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1 Introduction

Exploring compositional versatility of perovskite-
like Cs3(Bi,Sb),Xq (X = Cl, Br, I) compounds by
high-throughput experimentationy

Oleksandr Stroyuk, 2 *® Oleksandra Raievska,® Sachin Kinge,® Jens Hauch®® and
Christoph J. Brabec®®

A high-throughput compositional screening of perovskite-like CszM X9 double salts (M = Bi and Sb and
X = Cl, Br, and 1) allows independent variation of the M and X components, yielding one hundred single-
phase products within a general synthetic approach that combines engineered precipitation of chloride
and bromide precursors and their anion exchange conversion into more complex halide derivatives. The
X variation at a fixed M = Bi** yields various single-phase CszBi>Xs compounds with X = Cl, Cl + Br, Br,
Br + 1, and Cl + Br + I. The anion exchange in chlorides with Br + | combinations produces stable
Cs3BioXg compounds with all three halides simultaneously present in the lattice, and Cl, Br, and |
contents varied in the ranges of ca. 40-90%, 10-60%, and 30-90%, respectively. The presence of bro-
mide, even as a residue, enables the co-existence of Cl and |, and dictates the trigonal symmetry, in
contrast to the hexagonal symmetry typical for CssM,lg. The compounds with X = Cl + Br + | show
band gap variations in the range of 2.0-2.5 eV and linear dependencies on the iodide content and lattice
parameters. The simultaneous variation of the X and M sites yields single-phase Cssz(Bi,Sb),Xy solid-
solution compounds with tailorable X and a Bi/Sb ratio varied from 0 to 1.0. All Bi/Sb families reveal a
band bowing effect, with the band gaps of mixed Bi/Sb compounds being lower than those of Bi- and
Sb-only counterparts. The bowing parameter depends on the X subsystem, decreasing from 0.80 eV for
Cl to 0.60 eV for Cl + Br and 0.40-0.45 eV for Br and Br + |, indicating that chemical variations in the
mixed Bi/Sb lattices, rather than local disorders or lattice strains, govern the band-bowing behavior.

structural variability of these compounds.®*” The composi-
tional versatility of lead-free halide perovskites stems not only

Lead-free halide perovskites came into the research spotlight as
potential alternatives to lead halide perovskites that showed
enormous potential as emerging photovoltaic (PV) absorbers,
developing with unprecedented speed into a competitor to
traditional silicon PV absorbers."” In recent years, the studies
of lead-free halide perovskites have formed an independent
research direction targeting numerous potential applications
far beyond PV and exploiting the unique compositional and
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from a variety of mono-, bi, tri, and tetravalent cations that can
be accommodated in different crystallographic positions of the
perovskite framework, but also from its high tolerance to
multiple alloyings, substitutions, and dopings.***®

The vast compositional space of lead-free halide perovskites
is further expanded by their structural diversity, including
“classical” AM"X, perovskites (where A and M are cations
and X is a halide), double A,M"M""X, perovskites, 2D perov-
skites, vacancy-ordered A,M"X, perovskites, perovskite-like
AsM™,X, double salts, etc.>*

Halide perovskite-like lead-free double salts A;M,X,, such as
Cs;3Bi,ly or Cs;Sb,Brg, are recognized for their high stability and
potential for applications in photodetection,®® PV,'®'! photo-
catalysis,"*™* supercapacitors’®> and memory devices.'®"” Like
bismuth (antimony) double perovskites, Bi(Sb) double salts can
accommodate alloyings, substitutions, and dopings, providing
three crystallographic sites for independent compositional varia-
tion. The A site is typically occupied by Cs, but can also host Rb*®
or methylammonium,"®?° the M position combines Bi and
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Sb,>**> and the X component can be filled by individual halides
or combinations of Cl + Br'® and Br + 1.%'*'°

While the synthesis conditions typically pre-define the A and
M positions, the halide X position can be flexibly and broadly
tuned by post-synthetic anion-exchange procedures. This approach
was initially developed for lead-halide compounds*® and then
adapted for the compositional variations of lead-free perovskites>*>*
and perovskite-like double salts,®*935-3

Double salts with alloyed X or M components often show
advanced functional characteristics, providing arguments for
compositional screening. For example, mixed-halides such as
Cs;3Biy(Br,I)g"* and Cs;Sb,(ClLBr)"® showed much higher
photocatalytic activity in CO, photoreduction as compared to
the corresponding individual halides. Alloyed Cs;Biy(Br,I)g
single crystals are more sensitive to X-rays than simpler bro-
mide and iodide counterparts.’ Similar effects of the M™ site
composition on the functional properties were reported for
Bi/Sb alloying, in particular, for MA;3(Bi, 5Sby 5).ls, showing a
higher PV activity than Bi-only and Sb-only counterparts.>’

Still, as compared to the state-of-the-art in the research of
double lead-free perovskites, the potential of the compositional
variability of A;M,Xy double salts seems to be under-evaluated,
leaving much space for further exploration. Partially, this defi-
ciency comes from limitations of the synthetic approaches, typi-
cally applied to produce Az;M,X, compounds, such as high-
temperature alloying of halides,” hydrothermal synthesis,”> and
ultrasonic®” or mechanochemical treatments.”>*° Being effort- and
energy-intensive, these methods are hard to adapt for a broad
compositional screening of a large number of double salts, also
providing only a limited control over the phase purity and compo-
sition of the final products.

