the Sr/Bi ratio and Se/Cl ratio as determined by EDX to the nominal value of x.
The dashed line shows the expected trend if the experimental equals the nominal.

All compositions had their lattice parameters and full structure modelled by Rietveld
refinements. Figure 2(a) shows the diffraction patterns for the series and Figure 2(b) shows
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an example Rietveld refinement for x = 0.75. Full Rietveld refinements for the whole series
are shown in the supporting information. The diffraction patterns show the same [4/mmm
pattern for every x, with small shifts in the lattice parameters observable. The peaks are also
broader for any composition with alkali earth on Bismuth substitution than for the x =0
phase, due to the addition of St/Bi disorder into the system.
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Figure 2 (a) Diffraction patterns for the series SrxBis-xO4Se1xClx. x =0.99 was omitted due
to its similarity x = 1.0 Patterns are offset from each other for better visibility. Inset : a close
up of the (110) and (107) pair of peaks, showing peak shift as a function of x as well as the
shift towards higher angle for CaBi304Cl3 compared to all Sr containing materials. (b)
Example Rietveld refinement for x = 0.75 (Sro.75Bi32504Se0.25Cl2.75 ), with a y* = 5.65, an Ry
= 8.24 % and goodness of fit = 2.37.
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Figure 3 shows the full modelled structure for the series as determined by Rietveld
refinements of powder XRD data. Compositions were constrained to the nominal
composition due to the agreement of the nominal and experimental compositions shown in
Figure 1 (b). The structure of the series overall is defined by Bi,O; fluorite type layers
separated alternatively by a ionic bridging layer (Sel/Cl1) and a van der Waals layer
(Se2/Cl2). Refining the Sr occupancy on both the Bil (adjacent to the ionic bridging layer)
and Bi2 (adjacent to the van der Waals layer) sites in the Bi2O, demonstrated that within
error, all Sr occupies the Bi2 position at every composition, consistent with the reported
structure for SrBi304Cl3. For x = 0, the Se is distributed both across the ionic bridging layer
and van der Waals layer, with a statistical site preference for the ionic bridging layer. Upon Sr
substitution, this site preference gets more marked; at compositions of x = 0.75 and larger, Se
only occupies the ionic bridging layer to within error of the model, refining to a slightly
negative value when freely refined, though a small amount of Se on the Se2 site cannot be
ruled out.

sr,Bi, . 0,5¢e,.Cl

2+X

x=0.50 x=0.75

Figure 3. Crystal structures of SrxBis-xO4Se1xCly+x for x =0, 0.25, 0.50, 0.75, 0.95 and 1.0 as
modelled by Rietveld refinements from powder data. Partial occupancies are shown by a
partial colouring in of an atomic site.

Lattice parameter trends are shown in Figure 4(a). The in-plane lattice parameter a varies
linearly with x across the series, consistent with Vegard’s law and the larger size of Sr**
compared to Bi**. By contrast, the lattice parameter ¢ varies non-monotonically with x. The ¢
lattice parameter depends on the thickness of the ionic bridging layer, the van der Waals layer
and the Bi>O; fluorite type layer. These layers are being affected simultaneously in different
ways, with the total amount of Se being less with x, the site preference of Se for the Sel site
increasing with x and the amount of Sr increasing on the Bi2 site. The site preference can be
seen when the ratio of the occupancy of Se in the Se2 site versus the Sel site is plotted as a
function of x in Figure 4(b). A quick drop oft is observed around x = 0.5, after which, within
uncertainty of modelling the diffraction data, all the Se occupies the Sel site. Therefore, the
amount of Se in the Sel site is not directly proportional to x. The effect of this on the lattice
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parameter ¢ can be seen when plotting the thickness of the ionic bridging layer, as defined by
the cross-plane Bil-Bil distance (Figure 4 (c)). This value changes monotonically but not
linearly with x. By instead plotting it is a function of the occupancy of Se in the Sel site, xse1,
a linear trend is observed (Figure 4(d)). Indeed, this layer thickness for CaBi304Cl; fits on
this linear trend as well, despite the smaller overall c lattice parameter of CaBi1304Cl3
compared to SrBiz04Cl3 (26.6398(5) A and 26.9997(4) A respectively). This demonstrates
that the thickness of the ionic bridging layer is dependent only on the anion composition at
the bridging site, a consequence of the tendency of the alkali earth to only sit at the Bi2 site.
The smaller ¢ axis of CaBi304Cl; compared to SrBi3O4Cls is therefore related to a contraction
of the Bi>O and van der Waals layers due to the smaller Ca* cation. The ionic bridging layer
can therefore be tuned by the anion composition at the bridging site, and the other layers
tuned by choice of alkali earth, allowing for different compositional degrees of freedom for
modifying the layer thicknesses at different points in the structure. Given the importance of
these layers for e.g. thermal conductivity, the ability to tune the bonding at each layer in this
type of natural heterostructure could be another method of introducing phonon engineering.

