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Six metal cations in one double perovskite:
exploring complexity of chloride elpasolites by
high-throughput experimentationy

Oleksandr Stroyuk, {2 *® Oleksandra Raievska,” Manuel Daum,?® Jens Hauch® and
Christoph J. Brabec®®

A high-throughput screening of lead-free double chloride perovskites Cs,M'M"Clg is performed
with
characterizations. The screening encompasses about 350 elpasolite compounds with broad variations of
the M" site, including combinations of two (Bi + In, Bi + Sb, and In + Sb) and three cations (In + Bi + Sb
and Fe + Bi + In). The robot-assisted open-environment synthesis protocol allows the double
perovskites with these M"' combinations and Ag*/Na*-occupied M' site to be produced using a general

combining combinatorial robot-assisted synthesis accelerated structural and spectral

routine in the form of single-phase microcrystalline solid solutions with reliably controlled composition.
The high-throughput screening revealed a series of non-additive effects arising from the combination of
multiple cations on the M" site, including a “volcano”-shaped dependence of the photoluminescence
quantum yield of Cs,(Ag,Na)(Bi,In)Cle elpasolites on Ag/Na and Bi/In ratio and band-bowing effects in
the compositional dependences of the bandgaps of perovskites with Bi + Sb, In + Bi + Sb, and Fe + Bi +
In combinations. In the latter case, the accelerated screening resulted in the double chloride perovskites

rsc.li/materials-c

1 Introduction

The uprise of studies of lead-based halide perovskites as highly
promising light-sensitive, light-harvesting, and light-emitting
materials’™ fueled interest in lead-free structural analogs,
which can potentially show similar unique photophysical and
charge transport properties, while being more photochemically
stable and environmentally benign.®*° Like their lead-based
counterparts, many lead-free halide perovskites showed remark-
able functional properties that can be harvested in LED technol-
ogies, X-ray detectors and photodetectors, photovoltaics (PV),
photocatalysis, and other emerging applications.®™”

As a remarkable class of lead-free perovskites, the double
halide (elpasolite) perovskites AL,M'M"'X¢, where A’ is an alkali
metal (organic) cation, M' and M™ are the “main” lead-
substituting metal components, and X is a halide, reveal an
unprecedented variability of their structure, allowing the com-
position of all four sites, A, M', M", and X, to be varied
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with an unusually low indirect bandgap of 1.64 eV.

independently.®”'%'"18 By considering only single occupants
for each of the crystallographic sites, the potential composi-
tional variability of elpasolites is already expected to be
impressive, with A’ = Cs or Rb, M' = Ag, Na or K, M"" = Bi, In,
Sb, Au, Fe, lanthanides, etc., and X = Cl, Br, 1. This variability is
further increased by orders of magnitude due to the unique
structural tolerance of double perovskites allowing two or more
cations to be alloyed on each of the metal positions, as well as
two to three halide species to be combined in different propor-
tions on the X site,”®10111418

The studies of double halide perovskites with multiple
M' and M™ components are driven by a large potential for
non-additive effects arising from the homogeneous mixing of
several metal cations with similar sizes. One of the most
prominent examples of such non-additive effects is the family of
Cs,Ag,Na;_,BiyIn;_,Clg solid-solution compounds (abbreviated as
CANBIC by the first letters of constituent elements).'*'*? In this
family, a partial substitution of sodium with silver (or vice versa) in
In-pure or Bi-pure perovskites changes the lattice symmetry and
selection rules of the photophysical processes, resulting in the
radiative recombination from the self-trapped exciton (STE) states
and emission of bright and broadband photoluminescence
(PL).">*° Further introduction of bismuth on M™ sites of In-
pure CANIC compounds (or indium - into Bi-pure CANBC
compounds) allows the PL quantum yields (QYs) to be boosted
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to almost 100%.'>**"** Another remarkable example of the non-
additivity upon the homogeneous M™ alloying in elpasolites is the
band-bowing effect in Cs,AgBi,Sb, _,Cls perovskites, where the Bi/
Sb alloying results in the compounds with lower bandgaps as
compared to Bi- and Sb-pure perovskites.>®

The tolerance of elpasolites to multiple homogeneous alloy-
ing on all four crystallographic positions as well as to the
introduction of various homo- and heterovalent dopants’*%*#
can result in hundreds of thousands of possible compounds
even for the limited element list discussed above. In this
situation, searching for non-additivity effects requires an
upscaling from the experiments targeting specific compounds
to high-throughput (HTP) experimentation. The latter allows
hundreds and thousands of perovskite compounds to be
screened providing an acceleration factor of x10 to x100 as
compared to the conventionally reported intuition-driven syn-
thetic approaches. To make accelerated screening possible,
unified protocols for the accelerated synthesis of double per-
ovskites of diverse composition need to be developed and
combined with the accelerated characterization of structural,
spectral, photophysical, and other properties, both orche-
strated to provide the same throughput level.

Robot-assisted HTP approaches have already been success-
fully applied for the accelerated research and discovery of lead-
based perovskite materials for PV applications, covering various
aspects such as HTP discovery of new cations for A" and their
combinations,””** HTP studies of the formation of perovskite
films and their PV activity,>>® as well as HTP evaluation of
degradation stability of the lead perovskites.?”3%°

At the same time, examples of the experimental HTP screen-
ing of the lead-free halide perovskite are rather scarce,*" despite
the much higher compositional complexity one can potentially
achieve with these compounds. Most reports focus on compu-
tational screening of the lead-free halide perovskites by HTP
density functional theory calculations, machine learning, and
thermodynamic stability evaluation.*>™® These explorations
allowed several databanks on the calculated stability factors
and spectral properties of lead-free perovskite compounds to be
formed,****™* still to be complemented by a massive experi-
mental HTP screening of such compounds.

The lack of experimental HTP studies on lead-free perovs-
kites can, at least in part, be related to the challenge of adapting
the existing synthesis routines to the regime of accelerated
experimentation. Typically, the synthesis of microcrystalline
elpasolites includes aggressive agents (concentrated acids for
chlorides, volatile, non-stable, or irritating halide sources for
bromides and iodides) as well as considerable thermal inputs,
such as annealings or supercritical treatments,®®'%!! which
can hardly be upscaled or adapted for the robot-assisted
procedures necessary to reach the desired acceleration factors.
The colloidal syntheses of double perovskite nanocrystals are
performed by hot injection/heating-up protocols at elevated
temperatures in coordinating solvents,*'” also posing restric-
tions for upscaling and automation.

