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ABSTRACT: Antisolvent crystallization methods are frequently
used to fabricate high-quality metal halide perovskite (MHP) thin
films, to produce sizable single crystals, and to synthesize
nanoparticles at room temperature. However, a systematic
exploration of the effect of specific antisolvents on the intrinsic
stability of multicomponent MHPs has yet to be demonstrated.
Here, we develop a high-throughput experimental workflow that
incorporates chemical robotic synthesis, automated character-
ization, and machine learning techniques to explore how the choice
of antisolvent affects the intrinsic stability of binary MHP systems
in ambient conditions over time. Different combinations of the
end-members, MAPbI;, MAPbBr;, FAPbI,;, FAPbBr;, CsPbl,, and
CsPbBr; (MA, methylammonium; FA*, formamidinium), are used to synthesize 15 combinatorial libraries, each with 96 unique
combinations. In total, roughly 1100 different compositions are synthesized. Each library is fabricated twice by using two different
antisolvents: toluene and chloroform. Once synthesized, photoluminescence spectroscopy is automatically performed every S min
for approximately 6 h. Nonnegative matrix factorization (NMF) is then utilized to map the time- and compositional-dependent
optoelectronic properties. Through the utilization of this workflow for each library, we demonstrate that the selection of antisolvent
is critical to the intrinsic stability of MHPs in ambient conditions. We explore possible dynamical processes, such as halide
segregation, responsible for either the stability or eventual degradation as caused by the choice of antisolvent. Overall, this high-
throughput study demonstrates the vital role that antisolvents play in the synthesis of high-quality multicomponent MHP systems.
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B INTRODUCTION

Considerable research attention has focused on metal halide
perovskites (MHPs) over recent years because of the
combination of exceptional optoelectronic properties and low
fabrication cost, making them ideal candidates for a variety of
applications, such as solar cells,’ photodetectors,” ionizing
radiation sensors,”* and light-emitting diodes.>® Even so, the
development of MHPs for commercialization must overcome
an obstacle, namely stability in the pure or device-integrated
form.”® Overcoming adverse effects stemming from external
stimuli can be minimized or avoided by utilizing established
encapsulation techniques and device engineering.” " Simulta-
neously, another strategy is to improve the intrinsic stability by
cation and/or halide alloying to synthesize multicomponent
MHPs.">~"* A multitude of studies have demonstrated how
the incorporation of other cations, particularly cesium (Cs*)"
and formamidinium (FA*)'® into methylammonium (MA)
systems, leads to improved stability in ambient and operational
conditions. Mixing halides, such as bromine (Br7),"” iodide
(I7), and chlorine (CI7)," has also proven to be an effective
strategy toward stable perovskite materials.
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Antisolvent crystallization is an efficient solution-based
method to produce high-quality perovskite thin films, to
synthesize high-quality single crystals,'® and to fabricate
nanoparticles at room temperature.'® Simply, this approach
requires the rapid application of the antisolvent to a perovskite
solution, and the antisolvent then extracts the solvent, leading
to the fast supersaturation of the perovskite precursor and
subsequent precipitation. Many studies have focused on the
investigation of antisolvents, including the types, volumes, and
the mixture of solvents.”® For example, Sakai et al.
demonstrated that dropping toluene on the perovskite
precursor deposited film during spin-coating can enhance the
early stages of nucleation and grain growth, depending on the
chemical composition of the precursor solution.”’ Wang et al.
postulated that the use of chlorobenzene mixed with isopropyl
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Figure 1. (a) Schematic of the experimental workflow utilized for the exploration of 15 combinatorial libraries of MHPs. We utilize robotic
synthesis to fabricate a library twice with two different antisolvents: toluene and chloroform. Photoluminescence (PL) spectroscopy is automatically
performed next. Finally, we utilize machine learning to effectively map characteristic PL behaviors onto composition regions. (b) List of all
combinatorial libraries that were chosen from combinations of the six end-members.

alcohol removes residual chlorobenzene, therefore increasing
the grain size of the perovskite film and drop in defect
density.””

