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Morphologically and Compositionally Controlled Cs,SbBr,

by Bi and Ag Substitution

Alexander Frebel, Songhak Yoon,* Samuel Meles Neguse, Dennis Michael Jockel,
Marc Widenmeyer, Stefan G. Ebbinghaus, Benjamin Balke-Griinewald,

and Anke Weidenkaff

Morphology-controlled Cs,SbBr, crystals are synthesized by Bi- and
Ag-substitution of the precursor solution. X-ray diffraction (XRD) together
with Raman spectroscopy confirms the lattice tilting and symmetry changes
with the dominant appearance of higher index facets by Bi substitution. Ag
substitution does not induce crystal symmetry changes in the Cs,BBr, (B = Sb
or Bi) phase, but results in highly defective structures hindering the formation
of a smooth surface during the crystal growth. Successful substitution of Bi
and limited substitution of Ag into Cs,SbBr; is also confirmed by energy
dispersive X-ray spectroscopy (EDX). This research provides design principles
and practical examples of how to control the morphology of Cs,SbBr; crystals

with structural defects and multiphase formation.

1. Introduction

Halide perovskite semiconductors are immensely investigated
due to their compositional and functional flexibility and diver-
sity. Especially, lead-based halide perovskites were found to be
a promising material for photovoltaics (PV), although they are
toxic and have limited stability.l!! Consequently, the investiga-
tion of perovskite derivatives such as double perovskites and
vacancy-ordered perovskites including Cs,AgBiBr,, Cs;Bi,Br,,
Cs;Sb,Bry, and Cs,SbBr, widely opened the field of PV
research.>*l Among them, Cs,SbBr, shows unique structural
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properties due to the mixed oxidation
states of Sb, Sb**, and Sb>*.°! The in-
trinsic properties of Cs,SbBr,, such as
non-toxic composition compared to Pb-
based perovskites and superior thermal
stability, make it an attractive material for
further investigation and optimization.
Moreover, The coexistence of the two ox-
idation states also leads to a lattice distor-
tion resulting in a tetragonal space group
14, /amd with the elongation of the axial
bonds and the shortening of the equato-
rial bonds in octahedral SbBr; units.!®]

Recent research has focused on
the substitution of various cations to
change and enhance the structural,
morphological, and electronic properties of Cs,SbBr,. To tai-
lor the specific applications, for example, bismuth (Bi) and
silver (Ag) are regarded as particularly interesting substitution
elements due to their unique electronic configurations and
ionic sizes, which can induce significant changes in the host
lattice in Cs, SbBr,. Along with their use in photovoltaics, halide
perovskites are widely employed as cathode materials or photo-
catalysts due to their unique but outstanding photochemical and
photophysical properties.l”#? Bismuth-based halide perovskites,
for example, are known for their efficient toluene selective
oxidation!®! and aromatic C—H bond activation.!®] Many factors
in synthesis conditions such as the type of the solvent, chemical
reaction rate, and additives have a consequential impact on the
morphological change.['*!!] Notably, Swetha et al. summarized
and reported the facet-dependent differently shaped nanostruc-
tures and their electrocatalytic behavior, emphasizing the need
for facet-controlled nanocrystals for better catalysis.'?] Sun et al.
discussed the effect of the crystal morphology in terms of pho-
tocatalysis and the potential effect due to different morphologies
and the band bending resulting from facet junctions.!!”

The purpose of this work is to investigate how the substitu-
tion of Bi and Ag affects the morphological and compositional
characteristics of Cs, SbBr,. By systematically controlling the sub-
stitution concentrations of Bi and Ag of the precursor solution
and analyzing the obtained crystals through various characteri-
zation techniques, we aim to understand the interplay between
substitution element type, concentration, and material proper-
ties. Specifically, we investigate the structural changes and sur-
face morphology alterations induced by Bi and Ag substitution in
Cs, SbBr,. Due to the mixed valence of Sb, different symmetries
and crystal phases are expected to be possible by substituting on
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Table 1. Synthesized samples and their labeling based on the synthesis
method and Bi and Ag precursor substitution ratio.

