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ABSTRACT: Metal-halide perovskites have rapidly emerged as
one of the most promising materials of the 21st century, with
many exciting properties and great potential for a broad range
of applications, from photovoltaics to optoelectronics and
photocatalysis. The ease with which metal-halide perovskites
can be synthesized in the form of brightly luminescent colloidal
nanocrystals, as well as their tunable and intriguing optical and
electronic properties, has attracted researchers from different
disciplines of science and technology. In the last few years,
there has been a significant progress in the shape-controlled
synthesis of perovskite nanocrystals and understanding of their
properties and applications. In this comprehensive review,
researchers having expertise in different fields (chemistry,
physics, and device engineering) of metal-halide perovskite nanocrystals have joined together to provide a state of the art
overview and future prospects of metal-halide perovskite nanocrystal research.
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T he earliest research work on metal-halide perovskites
(MHPs) was conducted in the late 1800s by Wells,"
while the detailed structural characterization was
carried out by Weber in the 1900s.”~* Their potential
applications in electronic and optical devices attracted
attention in the late 1990s and the early 2000s, long before
captivating the broad scientific community.”® In 2009, Kojima
et al.” demonstrated the use of lead-halide perovskites (LHPs)
as visible-light sensitizers in solar cells, but it took another 3
years to fully grasp their potential for highly efficient
photovoltaics.”” Since then, the number of researchers
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working on MHPs has been increasing significantly over the
years, accompanied by a substantial increase in research output
in this area. The high efliciency of LHP photovoltaic cells is
attributed to long charge carrier diffusion lengths along with
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Figure 1. Illustrations of cubic crystal structure of (A) 3D perovskites, (B) 2D-layered perovskites, and (C) 3D double perovskite.

low Urbach energies, high photoluminescence quantum yields,
and high absorption coefficients.'”"" These significant features
are of interest not only for the device communities but also for
the chemistry, physics, and materials research communities.
Over the last decade, numerous advances have been made
toward the fundamental understanding as well as potential
applications of MHPs. The certified power conversion
efficiency (PCE) of single-junction perovskite-based solar
cells has surpassed 25% in a short span of time, demonstrating
an order of magnitude higher rate of improvement compared
to other photovoltaic technologies.'”” MHPs have recently
emerged at the forefront of materials research not only because
of their impressive photovoltaic performance but also due to
their attractive optical and electronic properties.'”' "> > Over
the years, they have already shown great promise in a wide
range of technological applications encompassing photo-
voltaics (PVs), light-emitting diodes (LEDs), lasers, transistors,
photodetectors, and photocatalysts.””*'~* The optical and
electronic properties of MHPs were shown to be strongly
dependent on their dimensionality (both structural and
morphological).*1618223046-50

Three-dimensional (3D) MHPs refer to a class of crystalline
compounds adopting the generic chemical formula ABX;,
where the cation “B” has six nearest-neighbor anions “X”, while
the cation “A” sits in a cavity formed by eight corner-sharing
BX; octahedra.'”*"** MHPs are generally classified into either
organic—inorganic hybrid (OIH) or inorganic perovskites
depending on whether the A-site cation is organic or inorganic.
OIH perovskites generally have methylammonium (MA) or
formamidinium (FA) as the monovalent A-site cation, lead, tin,
or germanium as the divalent B cation and chlorine, bromine,
iodine, or their combinations as the halide ion (X). On the
other hand, inorganic perovskites have cesium (Cs) or
rubidium (Rb) as the A cation. The ideal structure of the
perovskite, which is illustrated in Figure 14, is based on a cubic
lattice. However, the deviation from the ideal perovskite
structure in ABX; materials can be predicted through the
Goldschmidt tolerance factor t (t = (ry + 1)/ [\/ 2(rg + rv)]),
where r,, rp, and ry are the ionic radii of the corresponding
ions, and t is defined as the ratio of the distance A—X to the
distance B—X. Unlike classical semiconductors (such as Ge, Si,
GaAs, CdS, CdSe, InP), high-quality MHPs can be prepared
by simply mixing the corresponding precursor solutions at
room temperature (RT) under ambient conditions due to their
inherent ionic character.””*>** The optical properties of
MHPs are easily tunable across the visible spectrum of light
by simply varying the halide composition.’”**~>” While the
bulk properties of MHP are significant, decreasing the size of

