W) Check for updates

Angewandte
Chemie
www.angewandte.org

Zitierweise: Angew. Chem. Int. Ed. 2024, 63, 202319480
doi.org/10.1002/anie.202319480

GDCh
=

Data-Driven Controlled Synthesis of Oriented Quasi-Spherical
CsPbBr; Perovskite Materials

Shaohui Liu®, Zijian Chen”, Yingming Liu, Lingjun Wu, Boyuan Wang, Zixuan Wang,
Bobin Wu, Xinyu Zhang, Jie Zhang, Mengyun Chen, Hao Huang,* Junzhi Ye,* Paul K. Chu,
Xue-Feng Yu, Lakshminarayana Polavarapu, Robert L. Z. Hoye, Feng Gao, and

Haitao Zhao*

Zuschrift

4 D)

Abstract: Controlled synthesis of lead-halide perovskite crystals is challenging yet attractive because of the pivotal role
played by the crystal structure and growth conditions in regulating their properties. This study introduces data-driven
strategies for the controlled synthesis of oriented quasi-spherical CsPbBr;, alongside an investigation into the synthesis
mechanism. High-throughput rapid characterization of absorption spectra and color under ultraviolet illumination was
conducted using 23 possible ligands for the synthesis of CsPbBr; crystals. The links between the absorption spectra slope
(difference in the absorbance at 400 nm and 450 nm divided by a wavelength interval of 50 nm) and crystal size were
determined through statistical analysis of more than 100 related publications. Big data analysis and machine learning
were employed to investigate a total of 688 absorption spectra and 652 color values, revealing correlations between
synthesis parameters and properties. Ex situ characterization confirmed successful synthesis of oriented quasi-spherical
CsPbBr; perovskites using polyvinylpyrrolidone and Acacia. Density functional theory calculations highlighted strong
adsorption of Acacia on the (110) facet of CsPbBr;. Optical properties of the oriented quasi-spherical perovskites
prepared with these data-driven strategies were significantly improved. This study demonstrates that data-driven

\controlled synthesis facilitates morphology-controlled perovskites with excellent optical properties. )

The controlled synthesis of crystals enables the precise
manipulation of material properties,l'! crystal structures,?
and morphologies,” thus playing a pivotal role in various
applications. For instance, nanowires, nanosheets, and nano-
cubes have been employed in polarized light emissions,"
photodetectors,” and light-emitting diodes,® respectively.

However, traditional controlled synthesis methods necessi-
tate the characterization of different samples using techni-
ques such as scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and X-ray diffraction
(XRD), rendering the process laborious, time-consuming,
and costly.
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Recently, data-driven and high-throughput strategies
have emerged as promising solutions for crystal-controlled
synthesis by collecting large amounts of data,” thereby
simultaneously characterizing multiple samples, which re-
duces the need for labor-intensive characterization. Data-
driven approaches involve the generation of extensive data-
sets through the integration of computational and exper-
imental methods, supplemented by sophisticated machine
learning (ML) techniques, data has become the new
resource, and knowledge is derived from materials
datasets.”! This method of accelerating experiments®° and
characterization facilitates the rapid exploration of the
correlation between synthesis parameters and material
properties, enabling further investigation into the synthesis
mechanism. While high-throughput experimentation is a
scientific and experimental approach aimed at improving
experimental efficiency by simultaneously processing a large
number of samples or data,"” which commonly serves as the
precondition of data-driven.

Materials such as ZnO, Cu,O, and graphene have
recently been prepared via controlled synthesis by changing
the temperature,”! synthesis parameters,”’ and gas
environment."!! Among these materials, perovskites are
distinct because of their superior optical properties,'”! long
fluorescence lifetimes'™” and tunable band gaps.!'”) However,
their sensitivity to environmental factors, such as water and
oxygen,”! makes the controlled synthesis of perovskites
challenging. Compared with other perovskites, CsPbBr; is
more chemically stable,” demonstrating high optical
stability.!"”!

In this study, the controlled synthesis of oriented quasi-
spherical CsPbBr; perovskites was achieved using data-
driven strategies. Considering the instability of small
CsPbBr; crystals in polar solvents,™! the goal was to create
larger, more stable CsPbBr;!"! crystals and identify optimal
ligands. Initially, 23 potential ligands were screened,””
including 15 containing nitrogen, 12 containing hydroxyl
groups, and 10 containing carbonyl groups. These functional
groups are essential for ligands to interact with the surface
of perovskites.”!! Second, literature data revealed a potential
correlation between the CsPbBr; absorption spectra slope
(400450 nm) and the crystal size.” Furthermore, ML was
employed to determine the optimal synthesis of diverse
CsPbBr; forms and sizes. Moreover, ex situ analyses and
density functional theory (DFT) calculations demonstrated
how ligands control the size and influence crystallinity.
Finally, the photoluminescence quantum yield (PLQY) of
quasi-spherical CsPbBr;, synthesized under data-driven
guidance, exhibited a ten-fold improvement compared to
that of ligand-free samples. Controlled synthesis guided by
data-driven strategies can potentially lead to a more efficient
design of new and optimized materials with superior proper-
ties.