Recently, we have reported a high-throughput (HTP)
approach for the screening of Cs,Ag,Na; _.M"'Cl; double perovs-
kites with M™ composed of two or three different trivalent
metals, including compounds with M™ = Bi + In (abbreviated
as CANBIC by the first letters of constituent elements), Bi + Sb
(CANBSC), Sb + In (CANSIC), Bi + In + Sb (CANBISC), and Bi + In +
Fe (CANBIFC).*' These compounds were produced using a gen-
eral open-atmosphere precipitation protocol as single-phase
sample families with independently varied Na/Ag and M™ ratios.

Along with the “green” room temperature synthesis of chlor-
ide double perovskites, a comparably mild procedure was devel-
oped for their conversion into bromide and iodide derivatives
using stable and affordable NaBr and Nal as anion-exchange
agents.*” Originally tested on Cs,AgBi,Sb;_,Cls (CABSC) perov-
skites,*” this anion-exchange-based procedure can be applied to
all above-discussed families of double chloride elpasolites, poten-
tially opening the way for a much broader assortment of
perovskite materials with varied band gaps.

However, a systematic screening of the products of such
anion exchanges showed that most of the products were multi-
phase mixtures, either due to the instability of corresponding
bromide and iodide double perovskites, as in the case of
CANBIC or CANSIC, or due to redox reactions between M™
species and bromide/iodide anions, as in the case of iron-based
perovskites. One of a few cases of single-phase products of the
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anion-exchange-driven transformations of chloride double
perovskites is the family of the perovskite-like Cs;(Bi, Sb),Xo
double salts with tunable Bi/Sb ratios and variable composi-
tions of the X site. Though being a product of serendipity on the
way to bromide and iodide double perovskites, such double
salts revealed a relatively large and still unreported composi-
tional variability, thus constituting a promising research topic.

The present report illustrates the compositional variability
of Csz;M,Xy compounds by mixing chloride, bromide, and
iodide anions on the X site and simultaneously combining
Bi*" and Sb** on the M site, and all compositions precipitated
as single-phase products with the same structural motif.

2 Results and discussion
2.1 General motivation

As mentioned in the Introduction section, our recent HTP
screening campaign was focused on chloride elpasolites with
up to 6 metal cations, yielding a set of Cs,(Ag,Na)M'"Cl, com-
pounds with M™ = Bi + In, Bi + Sb, Sb + In, Bi + Sb + In, and Bi +
In + Fe.*!

These sample arrays were subjected to a mild anion
exchange reaction with NaBr or Nal, converting chloride elpa-
solites into corresponding bromide or iodide derivatives, as
reported earlier for Cs,AgBi,Sb,_,Cls perovskites.>* All experi-
mental details, including the descriptions of syntheses, post-
synthetic purifications, and anion exchanges, as well as details
of the characterization, are presented in the ESL¥

A visual inspection of the anion-exchanged samples shows
clear signs of the formation of bromide and iodide derivatives
(see exemplary photographs in the ESLt Fig. S1). However, a
structural inspection of most of the samples using powder X-ray
diffraction (XRD) reveals them to be complex multi-phase mix-
tures (ESLt Fig. S2-S4), but not the desired bromide or iodide
double perovskites. In particular, CANBIC perovskites (ESLT
Fig. S1a) treated with NaBr decompose into complex mixtures
of Cs,NaInCls and Cs,AgBiBrs double perovskites, Cs;Bi,Brg
double salt (further denoted as CB-B), and AgBr (structural data
available but not shown). Even the simpler case of sodium-only
CNBIC double perovskites yields two phases, Cs,NaInCls and
CB-B (ESI,¥ Fig. S2a), with the double salt content linearly
depending on the Bi fraction in the original CNBIC perovskites
(ESLT Fig. S2b). Similarly, the interaction of CNBIC compounds
with Nal also results in their decomposition and formation of
Cs,NaInClg perovskites and Cs;Bi,I; (CB-I) double salts (ESL, T
Fig. S3a), the amount of CB-I being proportional to the Bi
fraction in the original CNBIC compounds (ESL,T Fig. S3b).

Similar to the anion exchange of CANBIC perovskites, the
anion exchange of CANBSC perovskites (ESLf Fig. S1b) with
NaBr gives mixtures of Cs,Ag(Bi,Sb)(Cl,Br)s perovskites,
Cs;(Bi,Sb),(Cl,Br), double salts (denoted as CBS-CB), and resi-
dual AgBr (ESI,t Fig. S4). Such transformations were observed
for all silver-containing compositions (series B to F in the
CANBSC sample array, ESI, Fig. S1b) and discussed in detail
elsewhere.*?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A detailed XRD analysis of row A in the CANBSC array (zero
silver content) revealed it to be a family of Cs;3(Bi,Sb),Cly double salts
(CBS-C), rather than the expected CNBSC double perovskites.* In
contrast to silver-containing samples, the Cl-to-Br exchanges in
CBS—C yielded single-phase CBS-CB double salts with a variable
Bi/Sb ratio (ESL Fig. S4a).

The anion exchanges of all CANBSC perovskites with Nal
produce AglI and Cs;(Bi,Sb),I; double salts (denoted as CBS-I)
with a variable Bi/Sb ratio (see exemplary series A in the ESL,¥
Fig. S4b). Both CBS-CB and CBS-I1 compounds are discussed in
the next sections.