the crystals to the nanoscale reveals their size-dependent
optical and electronic properties. For instance, nanosized
crystals (nanocrystals, NCs) of MHP exhibit quantum-
confinement effects that can be exploited to tune the optical
properties,"*'®'*** much like in other semiconductors.”**’
The structural dimensionality of MHPs is easily tunable from
3D to 2D using long-chain alkylammonium cations in their
synthesis (Figure 1B). The emission wavelength and exciton
binding energies of these layered perovskites are controllable
by the number of octahedral layers between the long-chain
organic layers (n = 1 to 00).*%%¢! The tunable emission
wavelength, narrow emission, and low nonradiative losses of
MHPs make them potential candidates for LEDs. In addition,
the long charge carrier diffusion lengths in MHPs facilitate
efficient recombination of electrically injected charge carriers.
Bulk perovskites suffer from low photoluminescence quantum
yields (PLQYs) due to inherent defects, particularly those
present at grain boundaries, surfaces, and interfaces.'>*>®> On
the other hand, MHP NCs appeared as extremely efficient light
emitters with near-unity PLQY. The early reports on colloidal
halide perovskites emerged in 2012—2014.°7°° Despite
limited control over the size, shape, and colloidal stability,
those early papers showed that such fine perovskite particles
exhibit much enhanced emissivity, as evidenced by a PLQY of
~20% for MAPbBr; colloids.’® In late 2014, Gonzalez-Carrero
et al.”® reported an improved synthesis of highly luminescent
MAPDbBr; colloids in toluene. Although the particles were
found to be polydisperse and irregularly shaped, as seen from
the transmission electron microscopy (TEM) images, they
exhibited an impressive PLQY of 80% and stood in drastic
contrast to classical colloidal quantum dots (QDs), such as
those made of CdSe and InP, which must be epitaxially
overcoated with wider-band-gap inorganic shells, such as CdS
or ZnS, for imparting high PLQY values.”” The most relevant
colloidal synthesis of well-defined colloidal LHP NCs, which
enabled exquisite control over the size and size distribution
and thermodynamic stability of colloids, was the one by
Protesescu et al. in January 2015 using the hot-injection (HI)
method, which delivered monodisperse CsPbX; NCs.'* These
CsPbX; NCs not only exhibited PLQY values up to 100% but
also showed quantum-size effects similar to classical QDs. In
March 2015, Zhang et al. introduced the ligand-assisted
reprecipitation (LARP) approach for the room-temperature
synthesis of MAPbX; NCs with color-tunable emission and
PLQY up 70%.”” In the same year, Tyagi et al.'” and Sichert et
al.'® simultaneously reported the preparation of MAPbBr,
perovskite nanoplatelets (NPls). The precise control of the
number of monolayers in the platelets, down to monolayer,
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ACS Nano 2021, 15, 10775—-10981


https://pubs.acs.org/doi/10.1021/acsnano.0c08903?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08903?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08903?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08903?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.0c08903?rel=cite-as&ref=PDF&jav=VoR

ACS Nano

Www.acshnano.org

o {:X‘ 0’6
e o9
Cx
AR s
. Nanotubes
/ P / )—\/ . Quantum dots
= Ty X .
/ N\ e 7 \ s
™, |Single chain multi-chain o
.. L. ® N iigands L ligands i New ligands Ne—
"'l'r'r";?féJE'JEGE;f',": ----- s 66
/ 5O OO
S Surface repair S Qg
/
N '(‘l - . ® L o )
44,
/ ) 7 i
= N New iSize/shape > _‘v * Improved PLQY ___.-=="" -
*, ligands | control h A A =t
On / o
Pr pr’Ca/ (kace - wﬁ\g
er, \

Facile synthetig T
methods

/ chirality
/. Chinalligends  chiralty tansfer _

e —

» Chl!3|  NCs;

Lanthanide-doped NPs
Upwm'slcn luminescence

/i hr, 3
g ‘o

Figure 2. Schematic overview of the current research directions on the chemistry of colloidal MHP NCs.

demonstrated in the latter report and achieved by changing the
ratio of the organic cations in LARP, enabled a careful
assessment of the quantum-confinement effects in the
platelets.'® Later, the synthesis methodology initially proposed
for CsPbX; NCs in reference 14 was used also in the early

reports on FAPbX; (X = Br, I) and CsFAPbI; NCs.**® After
these seminal reports on uniform perovskite NCs, there has
been a surge in MHP NC research. Over the years, numerous
efforts have been devoted to control the size and shape of
MHP NCs by varying the ligands, reaction temperatures, and
precursors. A wide range of morphologies such as nanocubes,
nanowires (NWs), nanorods (NRs), NPIs, nanosheets (NSs),
multifaced nanocrystals,”*~"* and QDs (nanocubes with sized
in the strong quantum-confinement regime) have been
reported,'#?37%48325673776 These NCs exhibit either bulk-
like (3D) or quantum-confined (2D or OD) properties
depending on their dimensions. For instance, the thickness
of the NPIs is precisely tunable down to a single layer of edge-
sharing octahedra (Figure 1B, strongly quantum-confined
region). Over the years, the syntheses of LHP NCs have
been optimized toward monodispersity, with near-unity PLQY
and colloidal stability.”>”””® Their size/shape and composition
(A, B, and X) are also tunable by post-synthetic shape
transformations and ion exchange, respectively.’>>>>"">"
Furthermore, their optical properties are tunable by self-
assembly into superlattices.”’ ™"’ Although low-band-gap,
iodine-based MHPs are also defect-tolerant, surface defects
caused by the detachment of ligands and surface atoms (B and
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X) can strongly affect their PLQYs.*"** To overcome these
effects, post-synthetic surface treatment methods have been
developed.”>*"*>*® In general, a post-synthetic treatment of
LHP NCs with ligand molecules or metal halides leads to a
significant improvement in their PLQY.*”***”** Additional
properties could be achieved in perovskite NCs by post-
synthetic treatments with functional molecules. The controlled
synthesis of LHP NCs makes it easy for the researchers to test
these fascinating NCs as active materials in a wide range of
applications, including LEDs,* lasers,® solar cells,”*"" photo-
detectors,”” transistors’>”® and for photocatalysis.”> On the
other hand, despite the rapid progress in various aspects of
LHP NCs, their stability is one of the major roadblocks in
advancing the field toward real-world applications. To address
this issue, researchers have implemented both in situ synthesis
as well as post-synthetic surface coating strategies,""** but by
these approaches, the perovskite NCs are often protected with
a layer of organic ligands, acting as a dielectric surface coating,
which is a major concern for the injection and transport of
charge carriers. Therefore, perovskite NCs coated with
dielectric shells can only be used as down-converters in
LEDs. Another major obstacle for applying LHP NCs in
consumer products such as LEDs and solar cells is the toxicity
of lead. Therefore, researchers have been testing various other
metals to replace this lead with less toxic alternatives. The
replacement of divalent Pb*" with trivalent Bi** or Sb>* leads to
the formation of vacancy ordered triple perovskites (A3B,Xy),
which have a 0D or 2D structure, with exciton binding energies
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higher than those of the 3D perovskites.”” ™’ On the other

hand, the perovskite crystal structure can be preserved by
adding a monovalent B-site cation, as well (eg., Ag), which
leads to the formation of double perovskites, as illustrated in
Figure 1C, which have been facing their own challenges in
terms of wide band gaps and low PLQYs thus far.