The data-driven controlled synthesis of oriented quasi-
spherical CsPbBr; perovskites relies on high-throughput
data collected using a high-throughput rapid characteriza-
tion platform, which is more than 10times faster than
human analysis. The R, G, and B values (representing the
emission intensities of the red, green, and blue primary
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colors) were captured and extracted using an automated
camera to conduct an automated UV/Vis-NIR absorption
measurement and using a microplate reader to collect the
absorption spectra. Acacia and polyvinylpyrrolidone
(CeHoNO), were identified as the most promising ligands
because they produced CsPbBr; nanocrystals (NCs) with the
highest G value and obvious absorption peak(Figure 1a).
Single-factor experiments were conducted using polyvinyl-
pyrrolidone (PVP) and Acacia to determine the optimal
concentration ranges. In total, 652G values and 688
absorption spectra were obtained. ML and big data analysis
guided the discovery of optimal synthesis conditions,
enabling the morphology-controlled synthesis of irregular
bulk, cubic bulk, unoriented quasi-spherical structures, and
oriented quasi-spherical structures (Figure 1b). In addition,
the synthetic mechanism was determined. Finally, oriented
quasi-spherical CsPbBr;, screened using data-driven strat-
egies, exhibited significantly improved optical properties
(Figure 1c).

High-throughput characterizations of 23 possible ligands
were performed to identify their effects on CsPbBr;,
including emission color measurements under 365 nm ultra-
violet (UV) irradiation and absorption spectra. Ligand
selection considered elements and groups that could interact
with the perovskites. Hydroxyl groups®™ can influence the
growth kinetics and surface state of perovskites, while
nitrogen contained functional groups can effectively control
the morphology of perovskites and carbonyl groups can
coordinate with metal cations, enhancing crystallinity!"” and
passivating defect.” The G value of the emission color
offers a quick assessment of the CsPbBr; PL intensity
because it emits bright green light under 365nm UV
irradiation.

The A1l well (first column in row A on a 24-well plate)
served as a ligand-free reference, whereas the other wells
tested specific ligands (details are shown in Tables S1-S2).
The C3 well (Acacia) exhibited the strongest emission with
the highest G value (Figure Sla-b), potentially attributed to
Acacia reducing crystal defects or enhancing coupling.®!
After standing overnight exposure to white light, the C4
well (PVP) showed no agglomeration (Figure S2), poten-
tially because PVP improved crystal dispersity. Furthermore,
a clear absorption peak can be observed at 526 nm (Fig-
ure S3). Inspired by these phenomena, Acacia and PVP
were applied together in the synthesis of CsPbBr;, and the
optimal synthesis parameters were systematically explored
using ML and big data analysis.”

To examine the correlation between the absorption
spectra and crystal size, more than 100 publications®” were
analyzed (details provided in the Supplementary literature
list). A possible correlation between the CsPbBr; crystal size
and the slope was established based on the absorption
spectra in the wavelength range of 400-450 nm. A negative
slope typically corresponds to nanoscale crystals (Figure 2a
and Figure S4). Small crystals (such as quantum dots and
NCs) exhibit slopes below 0, whereas larger CsPbBr; crystals
(such as bulk) have slopes equal to or exceeding 0. Notably,
the size and slope increased simultaneously in some systems
(Figure S5).”*) Meanwhile, in the ligand-assisted reprecipita-

© 2024 The Authors. Angewandte Chemie published by Wiley-VCH GmbH

85UB0|17 SUOWWOD dAER.D Beo!jdde auy Ag peusenob ae Ssjofe YO ‘8sn JO S3ni Joj Ariq1T8UIIUO A8]IM UO (SUORIPUOD-pUR-SWB)LI0D™A8 | A eI 1 [BuUO//SdRY) SUORIPUD pue SWB | 8U} 885 *[5202/90/82] Uo Ariqiaulluo AB1IM ‘'WOH DN NH A LISHIAINN DINHOTLATOd ONOX ONOH Aq 0876TEZ0¢ 30Ue/Z00T OT/I0p/W0d" A 1M AReq1jeuluo//Sdiy Wouy papeojumoq ‘T ‘v20Z ‘LSLETZST



