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Perovskite nanocrystals (PeNCs) with excellent optical properties have attracted tremendous research
interests and have been considered as promising candidates for new-generation optoelectronic devices.
Over the past few years, numerous efforts have been made to overcome the challenges in terms of
sustainable manufacturing of PeNCs and related devices and systems, including the solvents used in
precursor preparation, antisolvents and perovskite materials for the fabrication of devices and systems,
and remarkable progress has been made. However, the usage of toxic, organic solvents in the synthesis
of PeNCs poses a threat to the ecosystem and human health, which has hindered the progress in the
commercialization and industrialization of PeNCs. This has promoted the development of green solvents
for the sustainable manufacturing of PeNCs. In this Feature Article, a state-of-the-art green method for
the synthesis of PeNCs is presented, in which the solvents of low toxicities are underlined in contrast to
the reported Reviews which focus on toxic solvents for the preparation of precursor solutions. We then
focus on green, aqueous methods for the preparation of PeNCs, including conventional perovskite and
double PeNCs, by summarizing our previous research efforts and studies. In particular, pure water as the
greenest solvent is introduced for the preparation of PeNCs, and the parameters affecting the size and
optical characteristics of PeNCs, such as sonication time and ligands for post-treatment, are discussed.
The strategies of using a passivation layer to improve the aqueous stability of PeNCs are reviewed,
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commercialization and industrialization of the fabrication of PeNCs. It is anticipated that green
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1. Introduction (backg rou nd’ adopted by a variety of organisations, such as the biomedical

industry. The Process Mass Intensity (PMI)" is currently the
most favourable metric, in which solvents, reactants, reagents,
elements, etc. are incorporated.> On top of that, less hazardous
chemical syntheses have been reported as one of the green
chemistry principles.® Therefore, solvents used in the synthesis
of materials are a critical key to the establishment of green
chemistry and green manufacturing.

Semiconductor nanocrystals (NCs), also called quantum
dots when they exhibit a quantum confinement effect, are
one of the functional semiconducting materials used in opto-
electronics. Traditional semiconductor NCs, especially group
II-VI (e.g., CdS, CdSe, CdTe and ZnSe), group IV-VI (e.g., PbS,
PbSe), group III-V (e.g., InP), etc., have been well developed with
excellent optoelectronic properties. However, there are con-
cerns about the hazardous effects of these traditional semi-

significance, and development)

Environmental conservation has always been a global topic for
sustainable development. Green manufacturing is one of the
effective approaches to solve this front-burner issue from the
perspective of industrial manufacturing. The fabrication of
materials is a core component in industrial manufacturing,
especially for semiconducting materials. Green chemistry plays
an indispensable and significant role in the advancement of
this field. For green manufacturing and chemistry, green
metrics need to be considered to evaluate new methodologies
for the study of products. Some green metrics have been
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NCs, a high-cost complex process is needed for the fabrication
of core-shell structures to enhance the stability.** The toxic Cd
element (heavy metal) hinders their further development to
some extent for commercial applications. For group IV-VI NCs,
poor optical stability, low efficiency, and limited spectrum
range (infrared) impede their development.®® Although heavy
metal-free III-V group NCs have achieved high photolumines-
cence quantum yields (PLQYs) of >90%,”'° they still require
epitaxial shells to improve the stability, which makes the
synthesis of heavy metal-free III-V group NCs a high-cost and
complicated process.

Perovskite NCs (PeNCs) with a range of merits, such as high
light absorption coefficient, high defect tolerance, high colour
purity, high brightness, and facile fabrication, have exhibited
promising applications in LEDs (light-emitting diodes)."***
With the unique property of the multiple exciton generation
(MEG) effect,"* PeNCs have been extensively investigated in
solar cells."®"” Up to now, the external quantum efficiency
(EQE) of PeNC LEDs for red, green, and blue emissions have
reached ~29%,'® ~22%," and ~ 12%,° respectively, and the
EQE of PeNC-based solar cells has been up to 17.4%.>" These
achievements have stimulated fascinating research of PeNCs
over the past decade.

The most frequently used methods for the synthesis of
PeNCs include hot injection (HI)** and antisolvent methods®**
(also called the ligand-assisted reprecipitation (LARP) technique).
However, the toxic, organic solvents used in the preparation and/or
synthesis processes for these methods hinder the large-scale
manufacturing and industrialization of PeNCs. Green-route synth-
esis of PeNCs is called for solving this crucial and urgent issue
from the view of sustainable development, which, however, has
not been reported in Review and Feature articles. There is an
urgent need to provide a comprehensive overview of the progress
in green manufacturing, which is based on aqueous solution
methods, towards future industrialization to be made in the
field. In this Feature article, the current green approaches
(including the use of green solvents) for the preparation of
PeNCs are summarized. In particular, aqueous solution meth-
ods are focused as a mainstream and promising approach for
the green synthesis of PeNCs. The prospects for promising
green methods as a critical part of the fabrication of opto-
electronic devices are presented.

2. Environmental, health, and safety
analyses of green solvents

Solvents are indispensable materials for the preparation of
precursor solutions for the continuous manufacturing of
PeNCs via solution-based methods, especially the antisolvent
method. Compared to the HI method, the antisolvent method
is cost-effective, simple, and energy-saving, and has been
considered as a more promising approach for the fabrication
of PeNCs. Driven by the technological evolution in the synthesis
of PeNCs, the PeNC-based devices and systems have achieved
remarkable advancement and been in the initial stage of com-
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mercialization. In this case, industries will evaluate whether the
solvents used in the manufacturing are green or not, and
require that the solvents have negligible or reduced toxicity to
be environment-friendly for the eco-system, health and safe to
human beings.>®*” The European Chemical Agency has been
managing chemicals through REAR (Registration, Evaluation,
Authorization, and Restriction) legislation for the protection of
human health and the environment.>® Environmental, health,
and safety (EHS) criteria have been established and adopted
for the identification of green solvents.”® Industries and
pharmaceutical companies have scored solvents, using EHS
assessments, and categorized and ranked solvents through the
EHS scores. In 2016, Prat et al. reported a modified methodo-
logy to meet the CHEM-21 (short for Innovative Medicines
Initiative (IMI)}-CHEM21 public private partnership) criteria for
solvents.>

Table 1 lists the ranking of “classical” solvents guided by
CHEM21. The score of EHS is highlighted in red (7-10), yellow
(4-6), and green (1-3), which is perspicuous for users to identify
the solvents. The higher the score, the more hazardous the
solvent. With no exception, the most used solvents for the
preparation of precursor solutions and for further synthesis of
perovskite materials are included in this list of chemicals, such
as N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
and so forth. As can be seen from Table 1, DMF has a score of 9
for health, and 3 and 5 for safety and environment, respectively.
This indicates that DMF is a toxic chemical to the human body
and has been classified as a highly hazardous solvent. For
DMSO, the EHS number is 5, 1, and 1. The toxicity is more
mitigatory than DMF.