As illustrated in Figure 2, currently, MHP NCs are
undergoing further chemical engineering in connection with
shape-controlled synthesis using different precursors and
ligands, surface functionalization to induce additional
functionality (for example, chirality), metal-ion doping, and
search for Pb-free NCs alternatives, phase stability (thermal
and moisture), and self-assembly. All of these research lines are
aimed toward improving and stabilizing their optical proper-
ties. Over the years, numerous excellent reviews have been
published on MHP NCs, regarding their colloidal chemistry,
optical properties (linear and nonlinear), and potential
applications,”! 723363741,4652,92=9498=116 Y ivever, there is
no extensive literature review covering the entire spectrum of
research into aspects of MHP NCs, from synthesis and
fundamental properties to device applications and related
challenges. It has already been over 5 years since MHP NC
research has started, and it has quickly emerged as an
important field in contemporary nanoscience and nano-
technology, a field that is still rapidly growing. We have
therefore identified the need for a comprehensive literature
review on current research lines and future prospects of MHP
NCs, not only to guide currently active researchers of this field
but also to inspire a younger generation of researchers to join
this exciting research field. To realize this, we have put together
our expertise to provide a broad overview of currently available
knowledge on various aspects of MHP NCs. This review article
provides comprehensive and up to date developments in the
synthetic methods for the shape-controlled synthesis of MHP
NCs (both Pb and Pb-free), their surface chemistry, post-
synthetic surface passivation, surface functionalization, self-
assembly, and optical properties along with potential
applications.

We have organized this review into 11 main parts. (1)
Colloidal synthesis of LHP NCs includes a brief history of
colloidal synthesis of LHP NCs and a discussion on general
approaches developed over the years for their shape/size-
controlled (nanocubes, nanoplatelets and nanowires) synthesis
and post-synthetic ion exchange for compositional tuning,
along with post-synthetic shape transformations. We also
discuss in situ synthesis approaches to obtain LHP NCs on a
substrate. (2) Surface chemistry and post-synthetic surface
treatment of LHP NCs improves their optical properties and
provides our current understanding of ligand chemistry on
LHP NC surface and passivation. (3) We discuss recent
advances on 0D Cs,PbBrg NCs, regarding their syntheses,
phase transformations and origin of their green photo-
luminescence. (4) Surface coating strategies are used to
enhance the stability of LHP NCs toward humidity, heat and
harsh environments. (5) We then discuss various possible
metal combinations to synthesize Pb-free perovskite NCs. (6)
We provide a summary of LHP NCs doped (A- and B-sites)
with various other metal ions to improve their optical
properties as well as their phase stability. Special emphasis is
paid to Mn**-doped LHP NCs. (7) We provide a summary of
self-assembly strategies employed for the fabrication of LHP
nanocube superlattices. (8) We discuss the characterization of
LHP NCs and their assembly by TEM and X-ray scattering

techniques. In this section, we describe the challenges
associated with characterization of LHP NCs by TEM due
to electron-beam-induced degradation. In addition, we discuss
X-ray scattering analysis of LHP NC degradation. (9) We
discuss the optical properties of MHP NCs, such as their PL,
quantum-confinement effects, chirality, and ultrafast charge
carrier dynamics. (10) We also discuss the optical studies of
quantum dots and nano- and microcrystals at the single-
particle level. (11) In the last section, we offer an up to date
research progress on various potential applications of MHP
NGCs, including lasers, LEDs, photodetectors, field-effect
transistors (FETs), photovoltaics, and photocatalysis. In
addition, an outlook is provided at the end of each section,
along with an overall outlook at the end of the article.