To address this challenge, we focused on the development of
simpler and milder protocols for the synthesis of double halide
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perovskites, which can be performed in an open environment
at room temperature (RT), avoiding thermal treatments and
aggressive components, and can be easily adapted for the
robot-assisted HTP experimentation and upscaled in terms of
the composition and yield of the products. The first examples
of such “green” synthesis were reported by our group for
several chloride elpasolite families, including CANBIC,>*>°
Cs,Ag,Na;_,Fe,In,_,Cls,°* and Cs,AgBi,Sb;_,Cls (CABSC)
perovskites.>® These protocols are based on equalizing the
reactivity of different cations in precursors (for example, bind-
ing Ag" and Bi** in complexes with ammonia and chloride,
respectively) to avoid side hydrolytic reactions and yield highly
crystalline perovskite products at RT. The metal reactivity
equalization allows different combinations of metals (Bi + In,
Bi + Sb, Fe + In, etc.) to be introduced on the M™ site with
minimal adjustments to the synthesis routine. The syntheses
were optimized to result exclusively in single-phase perovskites
and provide reliable control over the composition of the
products, in particular, over the metal ratios on the M™ site.
At that, the post-synthesis treatments are reduced to a mini-
mum, requiring only a precipitation/re-dispersion-based
purification. As an exemplary case, the CABSC perovskites were
further converted into bromide or iodide compounds by rela-
tively simple anion-exchange procedures using green halide
sources (NaBr and Nal),*® showing the feasibility of the
proposed approach for the synthesis of the whole domain of
possible A'M"™M™X, compositions.

The present paper is based on our earlier reports, further
extending the open-environment green synthesis approach to
the larger scale of HTP experimentation. Focusing on chloride
elpasolites, we develop a robot-assisted synthesis of multiple
sets of double perovskites with variable M' (Ag + Na) and M™
sites, the latter combining two (Bi + In, Bi + Sb, In + Sb) and
even three (In + Bi + Sb, Fe + Bi + In) metal cations. The HTP
synthesis is accompanied by the HTP characterization showing
non-additive spectral effects for Cs,(Ag,Na)(Bi,In)Cls, Cs,(Ag,
Na)(Bi,Sb)Cls, Cs,(Ag,Na)(In,Bi,Sb)Cls, and Cs,(Ag,Na)(Fe,-
Bi,In)Cl, families of elpasolites.

2 Results and discussion
2.1 General workflow and description of sample arrays

Recently we have reported an open-atmosphere synthesis of
CANBIC elpasolites allowing both Ag/Na and Bi/In ratios to be
independently and controllably varied while producing single-
phase cubic perovskite products in the entire range of possible
compositions.** > The clue to synthesizing single-phase pro-
ducts is in separating metal cations into two precursors, M =
Bi + In in precursor #1 and M' = Cs + Ag + Na in precursor #2.
At that, side hydrolysis reactions in precursor #1 need to be
suppressed by adding moderately concentrated HCI, while
silver ions in precursor #2 should be bound into a complex
with ammonia to prevent Ag' hydrolysis in a moderately alka-
line medium generated by Cs and Na acetates. The mixing
of two precursors results in the instant precipitation of

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Schematic structure of double perovskite with In, Bi, and Sb mixed on M"" site: (b) scheme of the combinatorial mixing of the M' and M"!
precursors for the synthesis of binary (M"" = M1 + M2) plates; (c) overview of Cs,(Ag,Na)M"'Clg double perovskite samples.

single-phase microcrystalline CANBICs at RT requiring no
additional thermal treatments.”>>*

In the present report, we make two steps forward in this
synthetic approach. The first step is to adapt the above protocol
for automated synthesis using a pipetting robot. The second
step is to generalize the automated synthesis and progress from
the “pilot” case of M"" = Bi + In to other possible combinations,
in particular, Bi + Sb and In + Sb, as well as to ternary
combinations, such as M™ = In + Bi + Sb and Fe + Bi + In. All
these compounds are single-phase perovskite solid solutions,
indicating a random distribution of up to five types of octahe-
dra formed by different 6-fold coordinated metal cations, as
illustrated in Fig. 1(a) for M" = Ag + Na and M™ = In + Bi + Sh.

Upscaling of perovskite synthesis to automated HTP regime.
The manual open-atmosphere synthesis of double chloride
perovskites was upscaled to an HTP regime using an automated
platform based on a Tecan pipetting robot, similar to that earlier
reported by our group.”®*° Detailed descriptions of all experi-
mental procedures and characterizations are presented in ESL.f

The main synthesis stage consists of a four-channel pipet-
ting robot with programmable movements in XYZ directions
combined with auxiliary elements, such as tip and precursor
storage stations, heating, and shaking stations, automated
plate-reading spectrometer, and others (ESI, Fig. S1). The
synthesis is controlled from a PC by a dedicated script and
recorded by an array of video cameras.

To enable using a single general script for all syntheses we
unified the synthesis protocol by increasing the number of
manually prepared precursors from 2 to 14.

For the particular cases of binary M™ mixtures (M"" = M1 +
M2 = Bi + In, Bi + Sb, or In + Sb), eight M™ precursors with a
varied M1/M2 ratio and six M" precursors with a varied Ag/Na
ratio were prepared. A combinatorial mixing of eight M™
precursors with six M' precursors was then performed on the
shaking station by the pipetting robot in an Eppendorf 8 x 6
array microplate with 2.0 mL pit volume resulting in 48
samples. In this way, the x = Ag/(Ag + Na) and y = M1/(M1 +
M2) fractions are varied along the shorter and longer axis of the
Eppendorf microplate, respectively (see schematic in Fig. 1(b)).

As the first step, a “master” plate of samples with binary M™
combinations was always produced with x and y ratios varied

This journal is © The Royal Society of Chemistry 2024

from 0 to 1.0. Then, any section of the master plate can be
“resolved” into a separate plate with a selected range of x and y
simply by changing the precursor concentration and using the
same robot-assisted protocol and control script. As an example
of such a “focus” plate, a CANBIC sample array is discussed in
the present paper with Bi fraction maintained within the range
of 0-2% and silver fraction varied from 0 to 100%. By repeating
this procedure with different variations of 8 x 6 precursor
arrays any desirable number of “focus” plates can be produced
by the robotic setup using the same synthetic HTP routine.

For the cases of ternary M™ mixtures (M™ = M3 + M2 + M1 =
In + Bi + Sb or Fe + Bi + In), ten precursor solutions were
typically prepared, including eight precursors with a varied
M1/M2 ratio as described above for the binary M™ cases, as well
as an M3 precursor and an M’ precursor with a constant nominal
Ag/(Ag + Na) fraction. A dedicated control script was developed
for ternary M™ cases which instructs the pipetting robot to place
the same volumes of different M1 + M2 precursors into eight
consecutive pits of an Eppendorf 8 x 6 array plate and decrease
the M2 + M3 precursor volume for each next row. Then, a similar
procedure is performed with the M3 precursor, placing the
same volume into eight consecutive wells and increasing the
M3 precursor dosage for each next row. After completion, this
procedure yields an 8 x 6 array of solutions with the same
volume and different M™ combinations. At the final step, the
robot adds a fixed amount of the M" precursor to each of the 48
wells with M™ solutions placed on the shaking station resulting
in the precipitation of final perovskite products.

Again, the “master” plates were produced first for all tested
M"™ combinations with the M1/(M1 + M2) and M3/(M1 + M2)
fractions changing from 0 to 1.0 along the X and Y axes,
respectively, while the nominal Ag/(Ag + Na) fraction is main-
tained constant. We note, that in a particular case of M'" = Fe +
Bi + In a higher concentration of HCI was required to maintain
the stability of precursors, and for this reason, the synthesis of
the Fe-based sample arrays was performed manually under a
fume hood.