The anion-exchange-driven transformations of more complex
double perovskites, with M™ = Sb + In, Bi + In + Sb, and
Bi + In + Fe, were found to produce even more convoluted phase
combinations.

In summary, the anion-exchange-driven transformations of
double perovskites performed under the present conditions
resulted mostly in the decomposition of the original elpasolites
and the formation of multi-phase mixtures. Detailed analysis
and discussion of such mixtures go beyond the scope of the
present report.

Only two cases yielded single-phase products: (i) partial CI-
to-Br exchange in Cs,AgBiClg perovskites®” and (ii) conversion
of CNBSC perovskites into CBS-CB and CBS-1.

The case (ii) is of special interest because it allows the
application of mild anion exchanges with NaBr/Nal for the
synthesis of perfectly stable double salts with independently
variable M and X sites. This variability opens a large potential
for the compositional design of perovskite-like double salts by
using the HTP experimentation concept developed earlier for
double chloride perovskites.*" In the next sections, we focus on
the exploration of the compositional landscape of Cs;(Bi,Sb),Xo
double salts (X = Cl, Br, I, and various halide combinations).
The discussion is split into two sections focusing on (i) multi-
halide alloying on the X site of Bi-only compounds and (ii) on
simultaneous variations of both M and X sites.

2.2 Alloying halide site - X = Cl + Br + I

The feasibility of alloying all three halides on the X site of
Cs;3Bi, X, double salts was tested using an HTP protocol similar
to that discussed in our recent reports (see Experimental details
in the ESIf).*"** In the first step, a 6 x 8 array of identical
chloride precursor samples were prepared, followed by the
addition of mixed NaBr + Nal solutions with different iodide/
bromide ratios. The content of Nal was increased along the X
axis, while the content of NaBr was simultaneously increased
along the Y axis. The concentration of NaBr and Nal is presented
here as fractions, with 100% corresponding to the bromide
(iodide) amount necessary for the complete stoichiometric
substitution of chloride anions (ESI,{ Table S1). This way, the
Nal amount was varied along the X-axis from 0 to 120%, and
NaBr along the Y-axis from 0 to 80%. The anion exchange was
performed in the open-atmosphere environment at intense
refluxing, resulting in brightly colored anion-exchange products
in the form of suspensions. The suspensions were subjected to
several purification cycles and used to drop-cast several sets of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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films for spectroscopic and structural characterization studies
(ESI,T Fig. S5).

It is noteworthy that the anion exchange with mixtures of
NaBr and Nal (further denoted as NaBr/Nal) can also be
performed with different chloride precursors, for example, with
Cs3Bi,Cly or Cs,AgBiCls, resulting in the same Cs;BiyXo
(X = Cl + Br +1I) products after purification (ESI,T Fig. S6). This
flexibility is achieved due to the decomposition of the chloride
perovskite(-like) precursor by Nal and the extraction of Ag" in
the form of colloidal Agl, which is almost completely removed
in the purification step.

Additional flexibility is provided by the HTP experimentation
that allows the “geometry” of NaBr/Nal additions to be easily tuned,
for example, switching from separate increments of Nal and NaBr
along the X-axis and Y-axis, respectively (Fig. 1(a) and ESL Fig. S7a),
to another regime of the variation of the NaBr/Nal ratio along the
X-axis with a simultaneous increase in the total Br + I amount along
the Y-axis (ESL Fig. S7b). With both regimes tested, we focus on the
first regime of separate NaBr/Nal increments as it yields the broad-
est domain of single-phase Cs;Bi,Xy products.

The Cs;Bi,X, sample array shown in Fig. 1(a) was studied by
a combination of XRD, scanning electron microscopy (SEM),
and energy-dispersive X-ray spectroscopy (EDX) for structural,
morphological, and compositional characterization, respec-
tively (see the complete set of XRD patterns in Fig. S8 (ESIf),
the collection of SEM images in Fig. S9 (ESIt), the results of
EDX analysis in Table S2 (ESIt), and the selected EDX spectra in
Fig. $10, ESIY).

It was found that the anion exchange performed solely with
Nal (series A1-A8 in Fig. 1(a)) results in the decomposition of
Cs,AgBiClg and the formation of hexagonal CB-I double salts,
with the CB-I content increasing proportionally to the amount
of introduced Nal (ESI,} Fig. S11). The same observations were
collected for the transformations of the Cs;Bi,Cly (CB-C) pre-
cursor (data not shown), both datasets indicating that chloride
and iodide cannot co-exist in the lattice of the double salts
under the conditions of our experiments.

According to the combined XRD/EDX analysis, the co-
introduction of NaBr and Nal results in the formation of
trigonal symmetry Cs;Bi, Xy double salts containing simulta-
neously all three halides, chloride, bromide, and iodide, in
fractions proportional to the nominal amounts of the intro-
duced NaBr and Nal (ESL,1 Table S2). At this, a compositional
domain exists where the content of Cs;Bi,(Cl, Br, I), phase, or
CB-CBI, exceeds 90%. This domain is marked as unblurred in
Fig. 1(a) (further referred to as the ‘“CB-CBI domain”) and
corresponds to the ‘“red” area on the compositional map
presented in Fig. 1(b), showing samples with more than 90%
of the single-phase CB-CBI.