Sample Synthesis method Bi Ag
label substitution  substitution
SM_0 Separate solutions, Microwave-assisted 0 0

hydrothermal (SM)

M_0 Microwave-assisted hydrothermal [M] 0 0
M_B4 Microwave-assisted hydrothermal [M] 40% 0
M_B6 Microwave-assisted hydrothermal [M] 60% 0
M_B10 Microwave-assisted hydrothermal [M] 100% 0
M_A2 Microwave-assisted hydrothermal [M] 0 25%
M_A5 Microwave-assisted hydrothermal [M] 50%
M_A7 Microwave-assisted hydrothermal [M] 75%
M_B6A  Microwave-assisted hydrothermal [M] 60% 100%2)
M_B8A  Microwave-assisted hydrothermal [M] 80% 100%)

31n the co-substituted samples M_B6A, and M_B8A, Ag was added in the stoichio-
metric amount of the double perovskite composition.

the B-site in Cs,SbBr, and Cs, B,Br, (B = Sb or Bi). With the crys-
tal symmetry change, a morphology change is also anticipated
with facilitated nucleation and crystal growth of different crystal
systems. The findings from this research are expected to provide
valuable insights into the design of high-performance halide per-
ovskites with controlled morphological and compositional prop-
erties. This, in turn, could pave the way for the development of
next-generation optoelectronic devices with enhanced efficiency,
stability, and functionality.

2. Experimental Section

2.1. Synthesis

All samples were synthesized via microwave-assisted hydrother-
mal (M) synthesis using the microwave digestion system Tur-
bowave 1500 (MLS Mikrowellen-Labor-Syteme GmbH). CsBr
(99.9%, metal basis, Alfa Aesar), AgBr (99.5%, Alfa Aesar), BiBr;
(99%, Alfa Aesar), SbBr; (99%, Alfa Aesar), and aqueous HBr so-
lution (48%, Alfa Aesar) were used without further purification.
0.7 mmol of the precursors together with 9 ml HBr were placed in
aTeflon-lined autoclave and heated to 200 °C within 10 min with a
pressure of 4.7 MPa and kept at this temperature for a dwell time
of 1 h. The solutions were then cooled down to 50 °C with a rate
of 150 °C h™1. The solutions were decanted. The obtained crys-
tals were dried and stored in the air. All samples and their labels
were listed together with the Bi- and Ag substitution amount in
Table 1. The samples are denoted as M_B for Bi substitution and
M_A for Ag substitution with the nominal substitution amount.
In the Bi and Ag co-substituted samples AgBr is added in the sto-
ichiometric amount of the double perovskite composition which
were denoted as M_B6A, and M_B8A. In addition, Cs,SbBr, is
synthesized based on the report of Comb et al.ll The precursor
solutions of 0.9 mmol SbBr; in 9 ml HBr and 1.81 mmol CsBr in
5.5 ml HBr were produced separately by using the same tempera-
ture profile as described above. The prepared solutions were then
mixed at room temperature (RT) under stirring and the black
powder was ultimately collected and dried with filter paper.
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2.2. Analysis
2.2.1. Scanning Electron Microscopy (SEM)

The particle sizes, their size distribution, and morphology were
investigated by a field emission scanning electron microscope
(FE-SEM, Carl Zeiss) equipped with an X-Max large area EDS de-
tector (Oxford Instruments) operating at an accelerating voltage
of 8 kV. For the determination of the crystal composition, energy
dispersive X-ray spectroscopy (EDX) was carried out. In order to
obtain the emission of characteristic X-rays from a specimen, a
high-energy beam of electrons with an excitation energy of 25 keV
was applied.

2.2.2. X-ray Diffraction (XRD)

The powder X-ray diffraction (XRD) patterns were obtained us-
ing a Malvern PANalytical Empyrean diffractometer (Co-Ka, , ra-
diation) to identify the various phases present in the synthesized
samples. The diffraction patterns were recorded in a 260 range
of 10° and 100° with an angular step interval of 0.013°. XRD
patterns were analyzed with the Le Bail method incorporated in
the Rietveld refinement program Full Profto determine the lattice
parameters. The Thompson-Cox-Hastings pseudo-Voigt function
was chosen as the profile function.

2.2.3. Raman Spectroscopy

Raman spectra were obtained at room temperature using a
Bruker SENTERRA Raman microscope. The samples were ex-
cited with a He-Ne laser with 20 mW power at an excitation wave-
length of 632.8 nm, which was focused on the sample surfaces
through an optical microscope unit. An objective lens with a mag-
nification of 20 and an aperture of 25 um was chosen. The spectral

resolution was 2 cm™! over a measured range of 50-300 cm™.