Also, globally harmonized system (GHS) of Classification
and Labelling of Chemicals defines DMF as a severely harmful
solvent while DMSO is not. These data point to that DMSO can
be considered as a green solvent for the fabrication of perovs-
kites, compared to DMF. However, DMSO has a higher boiling
point of 189 °C than DMF of 153 °C (according to the OSHA
(Occupational Safety and Health Administration) safety data
sheets), which makes DMSO an energy-consuming solvent in
the preparation of materials and devices. Therefore, the mix-
ture of DMF and DMSO is commonly used as the solvent to
prepare precursor solutions, based on their common properties
of aprotic dipolar,>*>* which are capable of dissolving lead-
containing halide salts (such as Pbl,, PbBr,, etc.). Another role
of DMSO is to slow down the crystallization rate of crystals in
precursor solutions to produce crystals and films of high-
quality since a small crystallization rate allows monomers in
precursor solutions to reach equilibrium sites on crystals.*®
Gamma-butyrolactone (GBL, which is not shown in Table 1) is
another most-used aprotic dipolar solvent. According to the
GHS data, GBL is not a severely harmful solvent. In contrast to
DMF and DMSO, GBL has a greater solvent polarity that enables
stronger miscibility for salts (powder precursors), which can
enhance the density of films and the crystallinity of bulk
crystals. Nevertheless, GBL possesses a low viscosity of
1.7 mPa s and a high boiling point of 204 °C, which results
in a time-consuming evaporation process.

This journal is © The Royal Society of Chemistry 2024
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Table 1 CHEM21 guided “classical” solvents. Reprinted with permission from ref. 29 Copyright (2016) the Royal Society of Chemistry

BP FP Worst Safety Health Env. Ranking by Ranking after
Family Solvent (°C) (°C)  H3xx"  H4axx score score score  default discussion”
Water Water 100 na None None
Alcohols MeOH 65 11 H301 None
EtOH 78 13 H319 None
i-PrOH 82 12 H319 None
n-BuOH 118 29 H318 None
t-BuOH® 82 11 H319 None
Benzyl alcohol 206 101 H302 None
Ethylene glycol 198 116 H302 None
Ketones Acetone 56 -18 H319 None
MEK 80 -6 H319 None
MIBK 117 13 H319 None
Cyclohexanone 156 43 H332 None
Esters Methyl acetate 57 -10 H302 None Problematic
Ethyl acetate 77 -4 H319 None Recommenc
i-PrOAc 89 2 H319 None
n-BuOAc 126 22 H336 None
Ethers Diethyl ether 34 45 H302 None
Diisopropyl ether 69 -28 H336 None
MTBE 55 -28 H315 None
THF 66 -14 H351 None Problematic Problematic
Me-THF 80 -11 H318 None blematic Problematic
1,4-Dioxane 101 12 H351 None mgblematic
Anisole 154 52 None None Problematic
DME 85 -6 H360 None
Hydrocarbons Pentane 36 -40 H304 H411
Hexane 69 -22 H361 H411
Heptane 98 —4 H304 H410 Problematic
Cyclohexane 81 -17 H304 H410 Problematic
Me-cyclohexane 101 -4 H304 H411 Problematic
Benzene 80 -11 H350 None
Toluene 111 4 H351 None Problematic
Xylenes 140 27 H312 None Problematic Problematic
Halogenated DCM 40 na H351 None
Chloroform 61 na H351 None Problematic
CCly 77 na H351 H420
DCE 84 13 H350 None
Chlorobenzene 132 29 H332 H411 Problematic
Aprotic polar Acetonitrile 82 2 H319 None Problematic
DMF 153 58 H360 None
DMAc 166 70 H360 None
NMP 202 96 H360 None
DMPU 246 121 H361 None Problematic
DMSO* 189 95  None None Problematic
Sulfolane® 287 177 H360 None
HMPA >200 144 H350 None
Nitromethane 101 35 H302 None
Miscellaneous Methoxy-ethanol 125 42 H360 None
Carbon disulfide 46 =30 H361 H412
Acids Formic acid 101 49 H314 None Problematic
Acetic acid 118 39 H314 None Problematic
Ac,0 139 49 H314 None Problematic
Amines Pyridine 115 23 H302 None
TEA 89 -6 H314 None

“ Only the highest scoring statements (¢f Table 1) are shown. The lowest figure is given when there is more than one statement in the highest
scoring category, for the sake of simplicity. * HH: highly hazardous. ° Solid at 20 °C.

3. Low-toxicity solvents used in the

preparation of precursor solutions

The CHEM21 data in Table 1 shows that water has an EHS score
of 1, 1, and 1, which is the lowest score throughout the whole of
Table 1. This indicates that water is the greenest solvent among
the whole chemicals in the CHEM21 database. In the alcohol
categorization, methanol (MeOH), ethanol (EtOH), isopropanol
(IPA, also called i-PrOH), and ethyl acetate are the four popular
solvents used in the preparation of precursor solutions. Among
these chemicals, MeOH is hazardous to the human body with

This journal is © The Royal Society of Chemistry 2024

an “H” score of 7, while EtOH and IPA are low-toxicity solvents
with the same EHS data (3 for E, 3 for H, and 4 for S). Ethyl
acetate has the same “E” and ‘“H” scores as IPA, but a higher
score of 5 for ““S”. Currently, these chemicals have been used in
the preparation of the precursor solutions for perovskite mate-
rials as individual solvents or co-solvents. EtOH has been used
as the solvent and antisolvent for the synthesis of PeNCs.
Using a co-solvent of H,0 and EtOH, Zheng et al.*® prepared
CsPbBr; NCs under an ultrasonication process at room
temperature. Note that the NC solution formed by the water-
ethanol solvent can be transformed into a gel form with

Chem. Commun., 2024, 60, 1389-1403 | 1391
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(a) EtOH and H,O co-solvent for the synthesis of CsPbBrs NCs: (al) optical images of colloidal PeNCs solutions transformed into gels by adding

CHAPS, (a2) Time-dependent PL variations (black line: intensity, blue line: peak position). Reprinted with permission from ref. 36 Copyright (2021) Elsevier.
(b) EtOH as an antisolvent for the preparation of CsPbXs (X = |, Br, Cl) NCs. (b1) Schematic of the synthesis of colloidal NCs and anion exchange of a-CD-
capped perovskite (a-CD@CsPbBrs PeNCs) by ethanol, (b2) PL spectra (left) and XRD patterns (right) for the PeNCs. Reprinted with permission from ref.