To date, much of these investigations have utilized manual
trial-and-error approaches to decide which antisolvent is
applicable for a particular perovskite system. Recently,
automated experimentation has proven to accelerate this
trial-and-error process through synthesis™>™>° and full device
preparation workflows.””** We have also previously reported
the development of a workflow for materials discovery utilizing
both automated synthesis and machine learning.”” However,
the number of groups utilizing these workflows to explore
antisolvent engineering is small. Gu et al. utilized a robot-based
high-throughput workflow to screen antisolvents on single-
component MHPs.”* By testing 48 different organic ligands as
antisolvents and three commonly used solvents—dimethyl
sulfoxide (DMSO), y-butyrolactone (GBL), and N,N-dime-
thylformamide (DMF)—they explored how the choice of
solvent and antisolvent affects the formation of microcrystals.
As shown in another high-throughput study screening
antisolvents by Manion et al.,, the quality of thin films can be
predicted by analyzing these formations.”” While both high-
throughput studies focus on the effect of antisolvents on single
end-member systems, studies exploring the effect of antisolvent
engineering on multicomponent MHP systems is limited, and
none have explored the intrinsic stability of these binary
systems in ambient conditions. Determining the intrinsic
stability of a composition is a crucial step in developing a stable
and efficient device for applications.

Here, we utilize our previously reported workflow™ to
explore how the choice of antisolvent affects the photo-
luminescent (PL) behavior, and therefore stability, of multi-

9

component MHPs over time in ambient conditions. With the
use of a pipetting robot, we synthesize 15 different binary
perovskite systems, also referred to as a combinatorial library,
twice utilizing two different solvents: toluene and chloroform.
Overall, roughly 1100 unique perovskite compositions were
synthesized. Next, photoluminescence (PL) spectroscopy is
performed on each combinatorial library in ambient conditions
for approximately 6 h. Finally, through the incorporation of
multivariate statistical analysis, specifically nonnegative matrix
factorization (NMF), we map the time- and compositional-
dependent PL behavior of each combinatorial library. Through
the usage of this workflow for each combinatorial library, we
characterize the intrinsic stability for each system in a specific
antisolvent, helping guide future experiments done elsewhere.

B RESULTS AND DISCUSSION

We utilize a workflow™ established by our group for the rapid
synthesis and characterization of MHPs that combines
combinatorial synthesis and rapid throughput PL measure-
ments. Further, we adopt a multivariate statistical analysis to
explore the variability of the optical band gap and PL
properties over time across the compositional space. A
schematic of the workflow used is shown in Figure la.

In this study, we explore 15 different multicomponent MHP
binary systems as shown in Figure 1b. Our chosen end-
members are MAPbI;, MAPbBr;, FAPbL;, FAPbBr;, CsPbl;,
and CsPbBr;. Synthesis details of the end-member solutions
are provided in the Supporting Information and Tables S1 and
S2. We chose common solvents for each end-member, such as
dimethyl sulfoxide (DMSO), y-butyrolactone (GBL), and
N,N-dimethylformamide (DMF), to dissolve each precursor.
In each combinatorial library, there are 96 unique
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Figure 2. Double cation lead iodide system, MA,FA,_ Pbl,. (a) Initial PL behavior when toluene is used as the antisolvent. (b—d) Loading maps

for (b) FAPbIyrich compositions, (c) solid solutions of FAPbI,

and MAPbI;, and (d) MAPbI;rich compositions, respectively. (e—g)

Characteristic PL behaviors for (e) FAPbl;-rich compositions, (f) solid solutions of FAPbI; and MAPbL;, and (g) MAPbI,-rich compositions,
respectively. (h) Initial PL behavior when chloroform is used as the antisolvent. Similar to NMF decomposition for the toluene data set (i)—(k)
and (1)—(n) are the (j, j, k) loading maps and (I, m, n) characteristic PL behaviors for FAPbI,-rich compositions, solid solutions of FAPbI, and

MAPbDI;, and MAPbI;-rich compositions, respectively.

compositions, meaning that roughly 1100 unique compositions
were synthesized. We then utilize an antisolvent approach to
precipitate microcrystals.”>' Commonly used antisolvents
documented by other works are classified into two categories:
halogenated (chlorobenzene® and chloroform®') and non-
halogenated (toluene,'” anisole,® diethyl ether,”* and ethyl
acetate35). Here, we chose to utilize two antisolvents,
chloroform and toluene, as they represent each category and
because these antisolvents are heavily used in the production of
high-quality MHPs. Because we use two antisolvents, each
combinatorial library is synthesized twice, and therefore, in this
study, roughly 2880 different microcrystal samples in total
were synthesized and characterized, only taking approximately
270 h.