“Focus” ternary plates can then be produced for any desired
compositional domain by adjusting the concentrations of M1 +
M2, M3, and Ag/Na precursors and using the same automated
HTP (or manual for Fe-based plates) protocol. By applying the
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above-discussed protocol a broad number of binary and ternary
M™ combinations was tested by an automated platform and
the sample arrays showing all (or a major part) of samples as
single-phase perovskite solid solutions were then selected for
the present discussion. Fig. 1(c) provides an overview of the
selected sample plates. Considering the complex composition
of the perovskite samples we suggest a unified nomenclature of
synthesized compounds summarized in Table 1.

As discussed in our previous reports,**>* an excess of
cesium and sodium salts is typically introduced during the
synthesis to shift the ionic equilibria to the formation of Cs-
richer double Cs,(Ag,Na)M"'Cl, perovskite phases (Cs:M" =
2:1) to avoid the formation of additional possible phases, for
example, Cs;M™,Cly salts with a lower relative Cs content
(Cs:M™ = 1.5). As a result, the supernatants over the as-
precipitated perovskites contain residual alkali metal salts,
which can interfere with the following structural characteriza-
tion of the products and need to be removed. Fig. 2 illustrates a
typical workflow for the exemplary HTP preparation of CANBIC
perovskite samples, including the steps of precursor transfer to
the sample plate, precipitation of perovskites, purification of
the as-deposited suspensions, as well as robot-assisted drop-
casting of the purified samples to produce arrays of solid
samples for spectral and structural characterization.

For each compositional domain, a bank of “focus” sample
arrays can be produced using the same synthetic protocol along
with the “master” plate to vary independently M™ and M' sites
and cover all possible compositions with different increments.
In the case of CANBIC perovskites, several six 48-sample well-
plates were produced of which two plates, the “master” plate
with 0---100% Bi and a “focus” plate with 0---2% Bi were
selected for detailed characterizations.

Selecting the array of HTP characterizations. Considering
the possibility of the formation of multiple additional phases
during the precipitation of double chloride elpasolites as well
as possible deviations from the nominal (set at the synthesis)
stoichiometry, the characterization of the structure and com-
position is essential for each and any of the produced samples.
From the practical viewpoint, this requirement means that the
speed of characterization should match the speed of the
synthesis, thus requiring the development of an HTP charac-
terization protocol that accompanies the robot-assisted HTP
synthesis and combines structural and spectral components.

The structural characterization included the characterization
of the phase, morphology, and composition of all samples by
powder X-ray diffraction (XRD), scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy (EDX). Though
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the characterization setups were not completely automatized and
required a human operator, the measurements can be upscaled to
a quasi-HTP regime. Specifically, XRD measurements were per-
formed using an automated sample holder allowing the diffract-
ometer to automatically measure a total load of 15 samples with a
throughput of one 48-sample set per day (ESL Fig. S2). The quasi-
HTP SEM and EDX measurements were performed on miniature
sample arrays drop-casted on fragments of carbon tape fixed to a
silicon wafer and allowing a 48-sample set to be loaded into the
SEM chamber and measured during a single run.

The spectral characterizations included measurements of
UV-Vis reflectance spectra, PL spectra, and PL excitation (PLE)
spectra using both an automated plate-reader Tecan spectro-
meter and fast manual measurements with a miniature fiber-
coupled UV-Vis spectrometer (StellarNet, USA), both modes
requiring ca. 30 min per each of the spectral characterizations
of a 48-sample plate.

The samples for structural and spectral measurements were
produced on substrates of different geometry (plastic round
well arrays for spectral measurements, detachable square 1 cm®
glass substrates for XRD, carbon tape/silicon for SEM/EDX) by
drop-casting either manually or using the Tecan pipetting
robot. Fig. S2 in ESI} provides an overview of different types
of samples (suspensions, drop-casted films) and measurement
modes used in the present work.

In the following sections, we discuss a selected series of
sample arrays with different binary and ternary M combina-
tions, putting in each case a special focus on the non-additive
properties that cannot be predicted as a linear combination of the
properties of individual components and were found owing to the
HTP screening. These include (i) compositional dependences of
the PL properties of CANBIC perovskites, (ii) band-bowing effects
observed for CANBSC perovskites, and (iii) compositional design
of the bandgap of CANFBIC perovskites. Please refer to Table 1 for
perovskite formulas and abbreviations.

3118

2.2 Binary plates: the case of M = Bi + In

As we reported earlier, CANBIC perovskites show a strong
dependence of PL quantum yield (PL QY) on the Bi fraction,
showing PL QYs of up to 98% at 1-2 molar% Bi.>*** As these
experiments were performed in a conventional manual regime,
the range of Ag/Na ratio variations as well as steps of Bi/In ratio
variation tested in these reports are limited. Here, we perform a
more detailed HTP screening of the compositional depen-
dences of PL properties of CANBIC perovskites producing the
“master” plate (Bi 0- - -100%, Ag 0- - -100%) as well as a series of
“focus” plates with different ranges of Bi and Ag fractions. A

Table 1 Full and short versions of brutto-formulas and abbreviations of the Cs,M'M!"'Clg compounds synthesized in the present work

M site Full brutto-formula Short brutto-formula Abbreviation
Bi + In Cs,Ag,Na;_,Bi,In;_,Cls Cs,(Ag,Na)(Bi,In)Clg CANBIC

Bi + Sb Cs,Ag,Na; ,Bi,Sb; ,Cls Cs,(Ag,Na)(Bi,Sb)Cl, CANBSC

In + Sb Cs,AgyNa;_,In,Sb,_,Clg Cs,(Ag,Na)(In,Sb)Cls CANISC

In + Bi + Sb Cs,(Ag,Na)In,(Bi,Sb; ,): Cls Cs,(Ag,Na)(In,Bi,Sb)Cl, CANIBSC

Fe + Bi + In Cs,(Ag,Na)Fe,(Bi,In;_,); ,Cls Cs,(Ag,Na)(Fe,Bi,In)Cl, CANFBIC
8708 | J Mater. Chem. C, 2024, 12, 8705-8718 This journal is © The Royal Society of Chemistry 2024
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Precursors Precipitation Purification

Fig. 2 Schematic workflow for HTP synthesis of CANBIC perovskites.

preliminary characterization showed that a combination of the
“master”” plate and the “focus” plate with 0- - -2% Bi provides the
highest variation of PL properties, while the rest of the “focus”
plates were found to be redundant. The “master” plate was
subjected to the above-discussed comprehensive structural/spec-
tral HTP characterization (see summary in Table S1, ESI}).

CANBIC - structure and phase. An XRD characterization
showed almost all CANBIC samples to be single-phase products
in the entire compositional domain of the “master” plate with
all reflections in XRD patterns indexed as belonging to Fm3m
cubic perovskite. Only In-pure samples with Ag/(Ag + Na) > 0.50
show the presence of small admixtures (most probably AgCl)
along with the dominating CANBIC phase. Fig. 3(a) illustrates
exemplary XRD patterns for two series of CANBIC perovskites
with 50% Bi and 50% Ag, while the complete collection of
“master” XRD patterns can be found in ESI} (Fig. S3).