SHAPE-CONTROLLED SYNTHESIS OF MHP NCs

Evolution of Different Synthesis Methods. The success
of colloidal MHP NCs has resided mainly in the ability
to synthesize them with excellent control over their shape,
size, and composition, as well as with high qual-
iy, #2223364752898 105117 part of this success stems from
the fact that these systems, as soon as they were approached,
had largely benefited from the knowledge on conventional
colloidal nanocrystals that had accumulated over the past few
decades, especially on their synthesis, the study of their
fundamental properties, and their device applications.”®"'*~**
On the other hand, MHPs have been known for a very long
time, but their connection with the NC world has come only in
relatively recent times. As a matter of fact, the fabrication and
optical properties of layered MHPs were reported long before
(in the 1990s) the realization of their great potential for
applications in devices, especially for photovoltaics.'**~"**
Along the line of conventional colloidal QD photovoltaics
(PVs), Im et al. explored MAPbI; NCs in a TiO, matrix as a
potential sensitizer for PVs in 2011."* In their work, the NCs
were synthesized on a nanocrystalline TiO, surface by spin-
coating the perovskite precursor solution. This was probably
one of the early works to inspire the colloidal chemistry
research community to investigate the solution-phase synthesis
of colloidal MHP NCs. In 2014, Schmidt et al. reported the
synthesis of MAPbBr; perovskite nano/microcrystals.”® Their
synthesis relied on the use of medium-length alkyl chain
organic ammonium cations (octylammonium bromide and
octadecylammonium bromide) as capping ligands to obtain
colloidal MAPbBr; NCs via the solvent (acetone)-induced
reprecipitation of MABr and PbBr, precursors. The prepared
MAPDbB; nano/microcrystals exhibited green emission with a
PLQY of ~20%. The ligands played a critical role in limiting
the crystallization to obtain colloidal NCs, as otherwise the
precursors would precipitate out to form non-emissive or
(weakly emissive) large bulk crystals. Interestingly, a similar
concept had been employed previously to obtain 2D-layered
halide perovskites on substrates and perovskite colloidal
dispersions.””” In a subsequent work, Gonzalez-Carrero et
al” further improved the PLQY of these NCs to 83% by
optimizing the ligand concentration. However, the morphology
of the perovskite colloids was unclear until the colloidal
synthesis of well-defined CsPbX; NCs reported by Protesescu
et al. in 2015."* They synthesized the CsPbX; NCs by adapting
a hot-injection strategy (Figure 3). Interestingly, HI has been
used for more than two decades for CdSe”® and since then also
for other conventional colloidal NCs (Pb chalcogenides, In
pnictides, etc.).
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Figure 3. (A) Schematic illustrations of HI synthesis of colloidal
CsPbX; NCs. The synthesis relies on the injection of presynthe-
sized Cs-oleate into a reaction solution (PbX, dissolved in 1-
octadecene using oleylamine and oleic acid) at high temperature.
(B) Photographs of the colloidal solutions of CsPbX; NCs
synthesized by the HI method. Photo courtesy of Dr. Loredana
Protesescu. (C) TEM images of the corresponding CsPbBr; NCs.
Panel C is reprinted from ref 14. Copyright 2015 American
Chemical Society. Further permissions related to the material
excerpted should be directed to the ACS.

Protesescu et al. were able to tune the size of the NCs by
varying the reaction temperature and thus explored the
quantum size effects in this class of NCs. This work lays the
foundation for the shape-controlled synthesis of MHP NCs.
This pioneering work clearly highlighted that LHP NCs have
narrow emission spectra width with high PLQYs (up to 90%),
and the PL peak position is precisely tunable across the visible
spectrum (400—700 nm) of light by varying the halide (CI, Br,
I) composition and NC size (Figure 3). It is significant that
LHP NCs, unlike conventional colloidal semiconductor QDs,
exhibit such high PLQYs without any surface passivation. Later
in 2015, Sichert et al.'® demonstrated the synthesis of organic—
inorganic hybrid perovskite NPls with thickness control down
to a monolayer by varying the ratio of long and short-chain
ligands in the reprecipitation reaction. For such thin NPIs, the
quantum-confinement effects strongly affected their absorption
and PL properties. The outstanding optical properties of both
organic—inorganic and all-inorganic LHPs unveiled by these

initial reports have greatly attracted the interest of researchers
from various disciplines.

Over the last few years, significant efforts have been devoted
to developing facile and reliable synthesis methods for MHPs.
As schematically illustrated in Figure 4, these methods can be
mainly classified into either “bottom-up” or “top-down”
approaches based on the growth process."”"'*> The bottom-
up approaches can be further subclassified into three different
categories based on the nature of the synthesis: (1) heat-up,
(2) reprecipitation, and (3) in situ synthesis. Among all the
strategies illustrated in Figure 4, HI and LARP have been the
most frequently used methods for the synthesis of MHP NCs.
As illustrated in Figure 3A, the HI synthesis of CsPbX; NCs
generally relies on the injection of presynthesized Cs-oleate
into a reaction mixture containing PbX, ligands in 1-
octadecene at high temperatures and inert atmospheres,
followed by immediate quenching of the reaction with an ice
bath.

This method generally produces high-quality monodisperse
CsPbX; NCs with high PLQY, and this can also be adapted to
the synthesis of Pb-free perovskite NCs using suitable
precursors (refer to NANOCRYSTALS OF LEAD-FREE
PEROVSKITE-INSPIRED MATERIALS). Over the years,
the HI synthesis of MHP NCs has undergone further
optimization with different precursors and ligands to achieve
better stability and shape control. However, this method is
tedious and requires high temperatures and inert atmospheres,
which limits cost-effective mass production. Alternatively,
researchers have adapted a few other methods such as tip
sonication,®® microwave irradiation,'* ball-milling,131 and
solvothermal methods"** for the synthesis of MHP NCs at
atmospheric conditions. These are single-step bottom-up
synthesis approaches, in which all the precursors and ligands
are mixed in a solvent and then reacted by applying heat
(solvothermal synthesis, which is very similar to HI) or by tip
sonication or microwave irradiation at atmospheric conditions.
Nevertheless, the temperature in the reaction medium
increases during ultrasonication or microwave irradiation,
promoting the reaction.