First, utilizing a programmable pipetting robot (Opentrons;
https://opentrons.com/) and employing classical 96-well
microplates, we create the combinatorial libraries. We control
the composition of each well by programming the robot to
pipet the desired quantity of the end-member solution. After
the deposition of the end-member solutions, the antisolvent is
pipetted into each well. The formation of microcrystals is
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apparent by the color change that occurs immediately upon the
addition of the antisolvent. For this study, we selected a fine
grid of data points with each composition only being 1 or 2%
different because we did not utilize an iterative approach in this
study since noticeable differences in PL behavior occur with
small compositional changes. Details of the synthesis and
photographs of selected microplates are provided in the
Supporting Information (Figure S1).

To characterize composition-dependent optoelectronic
properties, we utilize an automated multimode well plate
reader with the capability to perform photoluminescence
spectroscopy. Details of these measurements are provided in
the Supporting Information. By studying the evolution of
optical properties, we extract information regarding dynamical
processes related to MHP formation, ionic movement, phase
changes, and degraldation36_38 to characterize the intrinsic
stability of MHPs in ambient condition. While other common
methods, such as X-ray diffraction (XRD)***’ and UV-vis
absorption spectroscopy,”®*” can also be used to explore the
intrinsic stability of MHPs, here, we utilize PL spectroscopy
because it can be easily incorporated into automated
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workflows. We can measure the PL spectra of 96 compositions
in roughly S min. We repeat this measurement for
approximately 6 h to obtain a time- and composition-
dependent data set for each combinatorial library.

To effectively map the time- and composition-dependent PL
properties and stability relationships concurrently, we adopt a
multivariate statistical approach, in particular, nonnegative
matrix factorization (NMF).”” NMF also allows for the
efficient extrapolation of material properties or chemical
reactions with large data sets, such as a large number of
compositions or measurements. Here, the entire data set,
L(x,,A,t), is analyzed via the decomposition

L(x, Vs 4, t) = Z Li(x' J’) gi(’?': t)

i=1

where L,(x,y) are the loading maps, representing the variability
in PL behavior across the compositional space, and g;(4,t) are
the end-members that determine characteristic behaviors in the
time-spectral domain. Here, the loading maps are a 1D plot in
which the x-axis represents compositional change and the y-
axis is the intensity, indicating if the end-member applies to the
composition; ie., low intensity, the end-member is less
applicable. End-member maps are 2D plots, demonstrating
how the characteristic PL behavior changes over time. For a
majority of the binary systems, three components (N = 3) were
chosen by visual inspection as it most accurately describes each
binary system. We provide a more in-depth discussion of this
selection process in the Supporting Information and Figure S2.
Overall, the utilization of NMF here allows for visual
description of PL behavior evolution of broad compositional
regions of each system. The evolution of PL behavior provides
insight into the intrinsic stability of these compositional
regions. A composition is defined qualitatively stable if we do
not observe the formation of secondary peaks, shifts in peak
positions, or the complete disappearance of the peak as these
changes indicate complex, dynamical processes, such as halide
segregation, phase separation, or degradation.

As mentioned previously, the effect of an individual
antisolvent, either toluene or chloroform, for crystallization
was explored by characterizing a total of 15 combinatorial
libraries, each containing 96 unique compositions. For each
plate, we have a time- and composition-dependent data set by
automatically measuring the PL over time. Both the data files
and code utilized for this study are posted publicly on GitHub
(https://git.io/JCLC7). While all combinatorial libraries are
fully explored in the Supporting Information (Figures S3—
S17), here, we focus on only four combinatorial libraries: a
mixed cation system, MA FA, ,Pbl;, a mixed halide system,
MAPb(IBr,_,);, and two mixed cation and mixed halide
systems, MA,Cs,_,Pb(I,Br,_,); and MA,Cs;_,Pb(Br,I,_,);.