Routinely, Rietveld refinement was performed for all collected
XRD patterns allowing the phase purity to be evaluated and the
lattice parameter of the cubic perovskite phase to be calculated.
The “master” CANBIC plate showed a smooth monotonous depen-
dence of the lattice parameter on the Bi and Ag fractions showing
linear increase with increasing Bi fraction with no irregularities and
extrema, indicating that CANBIC samples are single-phase solid
solutions in the entire “master” compositional domain (see ESL
Table S1 for numerical values of the lattice parameter).
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9, [al B M™ = In+Bi
A . A
A A A
" . A A
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Fig. 3
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CANBIC - morphology and composition. The CANBIC
perovskites in the ‘“master” plate are all microcrystalline
powders formed by loosely aggregated polyhedra with a grain
size of 1-5 um (ESL,t Fig. S4). No specific correlations between
the composition and grain size were found, with the crystal size
showing a trend to increase for low Bi contents.

The case of CANBIC perovskites showed a reliable composi-
tional control provided by the developed HTP synthesis. The
actual Bi fractions were found to be very close to the nominal
values (set at the synthesis in precursors) for all Ag/Na ratios
tested in the “master” plate (ESL Table S1 and Fig. S5).
Similarly, the actual Ag/Na ratio grows almost linearly with
the nominal value showing no dependences on the Bi/In ratio.
The CI/M™ ratio was found to be between 5 and 6 for all
“master” samples, with Ag-rich samples showing relatively
larger ClI/M™ values closer to 6. The Cs/M™ rations were found
to be within the range of 1.9-2.2, following the Cs,M'M"'Clq
stoichiometry expected for elpasolites.

CANBIC - spectral properties and PL QY. The CANBIC
perovskites reveal broad-band PL in the visible spectral range
centered at 550-650 nm depending on the composition and
originating from the STE states.>*>> The emission color varies
from quasi-white to yellow to brown depending on the Bi and
Ag contents (ESI,¥ Fig. S6). The In-pure samples containing
both Ag and Na show no PL emission under the excitation at

M" = Sb+Bi M" = In+Sb

Sb/(Sb+In)

0.4

0,2 0.2 1,0

04 06 08
Ag/(Ag+Na)

04 0.6 038
Ag/(Ag+Na)

(a) Exemplary XRD patterns of Cs,(Ag,Na)(Bi,In)Clg perovskites for samples with Ag/(Ag + Na) fraction varied from 0 to 1.00 at Bi/(Bi + In) = 0.50

(upper part) and with Bi/(Bi + In) fraction varied from O to 1.00 at Ag/(Ag + Na) = 0.50 (lower part); (b)—(d) lattice parameter of Cs,(Ag,Na)M"'Clg
perovskites with M" = In + Bi (b), M" = Sb + Bi (c), and M"" = In + Sb (d) as a function of the M" and M' components. Maps in (b)—(d) are plotted by
interpolating and smoothing data from 48 samples for each M"' combination. The evolution of the lattice parameter is presented by colors changing from
blue to red with numerical values indicated as corresponding scales in (b)—-(d).
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365 nm, but emit PL when excited at 254 nm, indicating larger
bandgaps inaccessible for the 365-nm excitation, as shown in
Table S1 (ESIT). At the same time, the Na-pure samples with no
Ag show no PL emission under both excitations (ESI,T Fig. S6),
indicating that lattice distortions from the presence of both Ag
and Na are essential for the formation of the emissive STE states.

The absorption band edge of CANBIC perovskites shifts
from ca. 380 nm to 450 nm as the Bi/In ratio is increased from
1-2% to 100%. Analysis of the absorption spectra showed a
higher linearity of the absorption band edge plotted in the Tauc
coordinates for allowed indirect transitions (ESI,{ Fig. S7) as
compared with a similar transformation using the Tauc coor-
dinates for the direct transitions. The compositional variations
of the indirect bandgap are smooth with no noticeable extrema
and discontinuities (ESIL, Fig. S8 and Table S1).

The PL band maximum of CANBIC perovskites shows only a
minor shift, from ca. 580 nm to ca. 640 nm, when the Bi
fraction is increased by 4 orders of magnitude - from 0.01%
to 100% (Fig. 4(a)). Variations of the Ag/Na ratio also exert only
a limited effect on the spectral PL properties of CANBIC
perovskites (ESI,¥ Table S1). When observed for the entire
“master” plate, the PL maximum energy Ep;, shows gradual
changes without noticeable extrema, with the highest values
(2.10-2.15 eV) observed for Bi-pure compounds regardless of Ag
content, while the lowest Ep, values (below 1.9 eV) were found
for Bi- and Na-rich perovskites (Fig. 4(b)).

In contrast to the variations of spectral PL properties, the
compositional dependence of PL QY shows a rather sharp
extremum observed in a relatively narrow range of Bi contents
close to 1% but for a broad range of Ag/Na ratios, the PL QYs
exceeding 90% in this compositional “summit” (Fig. 4(c)). We
note that the position of the summit was identified by the HTP
screening by the “master” and a “focus” plates of CANBIC
samples, showing clear advantages of the developed HTP
approach over the conventional point-wise trials.

2.3 Binary plates: the cases of M™ = Bi + Sb and In + Sb

The synthetic algorithm described in the previous section for
CANBIC can be relatively easily extended to other M1 + M2

@ ~_Bi (%)

100

Ep (V) 1.95 1.99 2.02 2.05 2.08 2.12 2.15
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combinations, such as Bi + Sb and In + Sb with minimal
adjustments, yielding Cs,Ag,Na;_,Bi,Sb,_,Cls (CANBSC) and
Cs,Ag,Na, _,In,Sb, ,Cls (CANISC) perovskites, respectively. In
this way, two 48-sample “master” CANBSC and CANSIC arrays
were produced by the robot-assisted HTP setup using the same
synthetic protocol and control script. A schematic of the
combinatorial synthesis and the photographs of the final plates
are presented in Fig. 1(b) and (c), respectively. A summary of
the experimental data on the composition, structure, and
spectral properties of CANBSC and CANSIC “master” plates is
provided in ESIt (Tables S2 and S3, respectively).

2.3.1 CANBSC “master” plate. Recently we have reported
on the open-atmosphere synthesis of Ag-pure CABSC perovs-
kites with a Bi/In ratio varied from 0 to 1.00, showing a non-
additive compositional dependence of their bandgap on the Bi
fraction resulting in the band-bowing phenomenon.?® Here, we
extend the synthesis approach to the simultaneous variation of
M™ and M' components analogical to the above-discussed case
of CANBIC perovskites.