GDCh
~~

Zuschrift = e e

a ¥ G
(@) High-throughput characterization
= cafno XX 3
c 3 ‘:
_g) E CeH100; CgH 1204 ‘CslH‘er\‘lB‘ ﬁ h: % (CeHgNo)n
= w_FsﬁfN gL = 238 G0 CHNOL(CHO), ... *rx.
£ £ CsHgO; CigH16N2Os (CHO), CsH1007
(CH,CH,0).H
igh-throughput rapid ‘ \/K
characterization of color ]I. _*/\
- 9 E— __/\__~_~
Color difference Absorption spractra difference
(b) Database with ML 10 Controllable synthesis mechanism
™~ S e B S e e e e S s .
.t | o
‘:“ 0.70 ! ) ’ #3 2” #4 = I I
5 I
0.55 el speis e et e e s pne s o B ke e g SR i
(c) Data-driven formula optlmlzatlon
[ 1 pLay
1 pLLifetime
PL Intensity
- . I

Figure 1. Framework employed for data-driven controlled synthesis of oriented quasi-spherical CsPbBr; perovskites. (a) Ligand screening through
high-throughput rapid characterization of the G value (representing the emission intensities of the green primary color), and using a microplate
reader to measure absorption spectra, utilizing a high-throughput characterization platform for simultaneous analysis of up to 96 experimental
samples. (b) Establishment of a database by an ML model for morphology-controlled synthesis of CsPbBr3, where the color scale represents the
levels of the G value (Symbols: #1 denotes ligand-free, #2 denotes Acacia as ligand, #3 denotes PVP as ligand, and #4 denotes Acacia and PVP as
ligands). (c) Data-driven formula optimization for enhanced optical properties.

tion of the crystals, the optimized volume of the anti-solvent
ensures the complete precipitation of crystals and influences
the size and morphology of these crystals™ (Figure S6).

Single-factor experiments provided concentration ranges
for ligands that enable the synthesis of small-sized particles
with high PL intensity. Consequently, based on these results,
a double-factor experiment was initiated. Figure 2b shows
the variation in the slope for different PVP molecular
weights and concentrations. The high-throughput character-
ization covered 24 PVP concentrations ranging from 0 to
4.8 mM, resulting in 96 absorption spectra (Figure S7).
Notably, employing PVP with a molecular weight of 24,000
yielded the smallest slope within the 3.2-4.8 mM range,
indicating maximum NC content. The assessment of Acacia
encompassed concentrations from 0 to 29 mM, with high-
throughput characterizations involving 48 Acacia concen-
trations, focusing on the PL intensity (Figure S8a-b, Ta-
ble S3 for G values). The G value increased with increasing
Acacia concentration up to 10 mM and then leveled off
(Figure S8c).
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The double-factor experiment was conducted within the
concentration ranges of 3-52 mM for PVP (Mw=24,000)
and 4.5-15.5 mM for Acacia based on single-factor experi-
ment outcomes (details are provided in the SI). The sample
plate layout and photographs under 365 nm UV irradiation
are shown in Figure S9, with the G value analysis summar-
ized in Table S4 and absorption spectra shown in Figure S10.
Photographs demonstrate that CsPbBr; crystals synthesized
with PVP and Acacia as ligands exhibited enhanced photo-
luminescence compared to either PVP or Acacia alone,
thereby confirming the synergistic PL enhancement of
CsPbBr; by PVP and Acacia.

Analysis of the absorption spectra of the 556 samples
revealed adjustable absorption peaks of CsPbBr; crystals
between 513 and 549 nm owing to the addition of Acacia
and PVP (Figure 2c). Statistical analysis of the absorption
spectra slope from 400 nm to 450 nm (difference in the
absorbance at 400 nm and 450 nm divided by the wavelength
interval of 50 nm) was performed to determine the synthesis
parameters with maximum NC content. By comparing the
slopes of CsPbBr; synthesized with Acacia only and Acacia
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Figure 2. Data-driven optimization of synthesis parameters. (a) Relationship between absorption spectra slope (400-450 nm) and size from related
literature data. (b) Absorption spectra slopes based on the single-factor experiment of PVP with four different molecular weights (Mw). (c) Double-
factor experiment absorption spectra. (d) Slope in the absorption spectra (400-450 nm) with Acacia only and Acacia with PVP. (Grey bars represent
the slopes for each Acacia concentration, and blue bars represent the average of all absorption spectra slopes for the corresponding Acacia
concentrations that also contain PVP; the area with the highest NC content is indicated by the red dashed box.) () ML model of G value vs. Acacia
and PVP concentration (normalized by the highest G value), R% 0.71. (f) Bottom projection image of (e), with the black dashed box indicating the
screened concentration range. The slopes in (a), (b), and (d) represent the difference in the heights between 450 nm and 400 nm divided by 50.
The color scales in (e) and (f) represent the PL intensity of the corresponding synthesis parameter (data normalized to the highest value).