First, we begin with the exploration of the initial PL behavior
of the mixed cation system, MA, FA,_,Pbl;, as shown in Figure
2a,h. Regardless of the antisolvent used, we observe the shifting
of the PL peak as the alloying increases, confirming
compositional tuning of the band gap."' Noticeably, as
shown in Figure 2a, the FAPbI;-rich compositions have a
broad PL peak and are shifted toward lower wavelengths. On
the basis of this PL behavior and the yellow color of the
microcrystals upon application of the antisolvent (Figure S1),
we assume that the photoinactive, yellow phase (§-FAPbI;) has
formed in combination with the black phase (a-FAPbI,).
Further, as shown in Figure 2a, the formation of this yellow

phase begins to recede when the concentration of MAPDI,
increases, confirming stabilization upon doping.” We also
observe this phenomenon when chloroform is utilized as the
antisolvent; however, as the peak intensities are low compared
to the other spectra, it is not evident in Figure 2h. Shown in
Figure S18 are the spectra of these compositions to confirm.
From this initial measurement, we reach two conclusions: (1)
neither toluene nor chloroform is the appropriate antisolvent
choice for the formation of a pure phase a-FAPbL; and (2)
stabilization of the a-FAPDI; phases can be achieved through a
small amount of MAPbI, in agreement with previous studies.*”

Further, by exploring the time-dependent PL behavior, we
conclude this double cation system undergoes fewer changes in
PL spectra over time when toluene is utilized as the antisolvent
instead of chloroform. As mentioned previously, the FAPbI;-
rich compositions are likely a solid solution between the J-
FAPDI; and a-FAPDI, phases; therefore, when we examine the
characteristic PL behaviors (Figure 2e]l) and corresponding
loading maps (Figure 2b,i) when either toluene or chloroform
is used, we observe a broad peak at lower wavelengths
spanning approximately 100 nm. With using chloroform, this
peak disappears quickly after roughly 30 min, whereas with the
toluene system, we see this peak begin to narrow and shift
toward lower wavelengths, indicating the continued presence
of these mixed phases in toluene rather than in chloroform.
Next, we observe a similar trend when comparing the solid
solution between FAPbI;-rich and MAPbI; compositions in
toluene and chloroform. Even with a small peak shift and slight
decrease in intensity, toluene as the antisolvent produces a
consistent PL peak for the entirety of the characterization
(roughly 6 h in ambient conditions), as shown in Figure 2c,f.
Other studies have confirmed that the stabilization of a-
FAPDI; in ambient conditions can be achieved through small
amounts of alloying with MAPbI;.*> Conversely, this
stabilization is temporary when chloroform is used as the
antisolvent, as shown in Figure 2j,m. For approximately 4 h, we
observe a steady PL peak before it begins to vanish. We
attribute this decrease in PL intensity to the perovskite reacting
with the moisture in ambient conditions, possibly causing the
sample to revert to Pbl, or forming a hydrate product.”> Our
conclusion that toluene is a better choice for this system is
further confirmed by analyzing the time-dependent PL
behavior of the MAPbI;rich compositions. As shown in
Figure 2d,g, these compositions demonstrate remarkable
stability as their peak properties, such as position and width,
remain constant throughout the characterization even after a
small increase in PL intensity at the beginning, indicating
possible filling of trap states.”* A similar increase in PL
intensity is observed for the system when chloroform is used,
as shown in Figure 2k,n; however, after approximately S h, the
PL intensity decreases, indicating the formation of hydrate
products is occurring for these samples as well.*’

It has been well-established that the combination of MA and
FA cations can stabilize the cubic perovskite phase and deter
the degradation of the perovskite."”™" One systematic
investigation performed by Charles et al. details the routes
and kinetics in which this system degrades under dry
atmospheric conditions.** MA-rich phases decompose into
MAI and Pbl,, while FA-rich phases transform into the yellow,
photoinactive phase, 6-FAPbI;. Conversely, mixed cation
phases (0.4 < x < 0.6) demonstrate remarkable stability as
the degradation route to the end-members is less thermody-
namically favorable. Here, we find a broader compositional
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Figure 3. Methylammonium lead double halide system, MAPb(I,Br,_,);. (a) Initial PL behavior when toluene is used as the antisolvent. (b—d)
Loading maps for (b) MAPbBr;-rich compositions, (c) solid solutions of MAPbBr; and MAPI;, and (d) MAPbI,-rich compositions, respectively.
(e—g) Characteristic PL behaviors for (e¢) MAPbBry-rich compositions, (f) solution solutions of MAPbBr; and MAPbI;, and (g) MAPbI;-rich

compositions, respectively. (h) Initial PL behavior when chloroform is us

ed as the antisolvent. Similar to NMF decomposition for the toluene data

set ()—(k) and (1)—(n) are the (j, j, k) loading maps and (I, m, n) characteristic PL behaviors for MAPbBr;-rich compositions, solution solutions

of MAPbBr; and MAPbI;, and MAPDI;-rich compositions, respectively.