3. Results

The morphology changes of Cs,SbBr, by Bi and Ag precursor
substitution are depicted in Figure 1. Starting at the top left cor-
ner of Figure 1 with the unsubstituted sample M_0, the success-
ful formation of the 2D-like perovskite microplate structures with
a hexagonal shape, smooth surface, and high crystalline qual-
ity were found for Cs;Sb,Br, as shown in Figure 1a, beside the
Cs, SbBr, crystals Figure 1b.[1*] The notable difference was ob-
served for Cs,SbBr, with an octahedral shape due to the forma-
tion of the vacancy-ordered perovskite. Cs,SbBr, single crystals
revealed two different shapes as shown in Figure 1b of the more
Cs, SbBr, pure sample SM_0, indicating together with (a) the two
possible crystal structures of the Sb halide perovskite. Due to
different bond lengths caused by the different ionic radii of the
two possible oxidation states of Sb, different facets are developed
compared to the other octahedra-shaped crystals of Bi- and Ag-
based double perovskites. Double perovskites, e.g., Cs,AgBiBr,
(Figure 1 i) have a cubic structure, while Cs,SbBr, is known
to have a tetragonal crystal system.[*] Cs;Sb,Br, is reported to

© 2024 The Author(s). Crystal Research and Technology published by Wiley-VCH GmbH

85UB01 T SUOLLLIOD AR 3[cfedt[dde au Aq pauenob ae il VO ‘8sN JO 3Nl o} Akeiqi8UlUO AS]IA LIO (SUONIPUOD-PUE-SWLBIALI0D" A5 | 1M Afe.d] 18U [UO//ScIY) SUORIPUOD PUe SWLB | 81 89S *[¢Z02/TT/ST] Uo Arigiauliuo A|IM ‘SEISAIUN JBUINT une N-Yed AQ 50007202 1eJ0/200T OT/I0p/u0o" A 1M ARe.d jpul|uoy/sdiy Wwoly papeojumoq ‘0T ‘%202 ‘6/0vTZST


http://www.advancedsciencenews.com
http://www.crt-journal.org

ADVANCED
SCIENCE NEWS

CRYSTAL
Research&Technology

www.advancedsciencenews.com

Cs;Bi,Brg
M_B10

www.crt-journal.org

Cs,AgBiBrg

Figure 1. SEM images of synthesized crystals including a) Cs3Sb,Brg, b) Cs,SbBrg, g) Cs3Bi,Brg, and i) Cs,AgBiBrg. In between the samples with
Bi-substituted d)—f), h)) and Ag substituted c), e), f), h)) Cs,SbBrg and Cs;Sb,Brqg are presented.

have a hexagonal crystal structure with a hexagonal microplate
shape. Interestingly, partial substitution of Bi with Sb shown in
Figure 1d,e,f,h (Samples M_B5 and M_B6A) resulted in concave
octahedra or star shape polyhedra, that tend to form dendrites
without Ag in Figure 1d. Furthermore, the surface is not smooth,
but porous with a certain directional arrangement of a needle
structure with a specific connecting angle (Figure 1d). As shown
in Figure 1g with the Bi pure sample M_B10, Cs,Bi,Br, is then
again grown in hexagonal shape but more expanded on one axis
compared to unsubstituted Cs;Sb,Br,. Ag substitution for Sb as
shown in Figure 1c (sample M_A7) reoriented the crystal shape to
be octahedral. Instead of completely formed octahedra, the facet
development is found to be incomplete with remaining pores.
The crystals are grown in round stairs. Lastly, substitution by both
Agand Bi for Sb shown in Figure 1e,f,h led to concave and incom-
pletely formed single crystals and therefore a combination of both
phenomena induced by Bi and Ag precursor substitution.

In order to clarify the reason for the formation of such differ-
ent morphologies depending on the precursor ratio, XRD mea-
surements were conducted to investigate the phase purity, crystal
structures with varied symmetry, and growth orientation changes
in Cs, SbBr, and Cs;Sb,Br, by Bi and Ag substitution. The XRD
patterns of Bi substitution are shown in Figure 2a. For unsub-
stituted Cs,SbBr, (SM_0) all observed reflections were indexed
to a tetragonal structure with space group I4,/amd.'*!5] For
Cs,; Sb,Br, (M_0), all of the reflections correspond to the hexago-
nal structure with the space group P3m1.1'! The partial Bi substi-
tuted sample shown is M_B4, which resulted in interesting mor-
phological changes with concave octahedra and star-shaped poly-
hedra. The samples SM_0 and M_0 clearly show the reflections of
the Cs, SbBr, and Cs;Sb, Br, phases. Hereby in sample M_0, the
reflections of the Cs;Sb, Br, phase were more defined, whereas it