SEM photographs of the array presented in Fig. 1(a) showed
no specific differences in morphology among the samples, all
being randomly aggregated polycrystalline solids with a broad
grain size distribution and a tendency to form plate- or tablet-
shaped crystals (ESI,t Fig. S9).

For each particular NaBr content, the elementary cell
volume of CB-CBI increases proportionally to the nominal

Mater. Adv., 2025, 6, 4847-4856 | 4849
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Fig. 1 (a) Photograph of the sample array produced by anion-exchange of Cs,AgBiClg with NaBr/Nal mixtures. (b) Distribution map of the single-phase
trigonal symmetry CB—CBI double salts, with the colors from blue to red indicating a gradual increase of the CB—CBI phase content from zero to above
90%. The "red” single-phase area on the map corresponds to the unblurred area in Fig. 1(a). (c) Exemplary powder XRD patterns of anion exchange
products in series E. (d) Elementary cell volume of the CB—-CBI double salts as a function of the actual iodide fraction in series C—F. (e) Exemplary
dependence of actual Cl, Br, and | fractions on the nominaliodide fraction in series E. (f) Summary of the composition of halide components for all single-
phase samples of trigonal symmetry CB—CBI double salts. Circles correspond to the samples from the main sample array (Fig. 1(a) and ESI, Fig. S7a), and

squares to the samples from the auxiliary sample array (ESI, T Fig. S7b).

Nal content (ESI, T Table S2), as exemplified by the evolution of
XRD patterns in series E (Fig. 1(c)). In general, within the
single-phase CB-CBI domain, the elementary cell volume is
directly proportional to the actual iodide content (Fig. 1(d)).

The co-existence of chloride, bromide, and iodide in the
lattice of CB-CBI double salts is illustrated in Fig. 1(e), showing
a distribution of halide fractions for the exemplary series E. As
the content of both NaBr and Nal increases, the relative content
of chloride decreases from ca. 50% to a mere 5%, the relative
iodide content increases from ca. 15% to 85%, and the bromide
content is reduced from ca. 40% to 10% (Fig. 1(e)). Similar
distributions were collected for the entire CB-CBI domain
(ESL T Table S2).

It should be noted that the combination of all three halides
in a single perovskite phase is far from being a trivial phenom-
enon. Within the space of lead-free perovskites, it was only
reported for MASn(Cl,Br,I); at Br fractions higher than 50%.*
Similar to our observations, MASn(CLBr); and MASn(Br,I);
compounds could be produced, while MASn(CLI); alloys are
unstable due to a large difference in ionic radii between
chloride and iodide.”

It is noteworthy that all CB-CBI compounds with triple
halide components crystallize in the trigonal symmetry (space
group P3m1), typical for Cs;Bi,Cly and Cs;Bi,Bre, even at the
lowest bromide contents, unlike Cs;Bi,lo, which crystallizes as
a hexagonal symmetry phase (space group P6z/mmc). A similar

4850 | Mater. Adv., 2025, 6, 4847-4856

trend was also observed for Cs;Bi,(Br,I), or CB-BI double salts,
as discussed in the next section, which also form trigonal sym-
metry phases for any bromide contents (ESI, ¥ Table S7). These
observations indicate that bromide plays the role of a structure-
directing agent, dictating the trigonal symmetry of CB-CBI and
CB-BI salts. Simultaneously, bromide balances the large difference
in ionic radii between chloride and iodide and allows all three
halides to co-exist in the single-phase CB-CBI compounds.

Another prominent feature of CB-CBI double salts is the
presence of chloride in all samples, even those produced with
nominal excesses of NaBr and/or Nal, indicating an incomplete
character of the anion exchange at any given NaBr/Nal con-
tents. Similarly, the incomplete character of the bromide-to-
iodide substitution was observed for CB-BI double salts, as
discussed in the next section. Considering that the present
synthetic protocols are based on spontaneous reactions and
ionic equilibria with a minimal thermal input, these observa-
tions can be interpreted in terms of higher stability of mixed-
halide compounds, as compared to less complex counterparts.

An increase in the NaBr content without Nal (Fig. 1(a), series
x1, x = A...F) results in the conversion of the Cs,AgBiClg
precursor into a series of Cs,AgBi(Cl,Br)s perovskites with
smoothly varied lattice parameters and band gaps (ESLt
Fig. S12), which were discussed in detail in our recent
report,*” while the Cs;Bi,Cl, precursor is converted into a series
of solid-solution Cs;Bi,(Cl,Br)y (CB-CB) double salts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The entire family of CB-CBI, CB-CB, and CB-BI compounds
can be summarized in a ternary diagram (Fig. 1(f)), showing the
compositional area of single-phase products covered by the
present HTP screening campaign.

The triple-halide compounds occupy a large compositional
range, from a few percent up to ca. 70% for chloride, from 25%
up to ca. 90% for bromide, and ca. 30% up to ca. 90% for iodide.

Because of this compositional variability, the triple-halide
CB-CBI compounds reveal the highly tunable positions of the
absorption threshold (Fig. 2(a)) with the indirect band gap
decreasing from ca. 2.5 eV down to ca. 2.0 eV, inversely
proportional to the actual iodide fraction (Fig. 2(b)).