37 Copyright (2023) the Royal Society of Chemistry.

enhanced PL (photoluminescence) stability after adding a
chemical of zwitterionic 3-[(3-cholamidopropyl)-dimethylam-
monium]-1-propanesulfonate (CHAPS) (Fig. 1a). The CHAPS
containing sulfonic group has a strong binding with surface
Pb>" atoms of CsPbBr; NCs and acts as capping ligand to
passivate surface defects of the NCs. For the same materials
(CsPbBr; NCs), Zhang et al.*” and Liang et al.*® used EtOH as an
antisolvent toward a green synthesis process. Adding the ligand
of a-cyclodextrin (CD) led to the formation of a-CD@CsPbBr;
with an average size of 35 nm and a PLQY (photoluminescence
quantum yield) of 86.0%; the formed o-CD@CsPbBr; main-
tained in EtOH for 6 months only experienced a loss of less
than 10% in luminescence.?” Note that EtOH is a polar solvent,
and an antisolvent is always a kind of non-polar solvent. In this
case, the extraordinary application of EtOH as an antisolvent
should be further investigated.

Fig. 1b presents a schematic of the formation and anion
exchange of a-CD-capped perovskites. The PL spectra at the
bottom of Fig. 1b are for well-synthesized NCs prepared by the
anion exchange technique. It should be noted that the solubi-
lities of various lead halides are different in EtOH, which may
have difficulties for the anion exchange. However, the PL
results in Fig. 1b are indicative of the feasibility of the anion
exchange in an ambient environment. Similarly, silica-passi-
vated CsPbBr; NCs with EtOH as an antisolvent exhibited a
PLQY of ~80%.%*

The preparation of precursor solution is a key step for the
synthesis of nanocrystals. Green-route preparation of precursor
solutions is of extreme significance to the synthesis of nano-
crystals via a green approach. Ethyl acetate (EA) is frequently

1392 | Chem. Commun., 2024, 60, 1389-1403

used in the preparation of precursor solutions for solar cells.
Jain et al.*® fabricated lead-free bismuth based (CH3;NH;);Bi,l,
perovskite-like solar cells via EA and achieved a power conver-
sion efficiency (PCE) of 1.62% under 1 sun illumination. Wu
et al.*® used triethyl phosphate (TEP) as a solvent to obtain
(FAPDI;)).05(MAPDbBI3)005 NCs for solar cells with a PCE of
22.4%. IPA has been most used in antisolvent methods. For
example, Liu et al.*" used IPA as an anti-solvent and cetyltri-
methylammonium chloride (CTAC) as an additive to prepare
perovskite solar cells with a PCE of 23.4%. IPA also plays a role
in passivating both surface and grain boundary defects, which
offers an improvement in the PCE of corresponding solar cells.
In addition to these commonly used green solvents, other ones
have also been used in the preparation of precursor solutions,
including diethyl carbonate®” and isobutanol.**

Table 2 summarizes recent advancements in eco-friendly
solvents. To date, green solvents have facilitated the synthesis
of perovskite materials and associated devices via other
paths, including interface engineering®® and crystallization
promotion.** All these reports indicate a multifunctional role
of green solvents.

4. Green aqueous-solution methods

According to the CHEM21 data in Table 1, water (H,O) with the
lowest EHS score is the greenest solvent for industrial manu-
facturing and biomedical applications. In the area of perovskite
materials, green synthesis has been called for sustainable
development from the view of commercialization and

This journal is © The Royal Society of Chemistry 2024
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Table 2 Recent advancements in eco-friendly solvents
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Material Role Structure Performance Ref.
EtOH Precursor solution NCs 38.1% (PLQY) 36
EtOH Antisolvent NCs 86.0% (PLQY) 37
EtOH Antisolvent NCs 80% (PLQY) 38
EA Precursor solution Solar cells 1.62% (PCE) 39
EA solution Solar cells 22.37% (PCE) 45
TEP Precursor solution Solar cells 22.4% (PCE) 40
IPA Antisolvent Solar cells 23.4% (PCE) 41
GBL/EtOH/acetic acid Precursor solution Solar cells 23.4% (PCE) 27

industrialization.**™*° Several H,O-based aqueous syntheses of

PeNCs have been reported, and are discussed below.

4.1 H,0 + acid method

A typical aqueous method has been proposed to use DI (deio-
nized) water and inorganic halogen acid, in which DI water is
for the purpose of dissolving Cs-based saline halides and
halogen acid for Pb-based saline halides. For the formation of
PeNCs, except for the ligands such as oleylamine®® and oleic
acid,’® dispersing agents and/or surfactants®® are also used to
enhance mono-dispersity and water-proof properties of PeNCs.
For example, one of the water-proof molecules is fluorocarbon
agent (FCA), which possesses extremely hydrophobic fluoro-
carbon chains with a low surface energy of -CF,- and -CF;
groups®® (lower surface energy normally typifies higher
hydrophobicity®®). Li et al>® employed perfluorooctyltrieth-
oxylsilane (CgF13CH,CH,Si(OCH,CHj3);, PFOTES) as FCA to
synthesize CsPbBr;/Cs,PbBrs NCs. Generally, forming NCs
needs antisolvents to lower the solubility of anion and cation
in the precursor solution. In this work, they used an ice-water
bath for the precipitation of perovskites (Fig. 2a). Ghosh and
Kar used IPA and oleic acid as antisolvent and ligand respec-
tively in the synthesis of Cs,AgBiCls double perovskites
(Fig. 2b).>" This could be referred to as an organic-water
medium for the precursor solution, in which IPA can bridge
the water with hydrophilic -OH and the organic solvent with
-CH; and has a moderate polarity (0.546°%).