Cryst. Res. Technol. 2024, 59, 2400055 2400055 (3 of 7)

also showed traces of the Cs, SbBr, phase. M_B10 clearly showed
the reflections of the hexagonal Cs,Bi, Br, phase. The partially Bi
substituted sample showed a phase mixture, the reflections of
the Cs, BBr, and Cs;B,Br, (B = Sb or Bi). Furthermore, the re-
flections were broader compared to the unsubstituted samples
and shifted to a lower diffraction angle. In the case of Ag substi-
tution (shown in Figure 2b), the Bragg angles of the Cs,SbBr;
phase stayed constant, and small reflections of Cs,;Sb,Br, can
be distinguished. The match of those reflections was not satis-
factory with Cs,AgSbBr,, although the formation of double per-
ovskite phase Cs,AgSbBr, seems likely to be possible based on
the precursor stoichiometry. The diffraction peaks get signifi-
cantly broadened showing that the crystallinity decreases with Ag
substitution. Figure 2c revealed a similar trend for the samples
substituted with both Bi and Ag. The reflections were broadened
and shifted toward a lower diffraction angle. It should be noted
that the intensities of higher facet reflections were increased in
the substituted samples. Extended XRD patterns are shown in
Figure S1 (Supporting Information).

The lattice parameters derived from Le Bail fitting results are
listed in Table S2 in Supporting information S2. Hereby the
tetragonal Cs, BBr with the space group I4,/amd (B = Sb or Bi)
were chosen for the model systems. The resulting estimated lat-
tice parameter a and c/a ratio for a tetragonal phase of Cs, BBr,
are illustrated in Figure S2 (Supporting Information) Bi and Ag
substitution. Bi led not only to an increase of the lattice param-
eter a but also to a decrease of the c/a ratio as shown in Figure
S2a.(Supporting Information) In the case of Ag substitution, no
change can be identified (Figure S2b, Supporting Information).

Raman spectroscopy was conducted in order to investigate the
change in the short-range ordering of the crystal structure and
the symmetry change as well as crystal perfection. The Raman
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Figure 2. XRD patterns of the 3 substitution paths of Cs,SbBrg: a) Bi sub-
stitution, b) Ag substitution, and c) both Bi and Ag substitution. All pat-
terns are plotted with a logarithmic ordinate. The drawn line indicates the
reflection angle of the (224) plane of Cs,SbBrg of the Sb pure sample. The
red circles indicate the reflections that can be assigned to the Cs,BBrg
phase (B = Sb or Bi) in the substituted samples.

spectra of the 3 different substitution paths of Cs,SbBr, are
shown in Figure 3. The Raman spectrum of Cs, SbBr, contained
three main vibration modes of 70, 179.5, and 208 cm™" assigned
to be Fy,, E,, and A;,. These are similar to the bands which can
be observed for Cs,Sb,Br,.[1-18] The Bi substitution led to the
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Figure 3. Raman spectra ofthe 3 substitution paths of Cs,SbBrg: a) Bi sub-
stitution, b) Ag substitution, and c) Bi+Ag substitution. The black dashed
lines indicate the positions of the E;, and A, band of the Cs, SbBrg phase.

appearance of an additional band at 162.5 cm™' as shown in

Figure 3a. This confirms the appearance of the E, band of the Bi
octahedra in the short-range ordering. The band at 179.5 cm™!
convolutes with the A;, band of the Bi-Br bonding, which
becomes broadened and shifts to a higher wavenumber. The
band position of A;, of the Sb-Br bonds was shifted to the lower
wavenumber after Bi substitution. Interestingly, Ag substitution

© 2024 The Author(s). Crystal Research and Technology published by Wiley-VCH GmbH
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Figure 4. a) SEM image of a representative agglomerate of an incompletely formed single crystal of sample M_B4A, b) EDX line scan in M_B6, c) EDX
point measurements in M_B6A2 and d) M_B6 of selected single crystals. The table shows the average atomic composition ratio for each crystal.