In general, the band gap value is dictated by the iodide
content, with variations in the bromide content having only a
marginal effect on the spectral characteristics of CB-CBI dou-
ble salts. In line with these observations, the band gap inversely
scales with the elementary cell volume (Fig. 2(c)), which is also
mostly determined by the iodide content (ESI, Table S2). This
inverse dependence is general for the single-phase domain,
including all triple CB-CBI and double CB-BI combinations

(Fig. 2(c)).

2.3 Bi/Sb alloying - anion exchanges in chloride and bromide
double salts

2.3.1 Anion exchanges in chloride double salts. As dis-
cussed in 2.1, the Cs;Bi,Sb; ,Cly (CBS-C) double salts with a
varied Bi/Sb ratio were first unintentionally produced during
the HTP screening of Cs,Ag,Na; ,Bi,Sb;_,Cls (CANBSC) per-
ovskites as row A with x = 0.*' In the present work, the CBS-C
family was reproduced intentionally with the proper stoichio-
metry and no silver and sodium additions, showing the same
composition and structural characteristics as the corres-
ponding samples A1-A8 in the CANBSC array.

Fig. 3(a) (curve set “Cl”’) presents exemplary XRD profiles for
CBS-C compounds with x = 0, 0.5, and 1.0, showing trigonal
symmetry typical for CB(S)-C double salts. The EDX examina-
tion of the CBS-C compounds confirms the double salt stoi-
chiometry, with Cs/(Bi + Sb) close to 1.5 and Cl/(Bi + Sb) close to
4.5, and shows good correspondence between the nominal and
actual Bi fractions (Table 1 and ESI, T Table S3).

The elementary cell volume of CBS-C compounds is growing
linearly with the actual Bi fraction, as typical for ideal solid
solutions (Fig. 3(b), scatter 1 and Table 1).
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(a) Exemplary powder XRD profiles (gray lines) of CBS—C double salts (designated as “Cl") and the products of their anion exchanges with NaBr

("Br”) and Nal (“I); the bismuth fraction is O for “Sb", 0.5 for “Bi/Sb"” and 1.0 for "Bi". Thin blue/orange/red lines represent the results of Rietveld
refinement using reference structures presented in the upper part by black lines. (b) Elementary cell volume V. for CBS—X double salts as a function of the
actual Bi fraction vg;. X = Cl (scatter 1), Br (scatter 2), and | (scatter 3). Solid lines represent linear fits: V. = 459.6 + 11.1vg; (scatter 1), V. = 511.1 + 13.2vg;
(scatter 2), and V. = 1259.1 + 42.2vg; (scatter 3). (c) Exemplary SEM images of CBS—X double salts, X = Cl, Br, or |, with the bismuth fractions of 0 (“Sb"),

0.5 (“Bi/Sb"), and 1.0 (“Bi"). Scale bar is 1 um.
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Table1l Summary of the characteristics of CBS—X samples with X = Cl, Cl
+ Br, and I: stoichiometry, actual Bi fraction x, lattice symmetry, elementary
cell volume Vcgs_x, and band gap E4

Symmetry,
X M XM Cs/M Vgps x (A7) Eg (V)
Cl Bi 43 1.4  Trigonal, 471.2  3.10
Bi + Sb (x=0.50) 4.3 1.5  Trigonal, 465.5 2.83
Sb 4.3 1.5  Trigonal, 459.5 2.96
Cl + Br Bi 43 1.6  Trigonal, 523.9 2.67
(ca. 25% Cl) Bi+Sb (x=0.54) 4.4 1.4  Trigonal, 517.4 2.47
Sb 4.5 1.6  Trigonal, 510.7 2.58
I Bi 4.5 1.5 Hexagonal, 1302 2.11
Bi+Sb (x=0.46) 4.2 1.5 Hexagonal, 1279 2.01
Sb 4.3 1.5 Hexagonal, 1259 2.03

Notes: the accuracy is 0.1, 0.1, 0.1, 0.01, and 0.01 for X/M, Cs/M, Vcps-x,
Eg, and x, respectively.

The morphology of CBS-C salts depends noticeably on
composition, evolving from ca. 1 pm octahedral and plate-shaped
crystals for CB-C to larger CS-C platelets through an intermediate
mixed morphology for CBS-C (Fig. 3(c), panel ”Cl”).

The products of anion exchange with the stoichiometric
amount of NaBr retain the trigonal symmetry typical for chlor-
ide and bromide double salts (Fig. 3(a), curve set “Br”), also
showing linear dependence between the actual Bi fraction and
the elementary cell volume (Fig. 3(b), scatter 2; and Table 1),
typical for ideal solid solutions.

The Cl-to-Br exchange products also have a stoichiometry
typical for the double salts (Table 1) and a good match between
the nominal and actual Bi/Sb ratios (ESI,T Table S4). All com-
pounds retain 25-30% of the original chloride content even for
the samples with excessive amounts of NaBr, and, therefore, the
products were designated as Cs;(Bi,Sb),(Cl,Br), or CBS-CB.

The morphology of CBS-CB compounds is different from
that of the original chlorides (Fig. 3(c), panel “Br’’), showing
polycrystalline 1-2 pm polyhedra for CB-CB, plate-shaped crys-
tals with a lateral size of 2-3 pm and a thickness of ca. 0.5 pm for
CBS-CB, and diverse crystal shapes for CS-CB, including rela-
tively large 4-6 pm polyhedra and waffle-like formations.