As an important part of perovskite materials, inorganic—
organic hybrid PeNCs also draw wide attention in green synth-
esis. Here, we take MAPbX; (MA = CH3NH;, X = Cl, Br, I) as an
example. Different from Cs-based perovskites, MA" is always
from aqueous solution of CH3;NH,. The synthesis of CH;NH,-
based PeNCs is completed through the mixture of aqueous
solution of CH;NH, and aqueous solution of PbX, (Fig. 2c). It
needs to be pointed out that water can decompose perovskite
crystals, so the pH of the aqueous solution is a crucial factor in
controlling the formation of PeNCs. Geng et al. found that
MAPDBr; powders prepared by DMF decomposed in pure water
or aqueous solution of CH;NH, rapidly, but survived in small
amounts of lead-halide complexes, such as [PbBre]*", in a low
pH solution.>® They inferred that [PbXe]*~ complexes help to
form PeNCs with a halide-rich surface and hinder the decom-
position of the PeNCs in water, while H" (H;0") and CH;NH;"
cations from the solution on the surfaces of PeNCs maintain a
suitable ion balance (Fig. 2¢).>* For the preparation of the same

This journal is © The Royal Society of Chemistry 2024

material of MAPbX; PeNCs, Aminzare et al. used protein (BSA)
to stabilize the prepared PeNCs.>® The protein, which functions
as chains of amino acids linked by peptide bonds, provides a
highly dynamic bonding environment to the PeNCs through
hydrogen bonding, n-n-stacking, van der Waals, and electro-
static interactions (Fig. 2d). As PeNCs are stored in an acid
environment, the pH has a significant impact on the perfor-
mance of the PeNCs, such as the PL intensity. In the BSA-
modified PeNCs, the PL intensity was improved with the
increase of pH from an overall profile. This indicates that a
weaker acid solution can enhance the interaction between BSA
and PeNCs.

Ligands play an important role in the formation and growth
of PeNCs. Wei et al. used polyvinylpyrrolidone (PVP) as the
ligand for the synthesis of MAPbBr; in an aqueous solution,
where the interactive bonding between PVP with lactam groups
enables the formation of PeNCs.>® They demonstrated that the
PL intensity of the PeNCs was dependent on the weight content
of PVP, which suggests that an appropriate content of PVP can
dramatically increase the PL intensity of the PeNCs and a low or
overhigh content of PVP can cause the drop of the PL intensity
of the PeNCs. Without PVP, the number of formed PeNCs was
limited due to the anchoring failure of most monomers.

We note that DMF in the reported work of FCA-assisted
synthesis of CsPbBr;/Cs,PbBrg NCs*® was added in the synthesis
process to accelerate the dissolving of Pb-based saline halides to
obtain a precursor solution of high quality. Similarly, Ghosh et al.
used an appropriate amount of DMSO for the dissolving of AgCL>"
DMF and DMSO have been defined as harmful chemicals, which
pose a serious threat to the environment and the health of human
beings. Therefore, a greener approach needs to be developed. This
is illustrated in the next section.

4.2 Ultrasonication-assisted aqueous methods

4.2.1 Halide acid as an additive in precursor solutions. Due
to the discrepancy of solubilities between Cs-based and Pb-
based saline halides, there exists a limit to the complete
dissolution of the two sorts of equimolar saline halides in DI
water. Cs-Based saline halides have a large solubility in DI
water, and Pb-based saline halides have a small solubility in
DI water. Consequently, a small amount of halide acids is
usually added into DI water for a thorough dissolving of the
corresponding Pb-based saline halides. In general, the concen-
tration of the halide acids should be as low as possible, to
reduce the toxicity.

Chem. Commun., 2024, 60, 1389-1403 | 1393
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Protein-mediated MAPbBrz NCs. Reprinted with permission from ref. 55
Copyright (2022) American Chemical Society.

Tang et al. performed a series of aqueous syntheses of
double perovskite NCs (DPNCs) via a two-step approach.’”*
The first step is to synthesize double perovskite powder (DPP)
in an aqueous solution by mixing Cs-based and Pb-based
precursor solutions, followed by a heating process to evaporate
the liquid in as-obtained powder (Fig. 3). The DPP is formed by
a series of chemical reactions between cations and anions. The
next step is the ultrasonication of the powder obtained in the

1394 | Chem. Commun., 2024, 60, 1389-1403
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previous step to achieve nanosized perovskites. Note that
ligands are indispensable for the formation of PeNCs. The role
of ligands lies in saturating the dangling bonds to passivate the
defects on the surface of PeNCs and encapsulating the PeNCs
as surfactants to disperse the PeNCs in liquid solutions.
Ligands also control the shapes of PeNCs in a dynamic
environment where the bonding of ligands onto a crystal
dominates the nucleation and growth kinetics of crystals.’*°
That is, ligands have a surfactant-ligand duality effect on
PeNCs. In the synthesis of PeNCs, the selection of ligands is
critically important for the formation of PeNCs of high quality.

The most used ligands are oleylamine (OAm) and oleic acid
(OA). Numerous experimental results have confirmed that
PeNCs formed with combinational use of OAm and OA at a
certain ratio exhibited superior performance in optoelectronic
properties than the corresponding ones with an individual type
of ligands on the surface. OA can serve as a single capping
ligand but often is regarded as a reactant, since it participates
in many ionic metathesis reactions. For instance, OA provides
protons for the conversion of methylamine into methylammo-
nium cations during the synthesis of MAPbI; NCs. It was found
that the number of formed MAPbI; NCs is very low and the
formed MAPbI; NCs are not stable if OA is absent.®® Same
situation is applied to OAm; bulk crystals are usually grown
without amines.®* It needs to be pointed out that the solubility
of Pb-based saline halides in acid solutions is a key parameter
for the formation of double-perovskite powder in the first step.
Except for the acid concentration in the corresponding aqueous
solution, temperature is another crucial factor determining the
solubility of Pb-based saline halides.

4.2.2 Pure H,0 method. Even though the concentration of
the halide acid used in the aqueous-based synthesis of PeNCs is
low, it still causes mild harmfulness to the environment and
the health of human beings. Pure water, a non-toxic, green
solvent can completely address this concern. Tang et al.®*%*
demonstrated that using DI water as a sole solvent can produce
perovskite powder first, and PeNCs are obtained through the
ultrasonicating of the perovskite powder in a nonpolar solvent
with ligands for storage.

It is known that there is a huge difference in solubilities
between CsBr and PbBr, in water. This indicates that it is
difficult to use equimolar CsBr and PbBr, (or stoichiometric
Cs*, Br', and Pb*>" in a molar ratio of 1:1:3) to form CsPbBr; in
water. In fact, there are miraculous chemical reactions during
the formation of CsPbBr; powder, which are discussed below.

First, adding DI water to the mixture of equimolar CsBr and
PbBr, powders achieves the formation of a white precipitate,
consisting of Cs,PbBrs and PbBr,. The white precipitate reacts
and forms brown CsPbBr; powder during a heating treatment.
The whole process for the formation of CsPbBr; powder can be
expressed by the following chemical reactions:*

CsBr (s) + PbBr, (s) — Cs™ (aq) + Pb*>* (aq) + 3Br~ (aq) (1)
Cs" (aq) + Pb** (aq) + 3Br™ (aq) — CsPbBr; (s)  (2)

CsPbBr; (s) + 3CsBr (s) — Cs,PbBrg (s) (3)

This journal is © The Royal Society of Chemistry 2024
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Cs4PbBrg(s) + 3PbBra(s) e 4CsPbBr;(s) (4)
The fabrication process of the CsPbBr; powder is illustrated
clearly in Fig. 4a-d. The critical element for the successful
synthesis of the CsPbBr; powder is the material conservation
before and after the reactions. In reaction (3), CsBr has a much
higher solubility in water than PbBr, so CsPbBr; continuously
reacts with superfluous CsBr to form Cs,PbBrs. As a result,
superfluous PbBr, is left in the aqueous solution. The equili-
brium then drives the chemical reaction to move in the direc-
tion of the material conservation. That is, Cs,PbBrg reacts
further with PbBr, to achieve the final product of CsPbBrs;.