That the presence of Sr on the Bi2 site increases the site preference of Se for the Sel site is
consistent with electrostatics. A lower Coulomb energy is achieved by Se*” having Bi** for its
nearest neighbours, and Sr** with C1 than compared with the converse. Thus the confinement
of Sr?* to the layer defined by the Bi2 site leads to the confinement of the Se?" to the layer
defined by the Bil site. The effect of doping on the structure is therefore nontrivial as the Sr
and Se occupancies are correlated.
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Figure 4 (a) lattice parameter trends for a (black) and ¢ (red) as a function of x in SrxBis.
x04Se1xCly+x. A linear fit is shown for a and a trend guide line is shown for c. (b) ratio of Se
on the Se2 site to the Sel site as a function of x in SrxBisxO4Se1xClix. A trend guide line is
shown as a dashed line. The red point is the ratio from published crystal structure determined
from single crystal diffraction in '8. This value and the corresponding value modelled by
powder data here are within error of each other, 0.47(3) and 0.46(2) respectively. (c) the
thickness of the bridging ionic layer, as defined by the Bil-Bil distance as a function of
SrxBi4x04Se1xCl2+x and (d) as a function of xse1 (the Se occupancy of the Sel site). For (c) a
trend guide line is shown, and for (d) a linear fit is shown. The data point for CaBi304Cl5 is
shown in red in (d). For all plots, where error bars are not visible, they are smaller than the
size of the data points.

Band gaps and Electronic Structure

The band gaps were measured via diffuse reflectance UV-Vis spectroscopy on powders of
samples for the series SrxBisxO4Se .xCl2+x and CaBi304Cls. Figures 5 (a) and (b) show tauc
plots as a function of x for the direct and indirect gap respectively. For the values of x =0.75,
x=0.95 and x = 0.99 two onset features are observed in different energy ranges; these were
extracted as Eg direct, Eg indirect, Eg direct 2 and Eg indirect 2. The observation of two
transitions for x = 0.75, x = 0.95 and x = 0.99 is of particular interest due to the application of
SrBi304Cl3, in photocatalysis. SrBi304Cls, is a known photocatalyst, the introduction of in-
gap states with Se addition may allow for two-photon absorption processes that allow for
photocatalytic activities across a broader spectrum of incident light.
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A clear shift towards higher energies can also be observed as a function of x. Figures 5 (a)
and (b) show the extracted band gap as a function of x. There is a monotonic, linear increase
in both the direct and indirect gaps from x = 0 to x = 0.75, with the direct gap increasing by
0.25 eV and the indirect gap increasing by 0.20 eV. Above x = (.75, this linear relationship
breaks down, with the indirect gap decreasing to lower values for x = 0.95 and x = 0.99. At
the same time, the band gap associated with the second transition approaches the value
observed for x = 1.0 (SrBi304Cl3). For x = 0.99, the higher energy band gaps are within error
of that of SrBi304Cl;, and that the indirect and direct gaps for the smaller energy transition
are within error of each other. This supports a picture of a localised defect-like Se state
1.36(8) eV below the conduction band minimum for x = 0.99. The overall trends are
consistent with the introduction of a semi-isolated Se p band upon introduction of Se into
SrBi304Cls, which has poor orbital mixing with the O and Cl p states, as corroborated by
density of states calculations (Figure 6). The linear relationship in gap between from x =0
and x = 0.75 is evidence of some orbital mixng, however the very modest change (0.2 eV)
given the large difference in band gap between x = 0 and x = 1.0 is evidence that this orbital
mixing is weak. This is because the Se p states sit at considerably higher energy than the CI
or O p states.

In the DOS calculations (Figure 6), for the SrBi304Cl3 (x=1) end member, the top of the valence
band is primarily of O 2p character, and the bottom of the conduction band is dominated by Bi
6p states. The energy gap between the valence and conduction band predicted by DFT is 1.60
eV, which is smaller than the experimentally observed indirect gap for SrBizO4Cl3 of 2.58 eV.
The PBE functional used in this work is well known to lead to an underestimate of
experimentally observed band gaps but allows for a qualitative comparison with other
compounds in the series. As Se is introduced into the structure to Sro.75Bi3.2504Se0.25Cl2.75
(x=0.75), the valence band becomes dominated by Se 4p states whereas there is little change
to the character of the conduction band. The introduction of the Se 4p states results in a
significant reduction in the PBE energy gap to 0.65 eV. This 0.95 eV drop in the band gap as
Se is introduced into the structure is consistent with the experimental measurements, which
demonstrate a drop from 2.58 eV at x=1 to 1.47 eV for x= 0.75, or a 1.11 eV drop. As the
fraction of Se increases in the structure, the number of Se states at the valence band edge
increases, but there is only a small change in the energy gap from x=0.75 to x=0, again
consistent with the only modest change in band gap observed experimentally across this range.
In experiment, the band gap will be modified slightly by disorder, as orderings other than the
lowest energy one are accessible as demonstrated by a lack of superstructure ordering and Se
occupation of both anion sites observed across the series. Overall, the computational and
experimental results support the interpretation of a semi-isolated Se state being introduced in
the band gap, where its DOS and bandwidth depend on the amount of Se introduced into the
system. The separated Se orbital manifold in the x = 0.75 supports the interpretation of a likely
isolated Se orbital manifold in the x= 0.95 and x= 0.99 compositions; however, there is some
level of Se-O hybridization in the in-gap states that must be taken into account, as evidenced
by the non-trivial O contribution to the in-gap Se states.