The anion exchange of CBS-C compounds with a stoichio-
metric amount of Nal converts them into hexagonal
Cs;(Bi,Sb),I, (denoted as CBS-I) double salts (Fig. 3(a), curve
set “I””). The elementary cell volume of CBS-I increases linearly
with an increment in the actual Bi fraction (Fig. 3(b), scatter 3).

The family of CBS-I compounds shows a typical stoichio-
metry of double salts, with good agreement between the
nominal and actual Bi/Sb ratios (ESIL,t Table S5). The samples
of CB-T and CBS-I have a distinct plate-like crystal morphology,
while CS-1 reveals porous waffle-like formations, similar to CS-
CB. In contrast to CBS-CB, iodide can completely substitute
chloride in this case, with only residual chlorine observed in
the samples.

2.3.2 Anion exchanges in bromide double salts. As shown
above, the anion exchange transformations of chloride double
salts with NaBr or NaBr/Nal are always incomplete under the
present conditions, resulting in chloride-bromide or chloride-
bromide-iodide products.
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To probe the properties of pure bromide double salts and to
convert them into bromide-iodide derivatives, we developed an
open-atmosphere approach to Cs;(Bi,Sb)Bry double salts
(denoted as CBS-B). It is based on room temperature CBS-B
precipitation at the interaction of two precursors. The first
precursor contains a mixture of BiBr; and SbBr; dissolved in
2-propanol/HBr, while the second precursor provides cesium
acetate in 2-propanol, the latter acting as an anti-solvent (see
more experimental details in the ESIY).

The products of the precipitation (see series Ax = A1-A8 in
Fig. 4(a)) show the presence of a single trigonal symmetry
Cs;3Bi,Bry-like phase for all Bi/Sb ratios with no detectable
admixtures of other phases (Fig. 4(c)).

Mixing of Bi** and Sb*" results in a strong reduction of the
grain size of CBS-B compounds as compared to individual
CB-B and CS-B (Fig. 4(b), samples A1, A5, and AS8), most
probably due to differences in BiBr; and SbBr; reactivities
and non-homogeneous character of the nucleation.

An EDX analysis of the CBS-B series revealed good corre-
spondence between the nominal and actual Bi fractions and the
stoichiometry expected for CBS-B double salts, in a particular
Cs/(Bi + Sb) ratio of ca. 1.5 and Br/(Bi + Sb) ratio of ca. 4.5
(Table 2).

The elementary cell volume of CBS-B double salts grows
linearly with the increase of the Bi fraction (Table 2 and
Fig. 4(e), scatter 1), attesting to the solid-solution character of
the products.

To perform the bromide-to-iodide anion exchange, the CBS—
B series was repeatedly produced six times, resulting in an array
of six identical sample rows (A-F, Fig. 4(a)). Row A was left
unchanged as a reference, while increasing amounts of Nal
solution were added to rows B-F, with the Nal content gradually
elevated from 13% in series B to 100% in series F (Fig. 4(a) and
ESI, T Table S6). Similar to the previous section, the Nal content
is expressed relative to the stoichiometric amount needed for
complete substitution of bromide anions.

A Rietveld refinement-based analysis of the XRD data
showed that the samples produced with 13-66% Nal contain
a single trigonal symmetry phase typical for CBS-B double salts,
while series E and F, synthesized with higher amounts of Nal,
show admixtures of the hexagonal symmetry CBS-I phase
(Fig. 4(d) and ESLt Table S7; a complete set of XRD patterns
is presented in Fig. S13).

Within each of the sample rows, the elementary cell volume
grows linearly with the Bi fraction (for example, row C is shown
in Fig. 4(e), scatter 2). In the sample columns with the same Bi/
Sb ratio and an increasing amount of Nal, the elementary cell
volume shows a linear growth with the actual iodide content
(for example, series A5-F5 in Fig. 4(d); also Fig. 4(e), scatter 3;
Table S7; exemplary EDX spectra in Fig. S14, ESIT).

An EDX analysis of the CBS-BI array showed all samples in
series B-F to be single-phase compounds with mixed M and X =
Cl + Br. The actual bromide fraction decreased from 85% for
series B to ca. 60% in series C, down to ca. 10% in series F (ESL,
Table S7). It is noteworthy that for every series, the variation of
the Bi/Sb ratio occurs at an almost constant Br/(Br + I) ratio,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Photographs of the sample array of the CBS—B double salts (series A) and the products of anion exchange with Nal (series B—F). (b) Selected

SEM images of the samples from the array. The scale bar is 2.5 um. (c) and (d) Powder XRD patterns of samples in series Ax (c) and x5 (d). Gray lines
represent experimental data and red lines represent the results of the Rietveld refinement. Reference patterns of trigonal symmetry Cs3Bi,Brg and
Cs3Sbslg, as well as hexagonal symmetry CssBislo, are added as green, blue, and red solid lines, respectively. (e) Elementary cell volume V. of series Ax
(scatter 1), Cx (x = 1...8), and x5 (x = A...F) as a function of the actual Bi fraction vg; (scatter 1 and 2) and the actual iodide fraction v, (scatter 3). Solid lines
show the results of linear fitting: V. = 530.4 + 14.2vg; (scatter 1), V. = 571.1 + 26.3vg; (scatter 2), and V. = 538.1 + 118.2v, (scatter 3).