The next step is to synthesize CsPbBr; NCs from the as-
prepared CsPbBr; powder. Note that this process was con-
ducted in an ultrasonic bath, and the powder was placed in a
container with a nonpolar solvent and ligands. Perovskite
materials including powder and NCs have a super low solubility
in nonpolar solvents, so the final product can be stored and
saved in nonpolar solvents. It is also noted that suitable ligands
are indispensable in the formation of NCs and are needed to
reach monodisperse NCs of high quality in the corresponding
solvent. No NCs can be formed without ligands.

4.2.3 Impact of ultrasonication time on the size of PeNCs.
Ultrasonication, which involves the propagation of high-
frequency acoustic waves, has been considered as a green
approach to synthesize NCs. The acoustic energy absorbed by
semiconductor particles can cause the formation and growth of
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cracks, leading to the breakage of the particles when the cracks
grow through the particles. This trend leads to the disintegra-
tion of particles of larger sizes to the ones of smaller sizes,*® as
illustrated in Fig. 5a and 6. Note that the force on a particle due
to ultrasonic wave is proportional to the volume of the particle,
thus resulting in an increase in the number of smaller particles
and the concentration of NCs generally with an increase in the
ultrasonication time. The concentration of NCs will reach a
maximum due to the saturation of NCs in the solution, as
evidenced by the optical characteristics of the NCs in Fig. 5b-d.
This trend indicates that an appropriate ultrasonication dura-
tion is critical to the yield of NCs because a longer ultrasonica-
tion duration (which is beyond the saturation point) will
not contribute to the production of more NCs. Note that
the ultrasonication was carried out in an ultrasonic bath, in
which the container with large particles inside was placed to
obtain NCs.

Another method for the fabrication of NCs uses an ultra-
sonication probe or tip. In this method, the ultrasonication
probe is inserted into the solution with precursor powders and
the vibration energy from the probe breaks the powders into
NCs. To be an efficient way, beads, strikingly colliding with
perovskite precursors upon exposure to ultrasound, are added
to the solution.®® It was demonstrated that ultrasonication with
beads achieved a remarkable enhancement in the yield of
PeNCs over the one without beads. Nevertheless, debris from
the beads is likely produced and presented in the NC solution,

Chem. Commun., 2024, 60, 1389-1403 | 1395



Feature Article

a a ominute After shaking C After several
minutes
' “
b 16 minutes 60 minutes
c
d

Brown powder

=
«
&
>
=
@
c
2
£

480 500 520 540 560
Wavelength (nm)

Fig. 4 Optical images showing the synthesis process of CsPbBrs powder.
(@) Equimolar CsBr and PbBr, mixed in DI water. (b) and (c) Synthesis of
CsPbBrs powder film achieved by heating. (d) CsPbBrs powder
was removed from the glass substrate. (e) PL spectrum of as-obtained
CsPbBrz powder. Reprinted with permission from ref. 63 Copyright (2021)
Elsevier.

leading to the contamination of the formed PeNCs. Such an
issue is similar to the ball-milling method. It needs to be
pointed out that continuous ultrasonication can cause an
increase of temperature, which may impact the optical char-
acteristics of the formed PeNCs due to the temperance depen-
dence of the photoemission of PeNCs.®**7%® On the other side,
the method with an ultrasonication probe immersed in the
precursor solution may require the use of an open-ended
container to limit structural damage to the container. This
can cause the loss of organic solvent through evaporation.

Some aspects need to be noted in the preparation of PeNCs
with ultrasonication probes. First, the yield of PeNCs will be
reduced because most nonpolar solvents as antisolvents are
volatile and can easily evaporate out of the precursor solutions
with precursor cations and anions if open-ended containers are
used. As a result, a sealed system is needed. Secondly, the dust
in the air can fall into the PeNC solution if no sealed structure
is used. Finally, the container can experience breakage if the
ultrasonication power is higher than the safety limit. Therefore,
it is very important to select a reasonable ultrasonication-based
method for the synthesis of PeNCs, and more efficient and
reliable systems need to be developed for the ultrasonication-
based methods.

It is worth mentioning that microwaving is also a path that
can be used for the synthesis of PeNCs. Long et al.’® used
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1-octadecene (ODE), OA, OAm, PbX, (X = Cl, Br, I) and Cs,CO;3;
as precursor sources to synthesize CsPbBr; NCs in a household
microwave oven, achieved a PLQY of 92.17% for the prepared
PeNCs. Using a similar strategy, Li et al.”* produced CsPbBr;
NCs in a microwave oven and found an increase of the PL
intensity with increasing the radiation time of the microwave.
In contrast to the approach used by Long et al.,”® they separated
the Cs source and the Pb source by placing the two different
materials (the Cs source and the Pb source) at two opposite
ends of a quartz boat, instead of mixing the two precursor
sources together, and collected intermediate reaction products
with a suitable power of the microwave. Obviously, microwav-
ing provides a green approach for the synthesis of PeNCs and
has potential to achieve large-scale manufacturing at low cost.
However, the reactions between the Cs source and the Pb
source may not be sufficient to completely produce the final
product of PeNCs.

4.2.4 Impacts of post-treated ligands on the size and
optical properties of PeNCs. Solvent, surface ligands and/or
surrounding medium play important roles in limiting aggrega-
tion of NCs due to the interaction between NCs. The methods
used to add ligands into solutions can be different. Most
methods add ligands in precursor solutions prior to the for-
mation and nucleation of crystals, such as the HI and anti-
solvent methods. However, ligands can also be added after the
formation of crystals in ultrasonication-assisted methods.>”»>%6%%*
This indicates that there exists a subtle interaction between
ligands and NCs.