with PVP, the range of Acacia concentrations in which PVP
had a significant effect on the particle size was determined
(Figure 2d). Before reaching a concentration of 9.5 mM
Acacia, the addition of PVP significantly reduced the
absorption spectra slope in the 400 nm to 450 nm wave-
length range, most notably for Acacia concentrations of 6.5—
8.5mM. Beyond 9.5 mM, this effect was not observed,
perhaps indicating a smaller CsPbBr; crystal size in the
range of 6.5-8.5 mM Acacia. In contrast, excessive Acacia
led to larger crystal sizes, counteracting the size-reducing
effects of PVP.

To determine the concentration range yielding the high-
est PL intensity, a database of 556 G values was employed
for Sure Independence Screening and Sparsifying Operator
algorithm training, which is a supervised ML algorithm
based on compressed sensing.™” The 3D surface plot, fitted
with predicted data from ML, indicates that Acacia and
PVP synergistically enhanced the PL intensity (Figure 2e).
Moreover, within the selected Acacia concentration range
(6.5-8.5mM), the PL intensity remains nearly constant
irrespective of the PVP concentration within the range of 3—-
52 mM (all fall within the red region) (Figure 2f). There-
fore, the selection of the Acacia (6.5-8.5mM) and PVP
concentration range (3-5.2mM) can be attributed to the
potential for a higher abundance of smaller-sized particles
and the stronger PL intensity. Thus, the optimal ligands,
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molecular weights, anti-solvent volumes, and concentrations
were determined via high-throughput characterization and
data-driven strategies, guiding further exploration into the
role of ligands in CsPbBr; crystals. However, to elucidate
the mechanism of ligand interactions, ex situ character-
ization is required.

Using data-driven strategies and high-throughput experi-
ments, a set of synthesis parameters in the screened
concentration range of PVP (3-5.2 mM) and Acacia (6.5
8.5 mM) was adopted. The synthesis parameters and average
sizes of compounds #1, #2, #3, and #4 are listed in Table S5.
SEM images showing the morphologies and size distribu-
tions are presented in Figure S11a-h, encompassing ligand-
free (500 nm), Acacia as a ligand (220 nm), PVP as a ligand
(260 nm), and PVP and Acacia as ligands (310 nm). CsPbBr;
crystals grown without ligands exhibit random sizes and
morphologies because of their uncontrolled growth.”!) Upon
the addition of Acacia, the CsPbBr; crystals exhibited a
cubic morphology. PVP micelles may form when the PVP
concentration surpasses the critical micelle concentration®
(Figure S11c). The hydrophilic and hydrophobic groups of
PVP enabled the rearrangement of PVP molecules in the
solution, leading to the formation of micelles and size
manipulation.® These micelles confine the formation and
movement of crystals® and self-assemble into quasi-
spherical structures.®! Size reduction and improved uni-
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formity with Acacia and PVP as ligands were revealed using
100 randomly selected crystals (Figure S11e—-g). PVP reduces
crystal size,"® reaching approximately 42.71+28 nm (crys-
tals on the quasi-spherical structure), as shown in Fig-
ure S11i—j. However, the size increases to 58.70+22 nm with
the addition of Acacia. This further confirms the role of
Acacia in weakening the effect of PVP and increasing the
crystal size, as reflected in the increasing slope of the
absorption spectra at 400nm to 450nm with Acacia
concentration exceeding 9.5 mM (Figure 2d). Therefore,
Acacia enhanced crystallinity, while PVP promoted the
formation of quasi-spherical structures and regulated size, as
verified via XRD (Figure S11k-1). Due to the formation of
quasi-spherical CsPbBr; by both, the interaction between
Acacia and PVP is minimal.