The inherent ionic nature of perovskites has enabled the
synthesis of high-quality MHP NCs by the LARP approach in
ambient atmosphere at room temperature. The reprecipitation
approach has been known for centuries, and it has been used to
prepare organic nanoparticles.*>~'*” This approach relies on
the spontaneous crystallization of substances upon reaching a
supersaturated state, which can be achieved by lowering the
temperature, by solvent evaporation, or by the addition of a
poor solvent in which the solubility of the substance is low. If
this is carried out in the presence of ligands, nucleation and
growth of the precipitate can be controlled, and this is called
the LARP process. In early 2015, Zhang et al”’ initially
employed this LARP approach to synthesize strongly
luminescent colloidal MAPbX; (X = Cl, Br, I) NCs at room
temperature. In this approach, a solution of perovskite
precursors (such as MAX, FAX, CsX, along with PbX,) and
ligands (alkylamines and alkyl carboxylic acids) dissolved in a
good solvent such as dimethylformamide (DMF) or dimethyl
sulfoxide (DMSO) is dropped into a poor solvent (such as
toluene or hexane), inducing the instantaneous formation of
ligand-capped colloidal perovskite NCs (Figure SA; see movie
S1). The LARP approach generall y yields either spherical NCs
(Figure SC) or nanoplatelets.''” The size of the MAPbBr;
NCs is tunable by varying the temperature at which LARP is
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carried out, as shown by Huang et al."*® Yet, there is still a
debate on whether the spherical NCs are perovskites or Pb
clusters that result from electron-beam-induced degradation of
perovskite NCs (movie $2).'***'*° The LARP approach has
been further updated into emulsion synthesis, which enabled
the purification of MAPbBr; NCs by precipitation into solid-
state light-emitting powder form."*® This can be redissolved
into solvents for processing thin-film devices."*'*" This LARP
approach has also been extended to all-inorganic MHP
NCs.>*”7 However, the level of shape control achieved by
LARP is still lagging far behind that of the HI synthesis. As
illustrated in Figure 2, currently, the synthesis of MHP NCs is
undergoing further fine-tuning in connection with shape
control using different precursors and ligands, surface
functionalization to induce additional functionalities (for
example, chirality), and metal-ion doping, moving the focus
toward Pb-free NCs, phase stability (thermal and moisture),
and self-assembly. All these research lines are aimed toward
improving the optical properties of NCs or finding alternative,
less toxic compositions while keeping optical performances
high. Despite significant advances in the synthesis of MHP
NCs, only limited shape control has been achieved, as mainly
NCs, NPIs, and NWs have been frequently reported. In the
following, we discuss the state of the art synthesis of these
three morphologies.

Nanocubes. Nanocubes are the most explored MHP NCs
in terms of their synthesis, characterization, and investigation
for potential applications.'**>*>*>'*> Over the last 5 years,

there has been significant progress toward the development of
reliable and scalable synthetic approaches for MHP nanocubes
with tunable composition and high PLQY.'*?%3>3313H 143144
As a result, these nanocubes have already shown great promise
for LEDs, lasers, and solar cells, as compared with other MHP
morphologies and nanostructures.*”*"'** In general, perov-
skite precursors often tend to precipitate to form NCs with
cubic shapes at high reaction temperatures, while they tend to
crystallize into nanoplatelet morphologies at relatively low
reaction temperatures. This temperature dependence is now
better understood in terms of acid/base equilibria regulating
the protonation/deprotonation of the alkylamine ligands used
in the synthesis competing with Cs" ions for their inclusion to
the facets of the growing NCs.'** In fact, CsPbX; perovskite
nanocubes were initially synthesized using a well-known HI
method, and it is still the most frequently used method to
synthesize MHP NCs (Figure 3 and movie S3: large-scale
synthesis of CsPbBr; nanocubes; the hot injection is realized
here by creating a reduced pressure in the flask and opening
the valve of the dropping funnel).'* In this method, PbX,
precursors were first dissolved in octadecene, followed by the
injection of Cs-oleate at high temperature and inert
atmosphere. It is worth mentioning that the reaction has to
be quickly quenched with an ice bath upon the injection of Cs-
oleate; otherwise, a prolonged reaction time leads to the
formation of nanowires as side products (the reader should
consult the nanowires section for additional details).”> This
method generally yields monodisperse CsPbX; nanocubes, and
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Figure S. (A) Schematic illustrations of the synthesis of colloidal
MAPDbX; NCs by the LARP approach. Reprinted from ref 52.
Copyright 2019 American Chemical Society. Further permissions
related to the material excerpted should be directed to the ACS.
The synthesis relies on dropping precursor powders and ligands
dissolved in a good solvent (such as DMF or DMSO) into a poor
solvent (such as toluene or hexane). (B) Photographs of the
colloidal solutions of MAPbX; NCs synthesized by the HI method.
(C) TEM images of the corresponding MAPbBr; NCs. Panels B
and C are reprinted from ref 29. Copyright 2015 American
Chemical Society.

the halide composition of the nanocubes is easily tunable by
varying the ratio of PbX, precursors in the reaction medium.
Although the initial studies suggested that these CsPbX;
nanocubes exhibit cubic structures,'*****> CsPbBr; nanocubes
were later found to have an orthorhombic crystal struc-
ture.'**'*>!*7 The Br- and I-based perovskite NCs generally
feature high PLQY (near-unity has been reported), while the
Cl-based NCs suffer from lower PLQYs."**%*” Nevertheless,
recent studies have shown that post-synthetic treatment with
metal chloride salts can significantly improve the PLQY of
CsPbCly nanocubes up to near-unity.*”'*® However, it is still
unclear whether metal ion doping or the surface passivation
with chloride ions or both leads to the observed PLQY
enhancement.*