The effect of the alkali earth is seen when comparing the band gaps of SrBizO4Cl3 with
CaBi304Cl3, which are both indirect and 2.58(7) eV and 2.72(8) eV respectively
(Supplementary Figure 14). The direct gaps are 2.80(6) and 2.90(4) eV respectively as well. In
the DOS calculations (Supplementary Figure 15), when Sr is swapped for Ca, the computed
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energy gap increases from 1.60 to 1.67 eV, an increase that is within error of the experimentally
observed increase. In both structures, the valence band edge is dominated by O 2p states and
the conduction band by Bi 6p states. The increase in the gap from Sr to Ca is primarily related
to the increase in the ionicity of the latter cation. This demonstrates the alkali earth cation to
be a minor but independent source of tuning the electronic structure in this series; replacing Sr
with the smaller and less electropositive Ca leads to a larger band gap allowing for another
mechanism to tune the band gap in this structure type.
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Figure 5. (a) Tauc plot for the indirect band gap from diffuse reflectance data for the series
SrxBi4x04Se1xCla+x (b) Tauc plot for the direct band gap from diffuse reflectance data for the
series SrxBi4x04Se1xClzx (¢) Extracted indirect and direct band gap energies for the series
StxBi4x04Se1xCla+x. x =0.75, x=0.95 and x = 0.99 display two onset features in different
energy ranges; these were extracted as Eg direct, Eg indirect, Eg direct 2 and Eg indirect 2.
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Figure 6. Density of states plots for low energy SrxBisxOs4SeixCla+x structures. Positions of
valence band maximum and conduction band minimum are shown for each system as dashed
and dotted lines, respectively, with the corresponding energy gap in eV. Zoom-ins around the
Fermi energy are shown in Supporting Figure 15.

Overall, the results presented here differentiate this aliovalent anionic substitution from the
usual isovalent substitution; by going from one group to another, the energy difference in the
orbital energy levels is increased more than by going from e.g. Cl to Br to I. For example, the
band gap difference between Bi»02Se (0.8 eV)?® and BiOCI (3.5 eV)?¢ is much larger than the
difference between BiOCl (3.5 eV) and BiOBr (2.9 eV)?’. Thus, aliovalent anion substitution
has qualitatively different effects on the electronic structure compared with isovalent anion
substitution. The ability to synthesize this series demonstrate that Bi4O4SeCl; has significant
compositional and structural flexibility, with full aliovalent substitution possible all the way
up to SrBi304Cls, and substitution of Ca possible for Sr. The existence of photocatalytic
PbBi304Cl; 2%as well as analogous bromides and other stacking homologues such as
Bis06Se2Cl> 2+ indicates that the level of tunability in terms of compositions and properties
in this family of multiple anion and layered materials is vast, providing an alternative
paradigm for properties design by anion substitution. A generalised formula can be written as
AxBi2+20x02+2nSen-xX2+x where A = (Ca, Sr, Pb) and X = (Cl, Br). It is also worth
investigating if Bi4O4SeCl> can be doped aliovalently in the other direction, e.g. MxBi4-
x04Se1+xClax where M is a tetravalent element such as Zr, Hf or possibly Ge/Sn.

Conclusions

Two materials with similar structures but differing band gaps, SrBi304Cl3 and Bi4O4SeClo,
can be tuned between each other across the complex solid solution series SrxBis-xO4Sei-
xCl+x. Further, the alkali earth cation can be replaced by Ca, demonstrating this family of
multiple anion Bi-based layered materials to exhibit a large amount of chemical flexibility.
Due to the very different electronegativities, any amount of Se for CI substitution leads to a
collapse of the band gap by about 1.2 eV, and at small amounts of Se, two band-gap type
transitions are observed in the diffuse reflectance. At larger amounts of Se, a small but linear
change in band gap is observed with composition. The structure behaves as more complex
than a typical solid solution, with the presence of Sr affecting the distribution of Se across the
anion sites. Overall, these results demonstrate that aliovalent anion substitution can be done
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across a wide range of composition for multiple anion layered materials, and leads to a tuning
of the electronic structure and crystal structure that is complex but still follows chemical
rules, leading to different types of properties from either aliovalent cation substitution or
isovalent anion substitution. Aliovalent anion substitution is therefore a complementary
approach to structural and electronic tuning, particularly in layered multiple anion solids.

Supporting Information Description

The supporting information contains four sections :

1.

2.
3.
4.

Secondary Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDX)

Powder Diffraction and Rietveld Refinements

Diffuse Reflectance

Density Functional Theory Calculations

Crystallographic information files for all compounds for which Rietveld refinements were
performed are also included as supporting information.
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