Table 2 Composition, volume of elementary lattice cell V, and band gap
E4 of CBS-B double salts

Bi fraction

Br/ Cs/
Sample ID Nominal Actual (Bi+Sb) (Bi+Sb) V,A> E,ev
Al 1.00 1.00 4.2 1.5 544.6 2.62
A2 0.80 0.80 4.1 1.5 542.7 2.52
A3 0.70 0.67 4.2 1.5 540.5 2.49
A4 0.60 0.60 4.3 1.4 539.5 247
A5 0.50 0.48 4.3 1.4 538.1 2.47
A6 0.40 0.40 4.3 1.4 5359 245
A7 0.20 0.20 4.2 1.5 533.5 247
A8 0 0 4.5 1.4 530.4 2.52

Notes: the accuracy is 0.01, 0.1, 0.1, 0.1, 0.1, and 0.01 for actual Bi
fraction, Br/(Bi + Sb), Cs/(Bi + Sb), V, and E,, respectively.

indicating a reliable control over the variation of both ratios in
the present synthetic protocol.

The morphology of the iodide-exchanged samples was found
to mimic that of the original bromides, with intermediate Bi/Sb
compounds always showing a smaller grain size as compared to

© 2025 The Author(s). Published by the Royal Society of Chemistry

Bi-only and Sb-only compounds (Fig. 4(b), samples C1-C8 and
F1-F8; a complete set of SEM images in ESL T Fig. S15).

2.3.3 Band-bowing effects in Bi/Sb double salts - the
influence of the halide component. Recently, we have reported
the effect of band bowing for Cs,AgBi,Sb;_,Cls double
perovskites, with the band gaps of Bi/Sb-mixed compounds
being lower than those of Cs,AgBiCls and Cs,AgSbClg, and the
minimal E, value observed at a Bi/Sb ratio of ca. 0.5.*” This effect
was also observed for the products of the anion exchanges of
CABSC perovskites, in particular, CBS-CB and CBS-1,** showing
that the band bowing phenomenon is general for different
halide Bi/Sb compounds. The present campaign provided
further examples of the band bowing effect in Bi/Sb halide
compounds.

A set of five series of samples with the Bi/Sb ratio varied
from 0 to 1 and different halide components were selected to
evaluate the effect of the halide component on the bowing
parameters. The set includes CBS-C (ESL,1 Table S3), CBS-CB
(25-30% chloride; ESI,+ Table S4), CBS-B (Table 1), CBS-BI (ca.
60% bromide; ESI,¥ Table S7, series C), and CBS-I (ESLt
Table S5). All these series show visual signs of the band bowing,
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the Bi/Sb-mixed samples having relatively deeper coloration as
compared to individual compounds (Fig. 5(a)). In line with
these visual observations, the absorption edge of CBS-X com-
pounds in each series can be found at lower wavelengths than
the corresponding Bi- and Sb-only compounds (Fig. 5(b)).

The band-bowing effect in A;(Bi,Sb),Xs compounds is well-
documented.?>*"*® Among the three most probable origins of
the band-bowing in semiconductors, (i) local changes of the
lattice cell parameters, (ii) local disordering, and (iii) chemical
differences between the constituents, the third factor is con-
sidered to be dominating in A;(Bi,Sb),X, double salts.>""** Both
the valence band (VB) top and the conduction band (CB)
bottom of Bi-pure and Sb-pure compounds are formed by
combinations of metal-related and halide-related orbitals, with
the corresponding antimony-centered orbitals having higher
energies.>! The energy mismatch in alloyed compounds results
in the dominance of Sb-related orbitals in VB and Bi-related
orbitals in CB, resulting in a net narrowing of the band gap of
mixed compounds, as compared to the individual halides.>"*°

Typically, the band-bowing effects in A;(Bi,Sb),Xs com-
pounds are discussed for only a few X compositions, mostly
individual Cl, Br, or 1.”%*"*% At this, the comparison of different
reports is far from being straightforward due to differences in
the sample histories. Here, we have the unique opportunity to
track the band bowing for the entire range of Bi/Sb ratios and a
large set of different halide combinations on the X site, with all
the samples produced in very similar and thermodynamically
equilibrated conditions.

According to our recent observations,** the absorption spec-
tra of Cs,Ag(Bi,Sb)Cls perovskites and their anion-exchanged
derivatives can be presented in the Tauc coordinates for both
direct and indirect interband transitions. In both bases, the

View Article Online
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Tauc derivatives show reasonably large linear sections of the
absorption edge available for accurate determination of
both indirect and direct band gaps (see some examples in the
ESLT Fig. S16 and Table S8). Because of this uncertainty, we
analyzed the evolution of indirect band gaps as a more general
case (see complete sets of values presented in the ESL¥
Tables S2-S5, S7).

Fig. 5(c) shows collections of the band gaps as functions of
the actual Bi fraction for the selected set of five representative CBS—
X families, all of them revealing distinct band-bowing behavior.
The shape of these dependencies can be presented as Ey(CBS-X) =
XEo(CB-X) + (1 — Xx)Ef(CS-X) — Bx(1 — x), where x is the molar
fraction of bismuth and B is a bowing parameter.”**'

The compositional dependences of the band gap show
different curvatures for different CBS-X compounds (Fig. 5(c)),
higher for chloride-containing compounds and lower for bro-
mide- and iodide-containing double salts. These differences
indicate the compositional dependence of the bowing parameter.