In addition, the size of the CsPbX; perovskite nanocubes is
also tunable over a limited range via hot-injection synthesis.
However, unlike conventional colloidal NCs, the size of the
perovskite NCs is tunable by controlling the reaction
temperature rather than the growth kinetics because of their
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fast (1-3 s) nucleation and growth. In general, the size of the
perovskite nanocubes decreases with decreasing reaction
temperature. For instance, Protesescu et al. synthesized
monodisperse nanocubes of size range of 4—15 nm by hot-
injection synthesis via temperature control (140—200 °C)."*
Nevertheless, it should be noted that precursors crystallize into
nanoplatelets at low reaction temperatures (<130 °C)."* For
precise control over the size of quantum-confined CsPbX,
nanocubes, Dong et al.'*’ proposed a strategy based on the
halide ion equilibrium between the nanocubes and the reaction
medium, along with temperature control (Figure 6). In
principle, the halide (X) to Pb ratio should be higher for
small (strongly quantum-confined) CsPbX; nanocubes. As the
Br™ ions diffuse in and out of the crystal lattice with a low
kinetic barrier, the size of the resulting nanocube depends on
the variation of the Br™ equilibrium between the nanocube and
the reaction medium. Therefore, at a given temperature, the
increase in the Br/Pb ratio for a fixed amount of Cs* and Pb*"
in the reaction medium leads to a decrease in the nanocube
size (Figure 6A). Similarly, for a fixed Br/Pb ratio, the size of
the nanocube decreases with decreasing reaction temperature
(Figure 6A). This model was proposed based on the Br~
equilibrium between the nanocube lattice and the reaction
medium and is consistent with the experimentally observed
(from TEM analysis shown Figure 6A) correlation between
nanocube size and Br/Pb ratio (Figure 6B). This method has
received considerable attention regarding the preparation and
study of the optical progerties of size controlled quantum-
confined nanocubes."*’~">* In addition, several other potential
methods have also been reported for the growth of size-
controlled quantum-confined CsPbBr; nanocubes.””*>">* For
instance, Pradhan and co-workers showed that the size of the
CsPbBr; nanocubes can be reduced down to ~3.5 nm by
increasing the amount of oleylamine—HBr (OLA—HBr) in the
reaction medium at a fixed temperature (160 °C).”” To
achieve a better understanding of the role of ligands (OLA and
OA) in controlling the shape and size of perovskite NCs,
Almeida and co-workers performed a systematic synthetic
study by varying the ratio between OLA and OA and
correlated with the size, shape, and distribution of the resultant
CsPbBr; NCs.'* They found that a high concentration of
oleylammonium species in the reaction medium leads to the
formation of nanoplatelets, whereas a low concentration results
in nanocubes. In addition, they were able to prepare
monodisperse CsPbBr; nanocubes with sizes ranging from
4.0 to 164 nm by varying the OLA/OA ratio along with
reaction temperature. Despite the successful synthesis of small
nanocubes (<20 nm), precise control over the size of CsPbX;
nanocubes with sizes above 20 nm is still challenging.
Although the hot-injection method has been extensively
used for the synthesis of inorganic perovskite nanocubes, it is
tedious and generally carried out under inert conditions.
Moreover, it requires an additional synthesis step for the Cs-
oleate precursor. To overcome these limitations, several
alternative methods, such as microwave irradiation,"** ultra-
sonication,*® solvothermal synthesisl34, and LARP®? have been
reported. For instance, Zeng and co-workers reported the early
work on the RT synthesis of highly luminescent CsPbX;
perovskite nanocubes using the LARP method (Figure
7A,B).>> In this method, CsBr and PbBr, precursors were
first dissolved in DMF or DMSO along with OLA and OA
ligands. The precursor solution was then added to toluene at
RT to trigger the precipitation of brightly luminescent
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Figure 7. Highly luminescent CsPbX; (X = Cl, Br, and I) nanocubes via supersaturated recrystallization at RT and single-step ultrasonication
approaches. (A) Schematic illustration of the RT synthesis of CsPbX; nanocubes. The precursors (Cs*, Pb**, and X~ ions) crystallize into
perovskite nanocubes under ambient conditions within 10 s after having been transferred from a good solvent (DMF) to a bad solvent
(toluene). (B) Photographs of pure toluene (0 s) and the colloidal solutions of CsPbX; nanocubes with different halide compositions formed
within 3 s after the injection of corresponding DMF precursors into pure toluene under UV illumination in darkness. Panels A and B are
reprinted with permission from ref 53. Copyright 2016 John Wiley & Sons, Inc. (C) Schematic illustration of the single-step synthesis of
CsPbX, perovskite nanocubes. (D) Photograph of the colloidal dispersions of CsPbX; NCs with different halide (X = Cl, Br, and I)
compositions under room light (top) and UV light (bottom). (E,F) Different magnification high-angle annular dark-field scanning
transmission electron microscopy images of CsPbBr; nanocubes obtained by ultrasonication approach. Panels C and D are adapted from ref
30. Copyright 2016 John Wiley & Sons, Inc.

perovskite nanocubes within a few seconds, as shown in Figure single-step synthesis of CsPbX; nanocubes with controllable
7B. The authors reported a PLQY of 95% for CsPbBr, halide composition by ultrasonicating the precursor salts in the
nanocubes prepared by this method. The emission color was presence of ligands (Figure 7C,D). This is one of the easiest
easily tunable by the halide composition in the precursor and fastest methods to obtain perovskite NCs. The emission
solution in DMF. Nevertheless, this method required the use color of the prepared nanocubes is easily tunable by varying
of polar solvents that can influence the stability of the prepared the ratio of different halide precursors in the reaction medium.