region (0 £ x £0.9) to not exhibit changes in PL behavior
indicating degradation. This improved stability could be
attributed to the utilization of antisolvent as the study by
Charles et al. does not use an antisolvent in their fabrication.
We explored this system further by performing the same
synthesis and characterization of this system but utilized
chlorobenzene as the antisolvent. Chlorobenzene falls into the
same category as chloroform, a halogenated antisolvent but
includes an aromatic comp. Other studies have widely utilized
this antisolvent to improve the performance.””*° The initial
and time- and composition-dependent PL behavior of the
system is compared to the behavior when toluene and
chloroform are used and shown in Figures S3—S6. We
postulate that these differences in PL behavior between the
two groups are caused by the antisolvent’s ability in
dissociating the coordinative bonds between the solvent and
Pb ion. We suggest that the presence of the halogenated ion in
the antisolvent does not fully cause this dissociation and,
therefore, cause complex lead halide ions, such as [PbL;]7, to
remain, interact with air, and motivate degradation.

Next, we further proceed by investigating how the change in
antisolvent affects a mixed halide perovskite system, MAPb-
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(IBr,_,);. As shown in Figure 3ah, we observe a peak shift
toward higher wavelengths as the concentration of MAPDI;
increases, indicating an expected decrease in the band gap.
This shift is more apparent when chloroform is utilized as the
antisolvent as the MAPbI;-rich compositions have compara-
tively a large PL intensity as compared to the same
compositions when toluene was used.

Regardless of the antisolvent, the PL behavior of MAPDbBr;-
rich compositions is approximately the same; however, this is
not applicable as more MAPDI, is introduced into the system.
For MAPDBr;-rich compositions, we observe an increase in PL
intensity without any shift in peak position for both toluene
(Figure 3b,e) and chloroform (Figure 3il), indicating that
these compositions are stable regardless of antisolvent choice.
Solid solutions between MAPbBr; and MAPDI; experience two
different dynamical processes depending on the antisolvent
used during synthesis. For example, as shown in Figure 3¢,f, a
broad peak, likely indicative of two convolved peaks, is present
initially. This peak begins to separate into two, with one
representing the bromine-rich phase and one the mixed phase.
After approximately 3 h, both peaks disappear, indicating
complete degradation of the compositions. Simultaneously,
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Figure 4. Double cation and double halide system, MA,Cs,_,Pb(I,Br,_,);. (a) Initial PL behavior when toluene is used as the antisolvent. (b—d)
Loading maps for (b) CsPbBr;-rich compositions, (c) solution solutions of CsPbBr; and MAPbI,, and (d) MAPbI,-rich compositions, respectively.
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compositions, respectively. (h) Initial PL behavior when chloroform is used as the antisolvent. Similar to NMF decomposition for the toluene data
set (i)—(k) and (1)—(n) are the (i, j, k) loading maps and (1, m, n) characteristic PL behaviors for CsPbBr;-rich compositions, solution solutions of

CsPbBr;, and MAPbI;, and MAPDI;-rich compositions, respectively.

when these same compositions are synthesized using chloro-
form as the antisolvent, we observe the presence of a broad,
low-intensity peak, as shown in Figure 3j,m. Over time, it
appears to narrow as the intensity of the bromine-rich phase
increases and the mixed phase decreases. In both cases, we
observe hahde segregation caused by reactions with the
environment,”” indicating that halide segregation cannot be
prevented for these particular composition ranges using these
two antisolvents. Finally, MAPbI,-rich compositions in this
system behave similarly to the same region of the phase
diagram for the MA FA Pbl;, as expected. As shown in Figure
3d,g, the MAPbI;-rich compositions, specifically x < 10%,
experience an increase in PL intensity but remain stable for the
entirety of the experiment when toluene is utilized. As with the
MAPDI;-rich compositions when chloroform is used, we
observe an increase and subsequent decrease in PL intensity
as they are exposed to air, as shown in Figure 3kn.
Interestingly, we observe a small peak extending toward
lower wavelengths, indicating halide segregation occurring
even with a small amount of MAPbBr; when chloroform is
used.