CANBSC - structure and composition. An EDX study of the
“master” CANBSC plate revealed Cs/M™ and Cl/M"" ratios to be
close to 2 and 5-6, respectively, for almost all samples (ESL¥
Table S2 and Fig. S9). These ratios are expected for the double
Cs,M"M"'Cl, stoichiometry with a small chloride deficiency
typically observed for the open-atmosphere RT synthesis
protocols.?***?® The deviations are, though, observed for Na-
rich (90-100% Na) and Sb-rich (75-100% Sb) compositions,
which show Cs/M™ = 1.7 and CI/M™ close to 4.5, typical for
double Cs;M™,Cl, salts.

The XRD measurements corroborate the conclusions made
from EDX data showing the Na- and Sb-rich samples to be
indeed dominated by the double salt phases (ESL* Fig. S10,
samples A1-A4 and B1-B4). In all other cases, the cubic double
perovskite phase is prevailing or solely present with the lattice
parameter changing linearly with the change of x and y
(Fig. 3(c)), indicating the formation of solid-solution perovskite
products.

The actual Bi/(Bi + Sb) fraction derived from EDX closely
matches the nominal values for all tested Ag/Na ratios (ESL,+
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(a) Exemplary normalized PL spectra of CANBIC perovskites with a nominal Ag fraction of 50% and varied Bi content y; (b) PL band maximum

energy Ep. of CANBIC perovskites in the “master” plate as a function of nominal Bi and Ag fractions; (c) compositional dependence of PL QY of CANBIC
perovskites built using PL spectra from “master” +"focus” plates (96 samples). The evolution of Ep in (b) is presented by colors changing from blue to red
with numerical values indicated in the corresponding scales on the figure top.
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Fig. $9) indicating a reliable control over the variable composi-
tion of the M™ component. At the same time, the actual
Ag/(Ag + Na) fraction was found to deviate to higher values
with respect to the nominal fraction for the Sb-enriched com-
positions with more than 50% Sb (ESL,t Fig. S9 and Table S2).
Overall, despite the presence of an additional phase of double
salts we still have a reliable control over the phase and
composition of the CANBSC perovskites in the major part of
the “master” compositional domain.

CANBSC - spectral properties. As we reported recently, the
Ag-pure CABSC perovskites reveal a band-bowing effect showing
lower indirect bandgaps for intermediate Bi/Sb ratios as compared
to Bi-pure and Sb-pure compounds.®® By inspecting the CANBSC
“master” plate in the present work we found this phenomenon to
be general for the samples with variable M' compositions. As an
example, Fig. 5(a) presents a set of absorption spectra of CANBSC
perovskites with 80% Ag and a variable Sb content that shows the
lowest bandgap of ca. 2.7 eV for the sample with 75% Sb, while the
Bi- and Sb-pure samples reveal bandgaps of ca. 2.8 eV and 2.9 eV,
respectively. At that, the variation of the Bi/Sb ratio does not result
in any noticeable changes in the shape of the absorption band.

This band-bowing trend was found to be general for
all tested Ag/Na variations resulting in the compositional
dependence of the indirect bandgap demonstrated in
Fig. 5(b). For all Ag/Na variations, the minimal bandgap was
observed for Sb-enriched mixed compounds with 75-90% Sb
(see also Table S2 in ESIf). At that, the increase in the Ag
fraction at a constant y is accompanied by an ordinary and
expected monotonous decrease of the bandgap with no special
bowing effects.

The band-bowing effect can originate from multiple factors,
including a local disorder induced by the random mixing of
Bi** and Sb*" cations having different radii,>>"®
from electronic factors, in particular, from the non-equivalent
contribution of Bi** and Sb*" into the formation of the valence
band maximum (VBM) and conduction band minimum
(CBM).>”*® since for double perovskites, both M™ and M’
variation are expected to affect the orbital VBM/CBM
composition,>”*® the present results show a promising route
to a fast screening of band-bowing-prone compositional
domains to locate the global bandgap minimum.
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We note that the density functional theory (DFT) calcula-
tions of the compositional bandgap dependence of CABSC
perovskites typically show a monotonous bandgap evolution
with varying Bi/Sb ratio®”° and the band-bowing effects
observed experimentally can only be derived from DFT when
spin-orbit coupling effects were taken into consideration.>
Such calculations are very demanding on the computational
power and have not been adapted to a high-throughput regime
so far. In this situation, the present HTP screening methodology
seems to be the best available solution to search for the band-
bowing effects in the M™-mixed double halide perovskites.

In contrast to CANBICs, CANBSC samples are mostly non-
luminescent under the excitation at 365 nm with the PL
emission observed only for the Bi-pure samples with non-zero
silver contents and, as an exception, for a single mixed CANBSC
sample with 10% Ag and 10% Sb (ESI,} Fig. S11).

2.3.2 CANISC “master” plate. Similar to the above case of
M1 + M2 = Bi + Sb, the In + Sb pair can be introduced at variable
ratios into the M™ position of double chloride perovskite using
the same open-environment HTP synthesis protocol yielding
the “master” arrays of Cs,Ag,Na,_,In,Sb; ,Cls samples that
cover the entire range of x and y variations.

The outcomes of EDX/XRD characterization of the CANSIC
plate are similar to those collected for the CANBSC perovskite
array. In particular, the Na, Sb-rich samples with x < 0.10 and
y < 0.25 show the Cs/M™ and CI/M™ ratios close to 1.5 and 4.5,
respectively, indicating the predominant formation of double
Cs;M™,Cl, salts (ESI, Table $3 and Fig. $12). This conclusion
is supported by XRD showing the presence of double salts in
this compositional domain (ESL Fig. S13, samples A1-A3 and
B1, B2). The rest of the samples show typical cubic perovskite
symmetry with the lattice parameter changing linearly with
the compositional variations (Fig. 3(d)), indicative of the for-
mation of the single-phase solid solutions. The actual In/Sb and
Ag/Na ratios are very close to the nominal ones showing a
reliable control over the M' and M™ components (ESI,t
Fig. S12).

In contrast to CABSC perovskites, the CANISC array does not
show any indications for the band-bowing effects in absorption
spectra demonstrating a gradual decrease of the indirect band-
gap with growing antimony content (ESI,T Fig. S8).

Bandgap (eV)

FAN| o
., 00700 o

(a) Exemplary absorption spectra of Cs,(Ag,Na)(Bi,Sb)Clg perovskites 80% Ag and varied Sb content, presented in the coordinates of the Tauc

equation for indirect allowed interband transitions. (b) and (c) Compositional dependences of the indirect bandgaps of CANBSC (b) and CANIBSC (c)

perovskites.
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The CANISC samples were found to be mostly non-
luminescent under the excitation at 365 nm with a single
exception of relatively bright PL emission for a sample with
100% Na and 10% Sb (ESLT Fig. S11). The appearance of a
single emissive sample, which was reproduced for several
consecutive HTP syntheses, provides an additional argument
in favor of the proposed HTP screening approach that can be
very instrumental in revealing non-additive properties of dou-
ble perovskites with mixed M' and M™ sites, especially those
showing in a relatively narrow range of compositions.