NCs. In 2016, Tong et al.’’ reported the polar-solvent-free The nanocubes prepared by this approach are nearly

10782 https://doi.org/10.1021/acsnano.0c08903
ACS Nano 2021, 15, 10775—10981


https://pubs.acs.org/doi/10.1021/acsnano.0c08903?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08903?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08903?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08903?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08903?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08903?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08903?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c08903?fig=fig7&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.0c08903?rel=cite-as&ref=PDF&jav=VoR

Www.acshnano.org

ACS Nano
A B 530 nm,
QY=85% c

I’y

- 'y

S i8]

8| FWHM=22 nm|

- | ‘\

a L

2

<

FAPbBr, NCs
L

L T T L T T
400 450 500 550 600
Wavelength (nm)

N
Wavelength (nm)

Figure 8. Synthesis of FAPbBr; nanocubes by hot injection. (A) Photograph of colloidal solution of FAPbBr; nanocubes in toluene under
UV light illumination. (B) UV—vis absorption and PL spectra of FAPbBr; nanocubes with a PL peak maximum at 530 nm. (C) PL spectra
for FAPbBr; NCs of different sizes. The emission peak red shifts with increasing size from S to >50 nm. (D,E) TEM images of FAPbBr,
nanocubes at two different magnifications. Reproduced from ref 68. Copyright 2016 American Chemical Society. Further permissions

related to the material excerpted should be directed to the ACS.

monodisperse and exhibit high PLQY. This method was
further extended to the preparation of perovskite nanowires””
and nanorods.">> In 2017, Chen et al. reported the
solvothermal synthesis CsPbX; NCs."** In this method, the
precursors and ligands were loaded in a Teflon-lined autoclave
and then heated at 160 °C for 30 min. The obtained
nanocubes appeared to be rather monodisperse with a PLQY
up to 80%. Zhai et al. further extended this method to CsPbBr;
nan&l‘)ﬁlatelets using presynthesized Cs-oleate as the precur-
sor.”

In comparison to the many studies on inorganic perovskite
NCs, organic—inorganic hybrid perovskite nanocubes have
been rarely reported.68’157_161 In 2016, Vybornyi et al.'s®
demonstrated a polar-solvent-free colloidal synthesis of
MAPDbBr; perovskite NCs by the HI method. They were
able to tune the morphology from nanocubes to nanoplatelets
and nanowires by varying the reaction parameters. In 2019,
Zhang et al. extended this method to the synthesis of
monodisperse MAPbI; nanocubes.'® The main problem
associated with these MA-based perovskites is their chemical
decomposition, which limits their applications. Alternatively,
Protesescu et al.®® reported stable and bright green emissive
FAPbBr; nanocubes by the hot-injection method (Figure 8).
In this method, FA and Pb acetate precursors were first
dissolved in octadecene in the presence of OA, followed by the
injection of presynthesized oleylammonium bromide (OLABr)
at 130 °C. This method is slightly different from the typical
hot-injection method used for the synthesis of CsPbX; NCs,
where PbBr, was used as precursor for both Pb and Br. This
hot-injection method, in which FA-oleate was injected into
PbBr,—OA—OLA solution, produced FAPbBr; nanocubes
with a much broader size distribution. The nanocubes
prepared by this method are rather monodisperse (12 nm)
with the PL peak at 530 nm and QY of 85% (Figure 8B). In
addition, the authors demonstrated that the size of the
FAPbBr; nanocubes can be tuned from 5 to 50 nm by
adjusting either the amount of OLABr or the reaction
temperature, and thus the emission peak is tunable from 470
to 545 nm (Figure 8C).°® The purification process after the
synthesis of perovskite NCs is critical in order to recover
monodisperse NCs. Very recently, Li et al.'®> proposed size-
selective precipitation using a mixture of ethyl acetate and
methyl acetate (2:1 volume ratio) to obtain strongly confined

nanocubes of different sizes. The precipitation process can be
repeated multiple times to obtain FAPbBr; nanocubes of
different sizes. Hybrid perovskite NCs have also often been
prepared by the LARP method, and the resultin% NCs possess
either spherical or nanoplatelet morphology.””*® However,
there is still debate on whether the spherical particles obtained
by the LARP method are perovskites or whether they are the e-
beam-induced degradation product of perovskite NPls (see
Electron Microscopy section). In 2017, Levchuk et al.'>’
reported the RT synthesis of brightly luminescent FAPbX;
nanocubes by the LARP method. The synthesis relies on the
rapid injection of a precursor solution (PbX, and FAX
dissolved in DMF along with OA and OLA) into chloroform.
The obtained nanocubes exhibit PLQYs up to 85%. They were
able to tune the morphology from nanocubes to NPIs of
different thicknesses by varying the OLA/OA ratio. However,
the cubic morphology of the particles obtained in this
approach is not as perfect as that of the nanocubes synthesized
by the hot-injection method. A few months later, Minh et al.'**
reported a RT synthesis of FAPbX; nanocubes by LARP
method, in which presynthesized PbX,—DMSO complexes
were used as precursors. In this approach, the precursors (FAX
and PbX,—DMSO complex) were first dissolved in DMF along
with OLA, followed by injection of the precursor solution into
a mixture of toluene and OA. They were able to tune the size
distribution of the nanocubes by varying the amount of OLA
used in the reprecipitation reaction. The quality of the
nanocubes prepared by this approach appeared to be as
good as that of the nanocubes prepared by hot injection. Such
a purification approach is also useful for the size-selective
separation of inorganic perovskite nanocubes, as demonstrated
by Forde et al.">* Very recently, Zu et al. reported the synthesis
of FAPbBr; NCs by the LARP approach using sulfobetaine-18
(SBE-18) as the capping ligand.'®* The authors claimed that
the FAPbBr; nanocubes prepared using SBE-18 ligands (PLQY
~ 90.6%, fwhm ~ 20.5 nm) exhibited PLQYs (as well as green
color purity) higher than those of OLA/OA-capped FAPbBr,
nanocubes (PLQY = 83.2%, fwhm = 24 nm) prepared under
similar conditions.