Overall, this system typically undergoes halide segregation
when exposed to ambient conditions, and we observe that
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neither antisolvent mitigates this phenomenon. It has been
demonstrated that alloying with small amounts of MAPbBr;
(<10%) in MAPbI, can increase stability where toluene is used
as the antisolvent,”! and we observe this as well. Conversely,
we do not observe this improvement in stability when
chloroform is utilized as the antisolvent. We credit the
improvements in stability because of toluene over chloroform
for the same reasons suggested regarding the MA FA,  Pbl,
system.

We proceed further by investigating the effect of each
antisolvent on the double cation and double halide system,
MA,Cs,_,Pb(IBr,_,)s, as shown in Figure 4. As mentioned
previously, we compare this system to a similar one which uses
different precursors, MA,Cs,_,Pb(Br,_,); (Figure S). First,
as shown in Figure 4a,h, we clearly observe that MAPbI;-rich
compositions are comparatively lower in intensity than
CsPbBr;-rich compositions when toluene is used, whereas
this is not the case when chloroform is utilized as we can see
high-intensity MAPbI; peaks. However, in both cases,
adherence to Vegard’s law, in which the band gap shifts
based on compositional alloying, is upheld.

Regarding the time-dependent PL behavior, from the NMF
decompositions, it becomes apparent that toluene is a more

https://doi.org/10.1021/jacs.1c10045
J. Am. Chem. Soc. 2021, 143, 19945—-19955


https://pubs.acs.org/doi/10.1021/jacs.1c10045?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10045?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10045?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10045?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c10045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
Initial . . .
. Time Evolution of Photoluminescence
Photoluminescence
(a) (b) First Component (c) Second Component (d) Third Component
ERRER : P s
_ & o e W,
= - .. .;-. ‘-.w- -
8 = w
- =z . .
R e i '
20 60 80 100
= %0 38 &8 B 58 180 10 % 6 2 o100 88 & 9 5 ¢
MAPDLBr: CsPbls MAPbLBr: C SPbL MAPDLBr: CsPbl:
(e) ® ()
=60 -]
R : =
E 45 4 g
S g - E
500 600 700 500 E .5 } -
Wavelength (nm) =R q 3
560 600 800 500 600 700 800 500 600 700 800 =
.. Wavelength (nm) = Wavelength (nm) Wavelength (nm)
1
() 0 .
= Wt
3 Biddiad’ -
T =z Atan e .
£ N @
£ s ; . . b s
{ Z = S v e it e . "_ o’
\ | & 0 20 40 60 80 100 0 20 40 60 80 100 O ‘0 40 80 100
I\ = 100 80 60 40 20 0 100 80 60 40 20 O 100 80 60 40 20 0
Il| \ 'H MAPDLBr: CsPbl: MAPDbLBr: CsPbl: MAPDbLBr: CsPbls
|) \\ | (m) () -
' — 60 =
= 45 =
= z,
= = 30 Z
: = > P =
Wa»elength (nm) = =
500 700 80O 500 600 700 800 500 600 700 800
Wavi elength (nm) ‘Wavelength (nm) Wavelength (nm)

Figure S. Double cation and double halide system, MA,Cs,_Pb(Br,1,_,);. (a) Initial PL behavior when toluene is used as the antisolvent. (b—d)
Loading maps for (b) CsPbl;-rich compositions, (c) solution solutions of CsPbl; and MAPbBr;, and (d) MAPbBr;-rich compositions, respectively.
(e—g) Characteristic PL behaviors for (e) CsPbly-rich compositions, (f) solution solutions of CsPbl; and MAPbBr;, and (g) MAPbBr;-rich
compositions, respectively. (h) Initial PL behavior when chloroform is used as the antisolvent. Similar to NMF decomposition for the toluene data
set ()—(k) and (1)—(n) are the (j, j, k) loading maps and (I, m, n) characteristic PL behaviors for CsPbl,-rich compositions, solution solutions of

CsPbl; and MAPDbBr;, and MAPbBr;-rich compositions, respectively.