In the HI method, Cs-oleate and PbX, (X = Cl, Br, I) react to
produce CsPbX; NCs and byproducts of Pb-oleate and oleyl
ammonium bromide (OAmH-Br), and OAmH-X is preferably
bound to PeNCs instead of Pb-oleate. The results from the
Nuclear Magnetic Resonance (NMR) analysis revealed that
OAmH-X acts as an X-type ligand bonding to the surface of
PeNCs. Specifically, anions coordinate to Cs* and Pb®" on the
surface of PeNCs, and OAmH" cation bonds to X~ of PeNCs.”*
In contrast, the NMR results suggest that oleate strongly bonds
to undercoordinated Pb and Cs atoms in the antisolvent
method, and OAm binds weakly to surface protons and unco-
ordinated Pb.”

The amounts of ligands have a remarkable influence on the
sizes of the perovskites post-treated with the ligands. Let us use
the ratio of OA to OAm as an example. Tang et al.’” found the
dependence of the size and optical properties of Cs,SnCls NCs
on the ratio of the ligands used in the solution. Changing the
ratio of OA to OAm from 40:10 to 10:40 caused the blueshift
of the PL peak to 429 nm from 435 nm, indicating a decrease in
the size of Cs,SnCls NCs. Also, decreasing the ligand ratio led to
a decrease of the PL intensity (Fig. 7a) (with a broadening full
width at half maximum as shown in Fig. 7b), PLQY (Fig. 7c),
and lifetime (Fig. 7d). Similarly, double perovskite Cs,SnIs NCs
were derived from the powder counterpart.’® These results
demonstrate the successful synthesis of NCs by the novel
method of post-treatment ligands, which can be attributed to
the interaction/bonding between ligands and NCs to enable the
attachment of ligands onto NCs. However, the mechanisms of
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Fig. 6 Fluorescent images of CsPbBrsz powders in toluene for different
ultrasonication durations. Reprinted with permission from ref. 63 Copy-
right (2021) Elsevier.

how ligands are attached to NCs remain elusive and need to be
explored in the future.

The PLQY enhancement of PeNCs can be generally attrib-
uted to the quantum size (confinement) effect, which occurs
when the characteristic size (diameter) of PeNCs is comparable

This journal is © The Royal Society of Chemistry 2024

to or smaller than the exciton Bohr radius of the corresponding
bulk semiconductor.””’*”® Tang et al.’® proposed a critical
characteristic size (a.) to describe a similar phenomenon. If the
characteristic size of a crystal is larger than a., the bandgap
of the crystal is not tuneable by changing the crystal size,
i.e., the size (confinement) effect will disappear. Here, a. is
expressed as”®

; <3h2n2 ln(m/mg)) 172

= (N )

4ka T

in which 7 is the reduced Planck constant; m and m; are the
mass and reduced effective mass of an electron, respectively;
and kg and T are Boltzmann’s constant and the absolute
temperature, respectively.

There are reports that the morphology of PeNCs can be
dependent on surrounding material, such as polymers. Xiao
et al.”” reported the change in the size of CsPbBr; NCs with the
change in the amount of carboxylic-based polymer (polymer
ligands). They found that increasing the amount of the polymer
ligands reduced the size of CsPbBr; NCs and caused a blue shift
of the PL peak wavelength from green (519 nm) to blue
(446 nm) (Fig. 8a). They attributed this behavior to the shearing
of the polymer ligands’” and also observed the change of the
shape of CsPbBr; NCs from a cubic-like shape to a cylindrical-

Chem. Commun., 2024, 60, 1389-1403 | 1397



Feature Article

(@) [Total flow rate: 0.8 mL/min
Collecting capillary length: 20 cm
g | 435 nm OA(uL):OAm(uL)
= ——40:10
é —30:20
g —25:25
) —20:30
Ay —10:40

500 550 600 650

Wavelength (nm)

400 450

I Total flow rate: 0.8 mL/min
[ Collecting capillary length: 20 cm

—
(e
~
—_
S

("]

o

20:10 30:20 25:25 20:30 10:40
Volume ratio (OA(uL):OAm(uL))

—_— N Wk O X O

ChemComm

(b) 102 FTotal flow rate: 0.8 mL/min
Collecting tube length: 20 cm
100 =
E 98t
g
= 96 n
=
= 94+
92+t m
a8
9F =
40:10 3020 2525 20:30 10:40
Volume ratio (OA:OAm)
(d) Total flow rate: 0.8 mL/min
Collecting capillary length: 20 cm
7 10000 OA(UL):OAm(uL)
g
3 40:10
S 1000 30:20
2 25:25
£ 100 20:30
‘é’ 10:40
= 10

1000 1500

Decay (ns)

500 2000

Fig. 7 Effect of the ratio of OA to OAm on optical properties of Cs,SnClg DPNCs. (a) PL intensity. (b) FWHM of the PL spectra. (c) PLQY. (d) Lifetime.
Reprinted with permission from ref. 57 Copyright (2022) the Royal Society of Chemistry.

1019 14189211 10 & & @ © & 4 & 2 1

e SN e e et v ———

CsPbBr, CsPb(Br, I

0.4 0.6

),

.

Mzr s

Fig. 8 Effects of the amount of polymer ligands on the size (a) and
morphology (b) of CsPbBrs PeNCs. Reprinted with permission from ref.
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like shape (Fig. 8b). They did not discuss the reason for this
phenomenon. We suggest that the shape change of the CsPbBr;
NCs may be attributed to the role of the interface energy
between the polymer ligands and the NCs, because interfacial
energy can affect the arrangements of atoms on the surface of
NCs.*® Also, there exists interface stress between NCs and
matrix (polymer ligands).”® The interface stress can be consid-
ered as internal stress, which plays a role in the stress state and
optical properties of NCs.”®
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Table 3 summarizes the optical characteristics of PeNCs
prepared by aqueous methods. Note that the difficulty of

*

obtaining the effective electron mass (1

) of a semiconductor
at a temperature makes it a challenge to determine the depen-
dences of the quantum confinement size of various PeNC on
crystal structures and compositions. The sizes in Table 3 are
experimental results.

It needs to be pointed out that doping is an effective strategy
to significantly improve the optical properties of PeNCs. Tan
et al. reported an enhanced PLQY of Cs,SnClg by Bi doping.”®
The originally nonluminous Cs,SnCls emits a deep-blue light of
455 nm with the Bi doping, and the PLQY increases to ~80%
from 0%. They also found that the PLQY and wavelength can be
tuned by the Bi amount remarkably. For example, Bi content of
0.11% resulted in a PLQY of 67.6% and Bi of 2.75% led to a
78.9% in PLQY for Cs,SnCle. These results indicate doping
engineering likely is a highly efficient strategy to enhance the
optical properties of PeNCs.