2.4 Ternary plates: the case of M™ = In + Bi + Sb

The almost ideal mutual miscibility of three pairs of cations,
Bi + In, Bi + Sb, and In + Sb, on the M™ site of double chloride
perovskites served as an inspiration for further increase of the
complexity of the elpasolite systems scrutinized by the current
HTP screening.

To realize ternary In + Bi + Sb mixing on the M site we fixed
the nominal silver content at 70% and instead varied In content
along the shorter axis of the Eppendorf plate as discussed above
in the introductory part. Such HTP synthesis yielded a “master”
plate of Cs,(Ag,Na)In,(Bi,Sb;_,);_,Cls (CANIBSC) perovskites
(Fig. 1(c)) with Bi/Sb ratio changing from 0 to 1.00 along the
larger plate axis and In/M™ fraction varied from 0 to 0.95 along
the smaller plate axis. A summary of the characterizations of the
CANIBSC sample array is presented in ESIT (Table S4).

CANIBSC - composition and structure. An XRD study of
CANIBSC perovskites showed them as single-phase cubic
perovskites in the entire tested compositional domain with
no appreciable admixtures of other phases (ESI, T Fig. S14). The
lattice parameter of CANIBSC perovskites was calculated using
Rietveld refinement of the XRD patterns and evolves linearly
with the variations of the Bi/Sb and In/M"™ ratios (Fig. 6(a)),
indicating the formation of single-phase solid solutions.

An EDX inspection showed the Cs/M™, Cl/M™ (ESI,t Table
S4), and MYM™ (ESI,} Fig. S15, left panel) ratios to be close to
2.0, 5.5-6.0, and 1.0 in all cases indicating the double perovs-
kite Cs,M'M""Cl, stoichiometry of the final products.

The actual fractions of In/M™ and Bi/(Bi + Sb) derived from
EDX data (Fig. 7(a) and (b)) are close to the nominal values

View Article Online
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showing a reliable control over the composition of the ternary
M™ component. The Ag fraction was found to be generally close
to the nominally set value of 70% with positive deviations up to
0.8-0.9 observed for In- and Bi-poor compositions (Fig. 7(c) and
ESLT Table S4). SEM inspection of the CANIBSC perovskites
(data available but not shown) revealed them to be microcrys-
talline powders with no noticeable trends in the morphology
observed for different compositions.

Summarizing the structural characterization of the CANIBSC
plate we note that the present results show the feasibility of the
synthesis of double chloride perovskites with three different
metals on the M™ site and a mixed M' site while maintaining
reasonably confident control over the stoichiometry and phase
composition.

In total, six different metals - Cs, Ag, Na, In, Bi, and Sb, are
introduced simultaneously and at different proportions into
single-phase cubic perovskites produced within the same HTP
synthesis protocol. As such, the present system illustrates the
potential of the proposed HTP screening approach allowing the
complexity of the composition to be relatively easily elevated to
seven constituents with further variations possible, such as
the design of more complex M' sites and/or anion-exchange-
driven transformations like those reported by us for CABSC
perovskites.>® These variations are expected to yield new
high-entropy materials with non-additive properties which can
hardly be predicted from the properties of individual compo-
nents and require the HTP screening approach to be found and
evaluated.

In contrast to the expectations based on general experience,
the high-entropy alloying was found to yield materials with
increased stability as compared to individual components,
resulting from overcoming the mixing enthalpy barriers.®®°!
A combination of strong lattice disorder with a high short-
range ordering allows new functional properties to be expected
from the high-entropy materials, including piezoelectric, ther-
moelectric, photoelectric, and other effects, uncharacteristic for
similar materials of lower complexity. Typically, studies of high-
entropy materials are focused on metal alloys combining five or

more components, but the focus gradually shifts to metal
60,61

compounds, including halide perovskites.
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To evaluate the complexity state reached in the present
report we calculated the configurational entropy AScons as a
measure of the disordering degree along the approach devel-

oped for high-entropy metal alloys as ASconr = —R év: x; In x;,%*

i=1
where R is the universal gas constant (8.314 J (mol K)™ ), N is
the number of metal elements in the perovskite, and x; is the
molar fraction of metal i. As generally accepted, the materials
with AS.ons = 1.5R are referred to as high-entropy materials,
while the compounds with 1.0R < AScons < 1.5R and AS¢ons <
1.0R are considered medium-entropy and low-entropy materi-
als, respectively.®!

The CANIBSC perovskites showed AS..n¢ values between
1.2 and 1.3 (ESL{ Table S4) categorizing them as medium-
entropy materials. Therefore, further elevation of complexity is
required to enter the domain of high-entropy materials, which
can be realized in the frame of the proposed HTP screening by
extending the combinatorial synthesis to other combinations of
M', M" as well as to alloying on A' and X sites, currently
occupied by Cs and Cl.

CANIBSC - spectral properties. Analogous to CANBIC and
CANBSC perovskites, the CANIBSC family shows continuous
absorption bands with no distinct maxima, which can be
linearized in the Tauc coordinates for allowed indirect
transitions with linear band edge sections large enough for
reliable bandgap calculations (see summary in ESI,1 Table S4).

All CANIBSC perovskites were found to show the band-
bowing behavior typical for CANBSC compounds, which gradu-
ally becomes less distinct as the Indium fraction is elevated from
0 to 95% (Fig. 5(c)). At that, the range of Bi/Sb ratios corres-
ponding to minimal bandgaps remains roughly unchanged with
the In variations and similar to that of binary CANBSC perovs-
kites (Fig. 5(b)). In this sense, Indium acts as a modifier of the

This journal is © The Royal Society of Chemistry 2024

band-bowing behavior of Bi/Sb perovskites, not disrupting the
band-bowing trend but increasing generally the absolute values
of bandgaps as Indium content is increased.

When excited at 365 nm, the CANIBSC perovskites were
found to be mostly non-luminescent with the exceptions of Bi-
pure compounds and a small “island” of Sb-poor compounds
(ESL* Fig. S11).

118

2.5 Ternary plates: the case of M™ = Fe + Bi + In

Recently we have reported a series of double Cs,(Ag,Na)-
(Fe,In)Cls (CANFIC) perovskites produced using an open-
atmosphere RT approach similar to that applied earlier to
CANBIC and CABSC perovskites.”® Indium was found to act
as a ‘“catalyst” that induced the formation of cubic CANFIC
perovskites even when present at very small amounts, 0.5-
1.0%, while no single-phase products could be produced in
the absence of In®". In the present work, we further develop this
approach showing that a similar structure-dictating effect can
also be observed for Bi*" additions.

Structure-directing role of Bi**. The precipitation of Cs,(Ag,-
Na)FeClg with 100% Fe on the M™ site results in the formation
of a partially amorphous multi-phase product (ESI, T Fig. S16a).

The situation changes dramatically in the presence of even
small amounts of Bi**. The precipitation with 5 mol% Bi**
yields highly crystalline products with polygonal grains (ESL
Fig. S16b) showing a well-defined XRD pattern of a cubic
double perovskite with no other phases detectable. The actual
Cs/M™, CcI/M™, and Ag/(Ag + Na) fractions identified by EDX
(data available but not shown) are close to 2.0, 6.0, and 0.5,
following the expected stoichiometry.