beneficial antisolvent for MAPbI; and chloroform is a better
antisolvent for CsPbBr;. As shown in Figure 4b,e, rapid
degradation of the CsPbBrs-rich compositions is observed
when toluene is used because the individual PL spectra could
simply be characterized as noise, as shown in Figure SI9.
Conversely, when chloroform is utilized as the antisolvent, for
these same compositions, we observe an increase in peak
intensity without major peak shifts, indicating the stability of
these compositions over 6 h in ambient conditions, as shown
in Figure 4i,l. Next, we explore how each antisolvent affected
the stability of solid solutions of MAPbI;-rich compositions
and CsPbBr;. For toluene, we observe a brief appearance of an
intense peak after approximately 2 h before it disappears, as
shown in Figure 4c{f. Noticeably, even though these
compositions contain a considerable amount of iodide, we
do not observe an iodide-rich-phase PL peak. On the contrary,
when chloroform is used, we initially observe a mixed-phase PL
peak, as shown in Figure 4j,m; however, after approximately 2
h, this peak separates into two peaks, each representing the
iodide-rich and bromide-rich phases, confirming halide
segregation.”” Interestingly, the MAPbI,-rich peak appears
not to disappear as time increases but begins to shift toward
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lower wavelengths. Finally, as stated previously, MAPbI;-rich
compositions are remarkably stable with toluene as the
antisolvent, as shown in Figure 4d,g, whereas when chloroform
is used, these same compositions experience an increase in PL
intensity before another decrease, as shown in Figure 4k,n.
Overall, it was not unexpected that for CsPbBr;-rich
compositions, toluene is not the appropriate antisolvent choice
because of the polarity index disparity between DMSO and
toluene.””

Further, we explore a system similar to that of Figure 4 by
utilizing different precursors to analyze the PL behavior of the
system: MA,Cs,_,Pb(Br,I;_,);. When either toluene or
chloroform is utilized, the initial PL behavior for MAPbBr;-
rich compositions is a well-defined, high-intensity peak, as
shown in Figure 5a,h. For CsPbl;-rich compositions, there is a
broad low-intensity peak observed when toluene is used, as
shown in Figure S20a, indicating this material formed not only
the black phase of CsPbl; but also the wide-band-gap,
polymorph §-CsPbl;.>® The formation of this phase is not
dependent on the antisolvent, as evidenced by its presence
when chloroform is used, as shown in Figure S20b. Noticeably,
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Vegard’s law is better adhered to when chloroform is utilized
versus the usage of toluene.

Regarding the time-dependent evolution of the PL for this
system, we observe a variety of dynamical processes caused by
either antisolvent. First, the formation of CsPbl;, most likely
the polymorph phases, when toluene is used produces an
unstable composition, as evidenced by Figure Sb,e. Surpris-
ingly, chloroform produces a stable, yellow phase 6-CsPbl;, as
shown in Figure Sil. The band gap of this polymorph is
roughly 2.82 €V,”’ explaining the apparent peak at lower
wavelengths, shown in Figure Sl. Next, solid solutions between
CsPbl;-rich and MAPbBr; compositions exhibit a decreasing
PL intensity at one peak wavelength over the course of time,
indicating degradation of the compositions, as shown in Figure
Scf. Conversely, these same compositions begin with a single
mixed-phase PL peak before experiencing halide segregation as
the peak begins to move toward lower wavelengths, as shown
in Figure Sj,m. Finally, we observe similar trends, in which the
peak grows in intensity of time, for the MAPbBr;-rich
compositions for both antisolvents (Figure 5d,gk,n). However,
as shown in Figure 5k, when chloroform is used, these
compositions also include fair amounts of CsPbl;, explaining