There have been reports in doping engineering, which can
be categorised into organic doping®®* and inorganic doping.*®**
These doping methods have been widely used in boosting the
performance of perovskite devices.*>*°

4.3 Strategy for structural stability in aqueous environments

The structural stability of PeNCs under ambient conditions
and/or operation conditions is a major challenge for the
applications of PeNCs. Both moisture and oxygen can attack
halide perovskites through grain boundaries and surfaces,
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Table 3 Summary of optical characteristics of PeNCs prepared by aqueous methods

Material Solvent Antisolvent Size (nm) PLQY (%) Ref.
CsPbBr; H,O + EtOH — 14.5 ~38.1 36
a-CD@CsPbBr; DMF EtOH ~35.0 ~33.4 37
Silica@CsPbBr; ODE EtOH — ~80 38
CsPbBr;/Cs,PbBrg HBr + DMF FCAs 20-100 ~80 50
CsPbBr;/CsPb,Br; HF aqueous — ~110 77 92
MAPDbBr; HBr + CH3NH, aqueous — — ~40 54
MAPbBr, H,0 — ~5 ~94 64
CsPbBr; H,O — ~5, 200 ~17, 80 63
Cs,SnClg HCI aqueous — ~2.5 ~13.4 57
Cs,Snlg HI aqueous — ~4 ~7.4 58
Bi:Cs,SnClg HCI aqueous — — 78.9 79
Cs,AgInClg DMSO + HCI aqueous — 17.76 — 51
MAPDbBr;@PbBr(OH) H,0 — ~60 75.26 93

leading to the loss of functionality and the decomposition of
halide perovskites.”>*> The detachment of ligands from the
surface of PeNCs in the air can increase the number of defects
in PeNCs, which become the preferential sites for the attack of
moisture and oxygen. Enormous efforts have thus been devoted
to enhancing the stabilities of PeNCs with the use of moisture-
tolerance capping over the past years.

One common method is to encapsulate NCs with a shell as a
passivation layer, such as polymers, semiconductors, etc. Poly-
mers as capping shells to protect the core of NCs were proposed
and demonstrated. Wei et al°® used a swelling-shrinking
strategy to prepare CsPbBr;@polystyrene nano/micron beads
and achieved an enhancement to the resistance of water and a
high quantum efficiency. The CsPbBr; NCs were embedded
into polystyrene, which effectively prevented NCs from the
attack of environmental elements, such as water, oxygen, etc,
with hydrophobic polymer chains. Using a similar strategy,
Zhang et al®” embedded CsPbX; (X = Cl, Br, I) NCs into
micro-hemispheres (MHS) of polystyrene to improve the resis-
tance to water. The as-synthesized NCs@MHSs, which were
washed three times, exhibited excellent optical performance in
water. The NCs@MHSs were used as luminescence probes in
the tagging of 264 macrophages, which demonstrated potential
applications in biomedical engineering.

Although the enhanced environmental stability and the
water-proof quality of PeNCs have been realized with a polymer
shell on the surface of PeNCs, the polymer shell fails to achieve
a compact encapsulation for the core of PeNCs. This can cause
easy detachment of the polymer shell from the surface of PeNCs.
Also, most polymer shells are insulators, which can significantly
hinder the charge transports between PeNCs and between the
hole/electron transport layer and PeNCs. This can significantly
impair the performance of PeNC-based optoelectronic devices and
systems. Alternatively, inorganic shells can likely solve these
problems to some extent. Most inorganic materials have low
solubilities in aqueous solutions, and some inorganic shells can
be formed on the surface of PeNCs via heterogeneous epitaxial
growth. These features enable inorganic shells more robust to
resist the attack from water molecules.

Li et al. prepared CsPbBr;@TiO, core-shell nanoparticles,
which exhibited superior water stability, structural stability and

This journal is © The Royal Society of Chemistry 2024

optical stability over three months.®® The synthesis of the core-
shell NCs was achieved through a two-step process. The
CsPbBr; NCs were firstly prepared by a hot injection method,
and the CsPbBr;@TiO, core-shell nanoparticles were then
fabricated via hydrolysis and calcination (Fig. 9a). Note that
the calcination process needs a high temperature of 300 °C,
which is energy-consuming. An alternative way is called for low
temperatures. Zhong et al. proposed a one-pot approach to
obtain CsPbBr;@SiO, core-shell nanoparticles at room tem-
perature (30 °C).”° The shell layer of SiO, was formed by
adsorbing silica oligomers derived from the hydrolysis of
tetramethoxysilane (TMOS). With the SiO, shell, the CsPbBr;
NCs displayed distinct stability against water compared to pure
CsPbBr; NCs (Fig. 9b). However, it needs to be pointed out that
SiO, has a high resistance to the charge transport in optoelec-
tronic devices especially in vertical-structured devices, such as
LEDs, photodetectors, and solar cells, in which electrons trans-
port between the electron transport layer and NCs. In this case,
SiO,-coated core-shell PeNCs have an inferior optoelectronic
performance even though they possess superior environmental
stability. Therefore, seeking suitable semiconductors as shells
is a critical step in the development of high-stable PeNCs for
optoelectronic devices and systems of high-performance.
Imitating the successful synthesis of II-VI core-shell NCs,
Tang et al. successfully prepared CsPbBr;/CdS core/shell QDs
(quantum dots) with CdS as the shell layer (Fig. 9¢).'°° The CdS
layer significantly depressed the blinking and instability of the
core of CsPbBr; NCs. Auger non-radiative recombination was
suppressed through bandgap engineering. The core-shell NCs
exhibited superior humidity and thermal stabilities over pure
CsPbBr; NCs. However, toxic Cd-based saline chemicals are
detrimental to the environment and the health of human
beings. Cd-free NCs have been gaining more attention and will
be mainstream in terms of commercialization. Driven by this
effort, Ravi et al.'®" replaced CdS with toxicity-mitigating ZnS to
fabricate CsPbBr;@ZnS core-shell NCs with electrons being
confined inside the core and holes being delocalized over both
the core and shell (Fig. 9d). The CsPbBr;@ZnS core-shell NCs
exhibited significant improvement in the carriers’ lifetime and
water stability, compared to the CsPbBr; NCs without ZnS
shells. The improvement can be attributed to the passivation
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thermal stability tests. Reprinted with permission from ref. 88 Copyright (2019) Wiley-VCH. (d) CsPbBrs@ZnS core—shell NCs with TEM images, optical
characteristics versus pure NCs and the water stability test. Reprinted with permission from ref. 89 Copyright (2020) American Chemical Society.

of defects with the ZnS shell for the core of CsPbBr; NC. These
investigations highlight the potential applications of core-shell
PeNCs in the new-generation optoelectronic devices and systems
with long-term structural and optical stabilities. The results under-
line that the improvement of the structural stability of core/shell
PeNCs under aqueous environments can be realized by the growth
of a shell layer of water-proof inorganic material on the surface of
core material, especially, the successful formation of a Cd-free
shell layer of ZnS on the core material of CsPbBr;. This makes it a
promising green route to boost their aqueous stability.