for Sb did not change the band position of Cs,SbBr, and only
peak broadening of the bands was observed, indicating a more
defective structure (Figure 3b).[21] Hence, a highly defective
structure due to Ag substitution could be confirmed (Figure 3b).
As shown in XRD (Figure 2b) the Ag substitution had no effect
on the lattice parameter and showed therefore no change in
the vibration mode in the Raman spectroscopy. The in XRD
partially matched Cs,AgSbBr, structure could not be confirmed
by Raman spectroscopy, as the E, Raman band of the double
perovskite structure does not appear at lower wavenumber.
Substitution by both Bi and Ag-induced shoulders at the E, band
of the Sb-Br bonds (Figure 3c). These are due to the formation
of Bi octahedra. The A,, band of the Sb-Br bonds shifted toward
a lower wavenumber. Mean band position and broadening were
analyzed and are exhibited in the Supporting information S3. In
addition, a comparison of A;, bands of both possible structures,
Cs,SbBr, and Cs,;Sb,Br,, is shown in the Supporting informa-
tion S4. In the Cs;Sb,Br, structure, the A,, band was measured
at the wavenumber of 210 cm™. Also, in this case, the broaden-
ing was smaller than in the case of pure Cs, SbBr,. Two oxidation
states of Sb coexist in Cs,SbBr,[*] whereas only Sb** exists in
Cs, Sb, Br,.I1618] Therefore, one of the possible explanations for
the increased broadening in Cs,SbBr, can be the coexistence
of two oxidation states of Sb. As reported by Combs et al.l*] the
average bond lengths of Sb-Br are 2.784 A for Sb** and 2.577 A
for Sb>* at room temperature. This would suggest that the band
caused due to the Sb°* bonding vibrations should be at a higher
wavenumber with a shorten bond length.[?°! The two different
bond lengths of Sb and a shift due to the valence electron transfer
between the two oxidation states can have a major impact on the
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shift of band wavenumber."”*!l Consequently, the A,, band of
the Sb-Br bonds in the Bi substituted sample was shifted further
to lower wavenumber, because of the larger ionic radius of Bi**
compared to Sb**.720] The change in short-range bonding
shown via Raman spectroscopy resulting from Bi substitution
is in good agreement with the determined change in long-range
ordering in the XRD measurement. By increasing Bi** substi-
tution for Sb**, the concentration of Sb** decreased leading to
Sb>* being the dominant Sb oxidation state. This results in a
more cubic symmetry without lattice contraction.

The compositions of the single crystals were determined by
energy-dispersive X-ray spectroscopy (EDX) and an agglomerate
with various morphology motifs is exemplarily exhibited in
Figure 4a. Representative EDX line scan and point measure-
ments of the occurring motif crystal types in the agglomerate are
shown in Figure 4b—d. Figure 4b shows the crystal morphology
which usually occurs in the center of the agglomerates. Besides
the dendrite-like growth, it was notable that the surface texture
was defined with structures attached to each other. The same
texture can be observed for the concave star-shaped crystals
(Figure 1d). Interestingly, the average composition determined
by a line scan shows a clear Cs, BBr, stoichiometry with a shared
B-site of 50% of Sb and 50% of Bi. Independent of the precursor
stoichiometry these resulting porous structures show a 1:1 ratio
of Bi and Sb. The concave polyhedra shown in Figure 4c seem
to be attached to the crystal shown in Figure 4b. Crystallites with
smooth surfaces were found to grow on top of different crystals.
The structure found in Figure 4d showed a hexagonal shape
which can be explained by the given crystal symmetry of the
hexagonal Cs, B,Br, phase. The crystals with a smooth surface
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M_0: Cs3SbVZBr9 (53*) or
Cs,ShBr, (Sb** and Sbs*)

Figure 5. Schema of the morphology dependence on the stoichiometry. The grid shows the atomic ratio obtained by EDX on the B-site. The grey arrows

indicate the occurring phenomena.

have a surplus of Sb. Further EDX point analyses are summa-
rized in the Supporting information S5, revealing that there
is a clear correlation between morphology and composition of
the resulting crystals. Homogeneous and nonporous octahedral
crystals were all found to exhibit a Cs,SbBr, stoichiometry. Con-
cave octahedral and dendrites with triangular needle structures
have a B site sharing of both Bi and Sb with an approximate ratio
of 1:1. A surplus of Sb leads to smaller tilting angles and homo-
geneous surfaces. In general, the shown crystal stoichiometries
are dependent on the ratio of the different crystal types changes
with the Bi/Sb content of the precursor. The increasing Ag sub-
stitution leads to the production of non-stoichiometric crystals,
which are imperfectly and incompletely grown. In other words,
due to the defects by non-stoichiometry in the Ag substituted
samples, island-like grown crystals formed. The more defective
structures are also confirmed for Ag substitution by SEM, XRD,
and Raman spectroscopy. Thus, it is concluded that the devel-
oped morphologies of Cs,SbBr, by Bi and Ag substitution are a
result of sequential phase formation due to different motifs and
defects during the synthesis.