Similar to the case of In®',>* a further increase in the Bi
content from 5% to 100% results in a series of cubic perovskite
solid solutions with a correspondingly evolving lattice parameter
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(ESLt Fig. S16c) and absorption band edge shifting to lower
wavelengths as the fraction of Bi is increased (ESL,1 Fig. S16d).

“Master” and “focus” Fe + Bi + In plate - structure and
composition. Profiting from the capability of both In*" and Bi**
to stimulate independently the formation of single-phase cubic
iron-based double perovskites we developed a synthetic
approach allowing all three metals, Fe, Bi, and In, to be
combined on the M"™ site while still retaining the single-
phase solid-solution perovskite structure of the products. This
approach is very similar to that used for the synthesis of the
above-discussed In + Bi + Sb ternary samples, only with a
considerably larger concentration of HCl requiring the
synthesis to be performed in a closed-ventilated environment
(see ESIt for more details of the synthesis).

The “master” array of Cs,Ag(Na)Fe,(BijIn,_y);_,Cls (CANF-
BIC) was synthesized by varying the Bi/In ratio from 0 to 1.00
along the longer axis of the Eppendorf plate while increasing
the Fe/(Fe + Bi + In) fraction from 0 to 0.95 along the shorter
axis. A summary of the structural and spectral properties of the
“master” set is provided in ESIt (Table S5). Considering the
strong effect that small amounts of both Indium and Bismuth
exert on the structure of the final iron-based products, another
“focus” array of samples was prepared to target the specific Fe/
M™ range of 95.0-99.5%.

In both cases, the samples for structural and spectral
characterization were produced by drop-casting from 2-propanol,
suspensions followed by solvent evaporation under ambient con-
ditions. At that, the relative humidity (RH) of the environment
during the solvent evaporation was found to considerably impact
the stability of the “focus” samples while having no notable
influence on the stability of the “master” sample plate. In parti-
cular, the “focus” samples kept for the evaporation at RH = 60%
showed clear signs of the decomposition of some of the iron-rich
samples visible by characteristic color changes, which were con-
siderably less pronounced when the evaporation was performed at
RH = 15% (ESL Fig. S17). For this reason, we adopted RH = 15%
for the preparation of all samples of the iron-based perovskites.
After complete solvent evaporation, both “master” and ‘“focus”
samples retain prolonged stability (months) regardless of the
environmental humidity when kept at RH under 70%.

An XRD inspection of the “master” plate showed all the
CANFBIC samples to be single-phase cubic perovskites
(see exemplary powder XRD profiles in Fig. 6b as well as the
whole set of diffractograms in Fig. S18, ESIT). Only some of the
samples with the intermediate Iron content (D6-D8 in Fig. S18,
ESIT) showed a lower crystallinity and small phase admixtures,
the reason for which is not clear at the moment.

The lattice parameter of the CANFBIC perovskites calculated
by Rietveld refinement of the powder XRD patterns showed a
linear variation with both the Bi/In ratio and relative Iron
content (Fig. 6(c)) indicating that the products were single-
phase solid solutions.

An XRD inspection of the “focus’” CANFBIC plate indicated
most of the samples to be cubic double perovskites but also
revealed an “instability island” for the Iron- and Bismuth-rich
samples (ESL i Fig. S19, samples D6-D8, E6-E8, and F7, F8).
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These samples show color signs of decomposition closely
matched by the corresponding XRD patterns showing the
presence of a mixture of phases instead of the cubic perovskite
motif typical for the rest of the CANFBIC samples (marked by a
blue contour in Fig. S19, ESIt). Again, the origins of the
instability of the samples in this compositional domain, which
is reproducible in many syntheses, are unclear and require a
dedicated study.

An SEM study of the “master” CANFBIC set (ESI,T Fig. S20)
showed all the products to be loosely aggregated microcrystals
that reveal a clear trend for the increase of the grain size with
increasing iron content. The “master” samples with the max-
imal iron content (95%) contain crystals with a size above
10 pm, some of the grains growing as large as 30-40 pm with
well-defined polygonal shapes.

An EDX survey of the “master’” sample array showed a very
close correspondence between nominal Fe/M™ and Bi/(Bi + In)
fractions and actual fractions found in the corresponding
samples (Fig. 7(d) and (e)), attesting to a precise control over
the composition of the M™ component of the CANFBIC per-
ovskites. The actual Ag/(Ag + Na) ratio was found to be close to
50% for most of the samples, showing higher values only for Fe-
poor samples (at Fe/M™ < 0.10, see Fig. 7(f) and Table S5 in
ESIT). The ratios of Cs/M™, CI/M™, and M'/M™ are generally
close to 2.0, 6.0, and 1.0, respectively for all tested samples
(ESL{ Fig. S15, right panel, and Table S5) showing that the
CANFBIC perovskites have the desired stoichiometry of double
perovskites.

“Master” and ‘“focus” Fe + Bi + In plate - spectral properties.
Analogous to the recently reported binary CANFIC perovskites,
the ternary CANFBIC compounds show continuous absorption
spectra with the edge spanning over the entire visible range
depending on their compositions. The absorption edge can be
linearized in the Tauc coordinates for allowed indirect electron
transitions allowing the indirect bandgap to be evaluated from
the absorption spectra (see E, summary in Fig. 8(a) and ESI,}
Table S5).

The variation of the Fe/M
effect on the position of the absorption band edge as exemplified
in Fig. 7(b) for a fixed Bi/(Bi + In) fraction of 50%. The absorption
edge shifts from ca. 420 nm for CANBIC to ca. 620 nm for
CANFBIC with 95% Iron, while variations of Bi/In ratio have only
a marginal effect on the absorption band position at such high
Iron content (Fig. 8(c)). As the bandgap shift is dominated by the
variations of Fe/M" the compositional E, “map” shows a
monotonous decrease from the Fe- and Bi-poor samples to Fe-
and Bi-rich samples (Fig. 8(a)), with the minimal bandgap in the
“master” plate being 1.91 eV (x = 1.00, y = 0.95, Table S5 in ESIT).

A further shift of the bandgap to lower values was achieved
in the “focus” CANFBIC sample array with the iron content
varied between 95.0% and 99.5%. The compositional “map” of
indirect bandgaps (Fig. 8(d)), as well as bandgap dependences
on the Bi/In ratio plotted for specific iron contents in Fig. 8(e),
show a band-bowing behavior, with the bandgaps of Bi/In-
mixed compounds being lower than the bandgaps of Bi-pure
or In-pure perovskites. In the case of 99.5% Fe, the band-

I ratio exerts the most decisive

This journal is © The Royal Society of Chemistry 2024
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corresponding scales. (b), (c) Absorption spectra of CANFBIC perovskites produced at different Fe/M" ratios with constant Bi/(Bi + In) fraction of 0.50 (b)
and at different Bi/(Bi + In) ratios with constant Fe/M'" fraction of 0.95 (c). (f) The absorption spectrum of the “champion” CANFBIC perovskite with the
lowest bandgap. (g) Photographs of a section of the “focus” CANFBIC plate corresponding to Fe/M" = 99.5% and Bi/(B + In) varied from O to 1.00 directly
after the perovskite synthesis and after 10 months of open-shelf storage (ambient conditions, RH ca. 50%, in the dark). The “champion” sample is marked

with a dashed rectangle. M" = Fe + Bi + In.

bowing effect can be attributed to the above-discussed instabil-
ity of the samples observed by visual inspection and XRD.
However, the band-bowing behavior is also observed for stable
single-phase samples with lower iron contents, down to 97.0-
97.5% (Fig. 8(d)). This observation indicates that the band-
bowing effect is inherent for this compositional domain of
CANFBIC perovskites similar to the above-discussed binary Bi +
Sb and ternary In + Bi + Sb perovskites.