5. Conclusions and perspectives

There is no doubt that green manufacturing of PeNCs has
huge potential for their future industrialization. PeNCs have
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exhibited tremendous prospects in the fields of lighting and
display due to their outstanding optoelectronic properties.
However, the production of PeNCs still relies on the use of
organic solvents, which hinders their further industrialization
from a sustainable viewpoint. This Feature Article has dis-
cussed green solvents used so far for the synthesis of PeNCs,
mainly focusing on aqueous methods. However, there are still
several challenges faced for their green manufacturing.

Green ligands for capping

For the synthesis of PeNCs, the commonly used ligands are
toxic, including OA and OAm. Even though some green poly-
mers including protein have been used as a capping layer for
the preparation of PeNCs, their PLQYs are much lower than the
ones prepared with OA and OAm. Consequently, the use of
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green ligands is crucial for the realization of green manu-
facturing of PeNCs, which however remains a challenge.
It needs to be pointed out that the compatibility between
ligands and solvents should be considered in the synthesis of
PeNCs. This is because the compatibility between ligands and
solvents plays an important role in producing PeNCs of high-
quality. For example, H,O is now the greenest solvent and has
been used for the fabrication of PeNCs successfully. However,
the organic ligands of OA and OAm cannot coexist in aqueous
systems, and the separation of OA and OAm from H,O is
present in aqueous solutions. EtOH is considered as a green
solvent and can be mutually soluble in water and most organic
solvents, and EtOH has good compatibility with OA and OAm.
The deficiencies lie in the PLQY of the PeNCs prepared with
EtOH, which is inferior to the ones with toxic solvents of DMF
and DMSO. Efforts are suggested to be engaged in these aspects
in future studies.

Interface engineering for aqueous stability

Environmental instability is a long-term issue for PeNCs
because the defects of PeNCs are susceptible to the attacks of
H,0 and O, molecules, etc. To date, several approaches have
been proposed to improve the aqueous stability of PeNCs, such
as polymer capping, TiO,-based, CdS-based, ZnS-based core-
shell structures, etc. The highest PLQY of these core-shell
PeNCs had reached ~90%, which is comparable to pure
PeNCs. Aqueous solutions as a non-toxic or low-toxic medium
are preferable for the storage of PeNCs to mitigate the detri-
mental effects of organic solvents on the environment. The
great aqueous stability of core-shell PeNCs allows for the use of
aqueous solutions for their storage and can contribute to their
air stability and device stability.

Generally, it requires the use of ligands on PeNCs in order to
hinder the agglomeration of PeNCs in liquid solutions, includ-
ing aqueous solutions. Green ligands need to be developed for
the dispersing of PeNCs in liquid solutions. This elicits another
issue on the efficiency of PeNC-based devices. Currently, the
efficiency of PeNC-based devices with the PeNCs prepared by
green solvents is much lower than the corresponding ones with
the PeNCs prepared by conventional toxic solvents. The main
reason goes to the quality of the PeNCs, including PLQY,
stability, crystallinity, etc. Device encapsulation can also impact
the performance of PeNCs. Effective encapsulation can greatly
improve the performance of PeNCs and the efficiency of devices
because light extraction can be boosted with effective strate-
gies. In addition, the quenching of light emission can occur
during normal operation conditions due to the release of heat
and the decomposition of PeNCs. Heat management should be
an effort-dedicated topic for the improvement of devices’
lifetime.

Mechanical reliability of PeNCs and devices

One of the concerns on the applications of PeNCs is mechanical
stability which affects the performance of the associated
devices and systems. Carrier’'s mobility in semiconductors
decreases generally with increasing tensile stress and pressure
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because the nucleation and growth of cracks and/or defects can
appear under mechanical stress. In particular, stress can also
result in changes in the bandgap of PeNCs, which affects the
wavelengths of light emission. For devices, such as LEDs, the
shift in the emission wavelength of LEDs can cause the distor-
tion of images in display fields. In this regard, it is of practical
importance to investigate the mechanical stability of PeNCs
and the associated devices under a variety of environments and
operating conditions.

Currently, there are some reports focusing on the mechan-
ical stability of perovskite materials and devices. However,
more studies are needed to understand the environmental
and operating effects as well as the effects of external stimuli,
including mechanical deformation, on the mechanical stability
of PeNCs prepared by green-route manufacturing. Especially,
the mechanical stability of PeNCs plays an important role in
the structural integrity of flexible optoelectronic devices and
systems, which consist of multilayer structures, including an
electron transfer layer, perovskite layer, and hole transport
layer. The recurrent bending, folding, stretching and/or twist-
ing can likely cause the degradation/damage of individual
layers and PeNCs and lead to the malfunction and failure of
devices and systems. Systematical studies of the effects of
mechanical deformation on the structural stability of PeNCs
under a variety of environments are highly desirable.

Devices and systems under operating conditions will gen-
erate heat, which affects not only the stability of PeNCs but also
the performance of the associated devices and systems. High
temperature can cause serious quenching to optical character-
istics of PeNCs, such as PL, since PeNCs can experience
decomposition and/or phase transition at elevated tempera-
tures. This can undermine the functionality of the devices and
systems, including solar cells, photodetectors, and so forth.
Also, thermal expansion always occurs with increasing tem-
perature, which results in volumetric changes and causes
structural instability of PeNCs and the associated devices and
systems. There exists thermomechanical interaction, which
plays a role in the performance of PeNCs and the functionality
of the associated devices and systems under operating condi-
tions and at elevated temperatures. In addition, the passivation
of defects is increasingly becoming mainstream to improve the
mechanical stability of PeNCs and the associated devices and
systems. There is a great need to understand the effects
of thermomechanical interaction on the structural stability of
PeNCs in a variety of materials under external stimuli.

PeNCs have already been proven to be promising materials,
which have attracted great interest in multi-fields to explore
conspicuous experimental workflows for sustainable manufac-
turing and for developing feasible and reliable systems to
understand the thermal-mechanical-optical coupling in PeNCs.
The comprehensive understanding of the thermal-mechanical-
optical coupling in PeNCs and the development of sustainable
manufacturing will allow for the industrialization of the green
manufacturing of PeNCs of high quality and the improvement
of the structural integrity and performance of PeNC-based devices
and systems. These efforts will contribute to meaningful progress

Chem. Commun., 2024, 60, 1389-1403 | 1401
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in addressing the challenges highlighted in this Feature article and
forward the sustainability and durability of the promising green
technology for the manufacturing of PeNCs.
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