Fitting of the experimental data by fitting with the above
equation (see fitting curves in ESLT Fig. S17) showed that the
bowing coefficient B indeed depends considerably on the compo-
sition of the halide component of Bi/Sb double salts. It decreases
from ca. 0.8 eV for the pure chloride CBS-C family to ca. 0.6 eV for
mixed CBS-CB compounds and further to 0.45-0.40 eV for double
salts containing bromide and iodide (Fig. 5(d)).

This observation is in agreement with the broadly accepted
assumption that the band-bowing phenomena in complex Bi/Sb
halides originate from the chemical differences between the
samples, rather than the local disordering or strains induced by
unequal ionic sizes, octahedral tilting, or distortion of the struc-
tural units.>"*° The main contribution of the present study is the
opportunity to observe the development of the band bowing on a
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Fig. 5

Actual Bi fraction

(a) A collection of photographs of CSB—X double salts. Bismuth fraction is 0 (1), 0.05 (2), 0.10 (3), 0.25 (4), 0.50 (5), 0.75 (6), 0.90 (7), and 1.00 (8) for

X=CL Cl+Br,and;0(1),0.1(2),0.2(3),0.4 (4),0.5(5),0.6 (6), 0.8 (7), and 1.0 (8) for X = Br, Br + I. (b) Absorption spectra of CBS—X with X = Cl (box 1), X =
Cl+ Br (box 2), X = Br + | (box 3), and X = | (box 4); Bi fraction is 1.0 (black lines), O (blue lines), and 0.5 (red lines). (c) Band gap dependences of CBS-X
samples on the actual Bi fraction for X = CL (1), Cl + Br (2), Br (3), Br + 1 (4), and | (5). (d) Band bowing coefficient (expressed in eV) for different CBS—X

double salts.
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much broader range of samples with a broader variety of halide
compositions than typically reported.

3 Conclusions

A high-throughput compositional screening of perovskite-like
Cs3M,X, double salts, where M = Bi and Sb, and X = CI, Br, and
I, was performed, with independent variations of the metal M
and halide X compositions. The screening was based on a
combination of mild room-temperature open-atmosphere engi-
neered precipitation of chloride and bromide precursors and
their conversion into more complex halide derivatives by mild
anion-exchange with NaBr/Nal.*”

First, the variation of the X position was performed at a fixed
M = Bi*" and yielded a set of 44 single-phase Cs;Bi,X, com-
pounds with X = Cl, Cl + Br, Br, Br + I, and Cl + Br + L.

The Cl-for-Br anion exchange resulted in trigonal symmetry
Cs;Bi,(Cl,Br), double salts, while the Cl-to-I exchange yielded
hexagonal symmetry Cs;Bi,l, in all cases, indicating incompat-
ibility of chloride and iodide anions in the double salt lattice
under the present conditions.

In contrast, the anion exchange of chloride with combina-
tions of Br and I was found to produce stable Cs;Bi,Xy com-
pounds with all three halides simultaneously present in the
lattice, that is, X = Cl + Br + I. These compounds represented a
dominating phase in a relatively large compositional area with
Cl, Br, and I contents varied in the ranges of ca. 40-90%,
10-60%, and 30-90%, respectively.

All bromide-containing double salts (X = Cl + Br and Cl + Br +I)
showed the same space symmetry group, even at the lowest Br
contents, indicating that the bromide not only enables the co-
existence of Cl and I in the same phase, but also dictates the
trigonal symmetry of mixed-halide compounds.

The CB-CBI compounds showed a band gap variation in the
range of ca. 2.0-2.5 eV, with linear dependences of the band
gap on the iodide fraction and the elementary cell volume.

In the second step, the anion-exchange-based engineering of
the X site was combined with variations of the M site by alloying
Bi*" and Sb*" cations.

To enable the HTP screening of CBS-B and CBS-BI com-
pounds, a new mild open-atmosphere protocol for the engineered
precipitation of single-phase trigonal symmetry Cs;(Bi,Sb),Bro
double salts was introduced, allowing the bromo-iodide CBS-BI
family to be produced by the anion exchange with Nal. This
double-site screening yielded a total of 56 single-phase solid-
solution CBS-X compounds with X = Cl, Br, I, Cl + Br, and
Br + I, and the Bi/Sb ratio varied from 0 to 1.0.

In all cases, the CBS-X families revealed a band bowing
effect, with the band gaps of mixed Bi/Sb compounds being
lower than the band gaps of individual Bi-only and Sb-only
counterparts. The bowing parameter was found to depend on
the composition of the halide sub-system, decreasing from
0.80 eV for chlorides to 0.60 eV for chloro-bromides and down
to 0.40-0.45 eV for bromides and bromo-iodides. This trend
indicates that chemical variations in the mixed Bi/Sb lattices,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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rather than local disorders or lattice strains, are the main
reasons for the band-bowing behavior.

In general, the present observations show high potential for
band gap engineering in complex Bi/Sb perovskites and
perovskite-like materials by simultaneous compositional tun-
ing of both cationic and anionic subsystems.
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