the peak shift over time, as shown in Figure Sn. Full stability
analysis of this system is limited by the formation of 6-CsPbl;
as it does not allow us to fully explore dynamical processes,
such as halide segregation, when toluene is used; however,
chloroform appears to be the appropriate choice to help with
the formation of a-CsPbl; through alloying with MAPbBr;.
Finally, we compare the solid solutions of the system
MA,Cs,_,Pb(I,Br;_,); and the system MA,Cs,_.Pb(Br,I;_,),
to compare the effect of the precursors as related to the
antisolvent choice. To clarify, in the system MA,Cs,_ . Pb-
(I,Br,_,); MAPbI, and CsPbBr; are the stock precursors, while
in the system MA,Cs,_,Pb(BrJ,_,); the precursors are
MAPDbBr; and CsPbl;. For both systems, it is demonstrated
that toluene is not the appropriate choice for solid solutions of
CsPbX;-rich compositions and MAPbX;. In the MA,Cs,_,Pb-
(I,Br,_,); system, the polar index disparity between DMSO
and toluene causes the formation of CsPbBr; to be stagnated,
whereas toluene produces an unstable 5-CsPbl; phase in the
MA,Cs,_Pb(Br,I,_,); system. Conversely, in both systems,
chloroform produces initial mixed-phase compositions; how-
ever, eventually, halide segregation begins to occur. Overall,
this comparison is indicative of the precursor having an effect
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on the types of dynamical processes that occur as caused by the
solvent in which the end-member is dissolved.

Finally, through the examination of the NMF decom-
positions of each binary system, we produce Figure 6a as a
guide for which antisolvent produces a more intrinsically stable
perovskite with a particular composition. As mentioned
previously, this stability is determined by a consistent PL
spectrum over time, in which the peak intensity remains
relatively constant, the peak position does not drastically shift,
or a secondary peak does not appear. Therefore, if the
composition is stable with a particular antisolvent, it is
represented with a dark color, whereas, if those changes are
observed, a light color is used to indicate that it is not the
appropriate antisolvent for stability. For example, toluene is
considered a more appropriate choice of antisolvent, as
indicated by the dark red color in the guide, because the PL
spectrum remains relatively unchanged over time, as shown in
Figure 6b. This is not observed when chloroform is utilized for
the same composition, as indicated by a peak shift toward
lower wavelengths and decrease in peak intensity (Figure 6c).
Here, we also highlight the remarkable stability in ambient
conditions for microcrystals of MAPbI;-rich compositions and
solid solutions between FAPbI;-rich and MAPbI; composi-
tions when toluene is utilized.

In summary, we have demonstrated the effect of antisolvents
on the initial photoluminescence behavior for multicomponent
MHPs and on the dynamical processes experienced by these
compositions over time when exposed to ambient conditions.
Noticeably, through this study, when toluene is utilized as the
antisolvent, we observe improved stability in a broad
compositional region of the MA FA,_ Pbl; system previously
thought unstable. Although our measurements were on
microcrystals, these results can also be confirmed by results
in the literature. For example, Liu et al. observed a bimodal
distribution of band gaps in Cs,MA, ,PbBr; single crystals
utilizing PL measurements.”* We observe a similar trend in PL
behavior, as shown in Figure S21, for the same system, further
validating our results. We demonstrate how these workflows
are beneficial to determining the intrinsic stability of a
composition, which is a crucial step in developing a stable
and efficient device for applications.

We postulate such drastic differences in stability are caused
by the relative solubility of the precursor components in each
antisolvent.”> Simplistically, as the antisolvent is added to the
precursor solution, it extracts the antisolvent, triggering
nucleation of the perovskite material. The overall effectiveness
of an antisolvent is determined by the differences between the
precursor material and the solvent. For example, if the
antisolvent removes the organic halides upon application
along with the solvent, residual PbX, remains in the precursor
solution, leading to further degradation upon exposure to
ambient conditions. Overall, we highlight how we cannot
simply utilize a standard recipe for the processing of different
MHPs, emphasizing the importance of antisolvent engineering
in intrinsic stability.

B CONCLUSION

Through the utilization of our previously reported workflow,””
we have demonstrated how it can be used to synthesize and
characterize large amounts of compositions using two different
antisolvents to explore both the effect of experimental choices
and dynamical processes caused by exposure to ambient
conditions. As stated previously, we synthesized and

characterized approximately 2880 different microcrystal
samples of 15 different binary mixed cation and mixed halide
perovskite systems. Altogether the absolute synthesis and
characterization times total only 1.5 weeks. We observed
drastically different PL spectra evolutions in ambient
conditions of the same perovskite compositions, entirely
dependent on the antisolvent utilized. We conclude which
antisolvent is the appropriate choice for a particular composi-
tional region based on the characteristic PL spectrum,
providing guidance for future studies to explore the exact
intricacies of the intrinsic material stability of a specific
composition.
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