4, Discussion

The morphology of Cs,SbBr; is controlled by adding Bi and Ag
into the precursor solution. Crystal growth mechanisms based
on the obtained changes in microstructures, crystal structures,
and stoichiometries are mapped in Figure 5. The Bi-substituted
samples are found by XRD to be a mixture of two crystal phases,
namely Cs,BBr, and Cs;B,Bry (B = Sb or Bi). Both phases
are nucleated and grown to agglomerates during the synthesis.

Cryst. Res. Technol. 2024, 59, 2400055 2400055 (6 of 7)

Thus, the Bi-substituted crystals formed an agglomeration and
oriented attachment of mainly two phases. Presumably, yellow
Cs; B, Br, precipitates first, forming a porous dendrite grid of a
mixed phase, and afterward Cs,BBr, is formed during the solu-
tion cooled down to room temperature. This was also reported by
Lin et al. who suggested that the Cs, BBr, phase is only formed
at room temperature.[’] EDX measurements in our study also
confirmed that the agglomerates consisted of the Cs, BBr, phase
in the center and Cs;B,Br, phases attached at the surface as
shown in Supporting information S5. Itis concluded that the first
formed Cs; B, Br, acts as a nucleation center and transforms due
to the cooling of the solution to Cs, BBr,. This would explain the
needle-like texture of the crystals at the surface as the Cs; B,Br,
phase tends to grow in an anisotropic shape which is governed
Dby the crystal structure and symmetry.

Based on the observations by XRD, it can also be deduced that
within the Cs, BBr, phase, a lattice distortion occurs due to Bi
substitution, which was indicated by the Le Bail fit of the shifted
reflections. The broadening of the reflections indicated the pos-
sible existence of an intermediate phase with lower crystallinity.
The morphology change within the Cs, BBr, phase would then
be a result of lattice tilting between the tetragonal Cs, BBr, and
the hexagonal Cs, B,Br,, which have different facets in the crys-
tal growth.[1%] This would be in excellent agreement with previous
literature on single crystals with high-index facets.[1012:22]

The Ag substitution stabilized the Cs, BBr, phase formation
and prevented the formation of secondary phases. No changes
in the lattice and crystal symmetry, as confirmed by XRD and
Raman spectroscopy, are supported by no noticeable tilting be-
tween the crystal branches. Nevertheless, the defective structure
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shown by the reflection broadening is linked to the incomplete
crystal formation.[?*) These broadening phenomena in XRD can
also reflect a crucial part of the formation process for both Bi and
Ag-substituted samples. Therefore, Ag substitution leads to more
defective and less crystalline samples compared to Bi substitu-
tion. Furthermore, the EDX measurements revealed that Ag can
hardly substitute Sb and led only to off-stoichiometry. Our results
showed no sign of the formation of a Cs,AgSbBr, double per-
ovskite in the applied synthesis set-up despite providing both Ag
and Sbin M_A7. Ag substituted samples showed concave octahe-
dra without filling the octahedral surfaces. These crystals also do
not show star shape. It can be concluded that the defective struc-
ture of Ag-substituted samples hinders the diffusion process of
the filling of the crystal surface.

5. Summary

The morphology of Cs, SbBr, was controlled via Bi and Ag precur-
sor substitution in the solution. Bi** is found to substitute Sb**
in mixed valence Cs, SbBr, lattice leading to the preferred growth
of star shape polyhedra and concave octahedra with two-phase
mixtures of Cs,BBr, and Cs;B,Br, (B = Sb or Bi). In contrast,
Ag substitution is limited in Cs,SbBr, leading to incompletely
shaped octahedra. The smooth surface formation is suppressed
and the formation of Cs; B,Br, (B = Sb or Bi) phase is prevented
for the samples substituted with both Bi and Ag together. The ex-
emplarily shown substitution strategy in this study can be also
applied to the synthesis of other mixed valence Sb-based halide
perovskite-type materials.
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