It should be noted that, Acacia is comprised of galactose,
arabinose, rhamnose, glucuronic acid, etc.””’ Among them,
glucuronic acid with a carbonyl group shows specific
chemical properties.” Here, the glucuronic acid is supposed
to be the main active ligands, and the carbonyl group may
play a role in improving crystallinity. Figures 3a and b show
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(c) |
[ x* ],
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(d)

Glucuronic acid
+ +
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that the addition of Acacia led to the formation of cubic
crystals, whereas irregular crystals were obtained without
ligands. Figures 3c and d, along with Figure S12, show that
the crystal arrangement within the micelles varied. When
PVP was used as a ligand, the CsPbBr; NCs within the
micelles exhibited irregular arrangements. However, when
both Acacia and PVP were used as ligands, CsPbBr; NCs
inside the micelles exhibited regularity, aligning in a specific
direction with a certain orientation. This regularity may be
associated with the selective adsorption of glucuronic acid
from Acacia, similar to the selective adsorption of butyl-
amine ions, which enables the directional growth of lead-
free perovskite crystals.®™ The XRD patterns of #1 and #2
were normalized to the (200) peak intensity. The ratios of
the (100) peak intensities of #1 and #2 to the (100) peak
intensity of the cubic phase of CsPbBr; (PDF#54-0752) were
1.506 and 1.823, respectively, whereas the ratios for the
(110) facet were 0.865 and 0.648, respectively.® This
suggests that the growth of CsPbBr; NCs along the [110]
direction was inhibited and more inclined to grow along the
[100] direction. Furthermore, the adsorption energy of the

o :H Q:Cs

O :Pb O :Br

1pm

Irregular bulk CsPbBr;
’ >
’

’ 1p#

R

Cubic CsPbBr;

Oriented quasi-spherical CsPbBr,

Weak adsorption

Figure 3. Mechanism of the morphology-controlled synthesis of oriented quasi-spherical CsPbBr; perovskites. TEM images showing the (a)
irregular bulk morphology of CsPbBr; grown ligand-free, (b) cubic morphology of CsPbBr; with Acacia as a ligand, (c) unoriented quasi-spherical
CsPbBr; with PVP as a ligand, and (d) oriented quasi-spherical CsPbBr; with Acacia and PVP as ligands.
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glucuronic acid on the (100) facet was —0.2536 eV, increas-
ing to —0.7604 eV on the (110) facet (details are provided in
the Supporting Information and Figure S13). Strong adsorp-
tion inhibited crystal facet growth along the [110] direction
of NCs on micelles, leading to growth along the [100]
direction, thus promoting the oriented growth of NCs on
micelles.

Data-driven analysis of 652 G values and 688 absorption
spectra highlights the superiority of the #4 formula within
the screened concentration range. Figure S14a shows the PL
lifetimes and PLQYs for #1, #2, #3, and #4 formulas. The
corresponding PLQYs under 365 nm excitation light were
lower than 1%, 8.29 %, 2.84 %, and 10.18 %, respectively.
Under excitation conditions with a wavelength of 365 nm
and emission at 526 nm, the corresponding PL lifetimes
were 3.51, 32.96, 14.05, and 35.00 ns, respectively. Owing to
the lattice disruption caused by polar solvents and non-
radiative recombination,’"! the #1 formula exhibited the
lowest optical properties. Meanwhile, the optical properties
of formula #3 were slightly improved, possibly owing to the
protection provided by the micelles. The enhancement
observed between #2 and #4 may be attributed to both PVP-
provided micelles and the improved crystallinity facilitated
by acacia. Moreover, the oriented quasi-spherical CsPbBr;
structure synthesized using the #4 formula showed better
stability against polar solvents and air (Figure S14b-c).
Therefore, we believe that the utilization of diverse ligands
may be a prospective direction for future research in
perovskite synthesis.

In summary, controlled synthesis of oriented quasi-
spherical CsPbBr; perovskites is likely to be achieved
through data-driven strategies. The unique effects of PVP
and Acacia on CsPbBr; were investigated via high-through-
put characterization. Furthermore, the synthesis parameters
were optimized using data-driven approaches, resulting in
enhanced optical properties of CsPbBr; crystals. Further-
more, through the integration of ML, ex situ character-
ization, and DFT calculations, the mechanism for morphol-
ogy-controlled synthesis was elucidated, potentially enabling
the controlled arrangement of crystals on quasi-spherical

CsPbBr; perovskite. The investigation into how adsorp-
tion energy influences CsPbBr; crystal growth direction is
consistent with the reported perovskite single-crystal facet
control.”™) We anticipate that data-driven controlled syn-
thesis will provide more possibilities for the design and
synthesis of perovskite materials and accelerate the identi-
fication of correlations between big data and high-through-
put experiments to achieve more precise perovskite syn-
thesis. Data-driven strategies are expected to expedite the
controlled synthesis of various crystal materials, enabling
the directed synthesis of materials with specific properties.
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