A”’champion” CANFBIC sample, in terms of the lowest
bandgap, was found for 99.5% Fe and a Bi/(Bi + In) fraction
of 0.50. This sample showed an indirect bandgap of 1.64 eV,
corresponding to an absorption edge at ca. 700 nm tailing down
to 900 nm (Fig. 8(f)). This is the lowest bandgap observed for
chloride double perovskites in our experiments so far, and it
falls into the range typical for lead-based perovskite PV absor-
bers, such as methylammonium lead iodide (1.56 eV) or bro-
mide (2.30 eV).>® At the same time, this value is observed for a
chloride compound, indicating a strong decrease in the energy
of ligand-to-metal electron transition in CANFBIC perovskites
as compared to FeCls, probably, due to a large delocalization of
the charge carriers in such perovskites. Currently, we pursue
the aim of producing optically transparent CANFBIC films that
could be used to test the PV activity of these compounds.

It should also be noted that the single-phase CANFBIC
samples show high stability toward ambient humidity. This
stability is illustrated by no changes observed in the color and

This journal is © The Royal Society of Chemistry 2024

the absorption spectrum (Fig. 8(g)) as well as in XRD patterns
(data not shown) of the ‘“champion” CANBIFC compound with
99.5% Fe and Bi/(Bi + In) = 0.50 after a long storage (about 10
months) in open ambient conditions.

3 Conclusions

A high-throughput screening of lead-free double chloride per-
ovskites Cs,M"M"'Cl is presented, combining open-environ-
ment combinatorial robot-assisted synthesis with high-
throughput structural and spectral characterizations. The
screening yielded ca. 350 elpasolite compounds combining
Ag" and Na* on the M' site and featuring two (Bi + In, Bi +
Sb, and In + Sb) or three (In + Bi + Sb and Fe + Bi + In) metal
cations on the M™ site.

The automated approach allows various M™ combinations to
be screened using generally the same synthesis routine, scheme
of precursor preparation, and robotized platform with minimal
adjustments required to adapt for new M combinations. By
equalizing the reactivity of different M™ species in precursors,
arrays of double perovskite samples with M™ = Bi + In (CANBIC),
M™ = Bi + Sb (CANBSC), and M"™ = In + Sb (CANISC) were
produced including 48 single-phase microcrystalline samples
per array with the fractions of M' and M™ components inde-
pendently varied from 0 to 100%. This procedure was further

J. Mater. Chem. C, 2024,12, 8705-8718 | 8715
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expanded to ternary cation combinations on M
fixed nominal Ag/Na ratio. In this way, two 48-sample arrays of
cubic double perovskites were produced with M™ = In + Bi + Sb
(CANIBSC) and M™ = Fe + Bi + In (CANFBIC) with all samples
showing a single-phase solid-solution character with reliably
controlled ratios of the M components. We note that the
combination of three metal cations on the M™ sites of double
halide perovskites has not been reported so far.

The automated synthesis routine is flexible allowing the
range of M' and M" variations to be varied by adjusting the
component ratios and concentrations in the precursors while
using the same automated routine to focus on specific compo-
sitional domains with a higher resolution. This approach was
applied for the CANBIC system to focus on the most lumines-
cent samples with Bi content ranging between 0 and 2% as well
as for the CANFBIC system to vary the iron content between
95.0% and 99.5%.

The structural characterization of the produced families of
samples revealed reliable compositional control over the stoi-
chiometry of the products, very similar morphology for the
samples within the arrays as well as monotonous changes of
the lattice parameters indicating the formation of solid-
solution compounds in the entire range of possible composi-
tions. At the same time, the spectral characterization revealed a
series of non-additive properties, including a ‘“volcano’-shape
of the dependence of PL QY of CANBIC perovskites on Bi/In and
Ag/Na ratios as well as a band-bowing behavior of the bandgap
for CANBSC perovskites with Bi and Sb alloyed at the M™ sites.

For the CANBIC family, the HTP screening revealed a broad
“high-efficiency-PL island” where PL QY exceeds 90%, at Bi
fractions of 0.2-2.0 mol% and silver fractions ranging from 20
to 80 mol%.

In the case of the CANBSC family, the band-bowing effects
were found to peak at Sb/(Bi + Sb) ratios of 0.75-0.90 for all
tested Ag/Na ratios. The more complex CANIBSC perovskites
combining In, Bi, and Sb on the M™ site were found to inherit
the band-bowing behavior from the parental CANBSC family
showing similar compositional E, dependences, the minimal
values observed at Sb/(Bi + Sb) of ca. 0.75.

By profiting from a structure-directing effect of In*" and Bi**
cations that drive the Cs-Ag-Na-Fe-Bi(In)-Cl system to the
exclusive formation of single-phase cubic double perovskites,
a new family of elpasolites was produced combining Fe, Bi, and
In on the M™ site while retaining single-phase character for a
broad range of iron content spanning from 0 to 95%. Such Fe-
based chloride elpasolites combining three metals on the M™
site have not been reported before.

A domain of Fe-richer compositions was also assessed by
producing the CANFBIC family with iron content ranging from
95.0 to 99.5%. A large “stability island” was found in this range
extending as far as 99.5% of Fe and 75% Bi in the Bi + In
component with unprecedentedly low bandgaps. The indirect
bandgap of 1.64 eV was found for a CANFBIC sample with
99.5% iron and Bi/(Bi + In) ratio of 0.50, which is probably the
lowest bandgap value reported so far for a chloride double
perovskite.
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Evaluations of the configurational entropy of CANIBSC and
CANFBIC perovskites with ternary M"™ sites showed them to fall
into the category of medium-entropy alloys, outlining the
perspectives of the automated screening to reach the domain
of high-entropy compounds by further increasing the composi-
tional complexity of other crystallographic positions.

The HTP screening approach reported here is universal and
can be further extended to new combinations on M' and M™
sites with minimal technical modifications. Adaptation of the
anion-exchange procedures, similar to those reported by us for
CABSC perovskites,”® to the regime of automated synthesis is
expected to expand the applicability of the present HTP proce-
dures and allow lower-bandgap bromide and iodide perovskite
as well as perovskite-inspired derivatives of chloride elpasolites
to be subjected to the automated screening to discover non-
additive properties and target new materials promising for PV
applications.
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