In general, capping agents play a critical role in controlling
the shape of NCs during colloidal synthesis, the properties of
the NCs, as well as their colloidal stability.'>~'%” Recently,
there has been a growing interest in the exploration of different
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Figure 9. (A) Schematic illustration showing the synthesis of CsPbBr; NCs using primary (left) and secondary (right) aliphatic amines. The
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various concentrations under daylight (top) and UV light (bottom). Reproduced from ref 143. Copyright 2018 American Chemical Society.
Further permissions related to the material excerpted should be directed to the ACS.

ligands for shape-controlled synthesis and stability of perov-
skite NCs with high PL(le.l(’g_174 For instance, in 2017, Liu
et al.'"”® reported the use of trioctylphosphine—Pbl, (TOP—
Pbl,) as a precursor for the synthesis of phase-stable CsPbl,
nanocubes with near-unity PLQY. Their approach relies on the
injection of presynthesized TOP—Pbl, precursor into a
reaction mixture containing Cs,CO; OA, and OLA in
octadecene (ODE) at different temperatures that are set to
achieve a desired size for nanocubes. The authors found that
these CsPbl; nanocubes exhibited higher stability as well
higher PLQY compared to those of the nanocubes prepared
without the use of the TOP ligand. The higher PLQY was
attributed to the removal of nonradiative traps upon strong
binding of TOP to the nanocube surface. Around the same
time, Wu et al.'® further showed that the incorporation of a
highly branched capping ligand, trioctylphosphine oxide
(TOPO), along with traditional oleic acid/oleylamine ligand,
leads to monodisperse CsPbXj; nanocubes at high temperature
(260 °C). Otherwise, the reaction led to large aggregates at
such temperatures in the absence of TOPO. More importantly,
the authors found that the TOPO-protected CsPbBr; nano-
cubes exhibited superior stability in ethanol as compared to
that of OA/OLA-capped CsPbBr; nanocubes, regardless of the
reaction temperatures at which they were synthesized. The
most important factor in the selection of ligands is that they
should bind strongly to the NC surface so that they do not
detach during the washing process. However, this is not the
case for OA/OLA-capped perovskite NCs, as their optical

10784

properties and applications are often hampered by the colloidal
and structural instability caused by the desorption of ligands.
To address this issue, Krieg et al.'”' proposed zwitterionic
capping ligands to enhance the stability and durability of
CsPbBr; nanocubes, and the authors named the corresponding
NCs as “CsPbX; (X = Cl, Br, I) nanocrystals 2.0”. The Cs and
Pb precursors used in their synthesis are different from the
ones used in the hot-injection synthesis of OA/OLA-capped
CsPbX; NCs. The synthesis used by Kreig et al. is based on the
injection of presynthesized TOP-X, into a mixture of
presynthesized Cs-2-ethylhexanoate solution, Pb(II)-ethylhex-
anoate solution, and zwitterionic ligand (3-N,N-
(dimethyloctadecylammonio)propanesulfonate) at 160 °C.
Interestingly, the authors claimed that the morphology and
optical properties of these nanocubes were preserved after
several washing cycles. The enhanced stability of zwitterionic
ligand-capped CsPbX; NCs was attributed to the simultaneous
coordination of each ligand molecule to the surface cations and
anions of NC. In a subsequent work, the same group
introduced another zwitterionic capping ligand, namely, soy-
lecithin, a mass-produced natural phospholipid, to protect the
surface of CsPbX; (X = Cl, Br) nanocubes through tight
binding to the cations and anions at the surface (Figure 9A-
i)."”° The ligand enabled the high-yield synthesis of CsPbX,
nanocubes with a long-term colloidal and structural stability in
a broad range of colloidal concentrations (from a few mg mL™"
to >400 mg mL™"), as shown in Figure 9A-ii. They attributed
such high colloidal stability to an increased particle—particle
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Figure 10. Reaction schemes of the colloidal synthesis of halide perovskite NCs using (A) benzoyl halide precursors. Reproduced from ref
178. Copyright 2018. American Chemical Society. Further permissions related to the material excerpted should be directed to the ACS. (B)
trioctylphosphine oxide (TOPO) instead of aliphatic amines. Reprinted with permission under Creative Common [CC-BY] license from ref
179. Copyright 2018 American Chemical Society. (C) Schematic illustration of the polar-solvent-free synthesis of halide perovskite NCs at
room temperature by spontaneous crystallization (i) and perovskite crystal structure (ii). The shape of the NCs depends on the precursor
ratio (iii). Reprinted with permission under a Creative Commons CC BY license from ref 54. Copyright 2019 John Wiley & Sons, Inc.

repulsion caused by branched chains and ligand polydispersity.
In addition, the authors demonstrated the fabrication of
micrometer-thick and homogeneous dense CsPbBr; nanocube
films in a single spin-coating step using ultraconcentrated
colloidal solutions. Very recently, Wang et al.'”> demonstrated
the potential application of polyzwitterionic ligands for phase
transfer of CsPbBr; nanocubes from a nonpolar solvent to a
polar solvent through ligand exchange. Such polyzwitterionic
ligands on the NC surface enabled the stabilization of CsPbBr;
NCs in a wide range of solvents. These studies suggest that the
long-chain molecules with multiple functional groups can serve
as potential ligands for perovskite NCs with long-term colloidal
stability. A similar ligand binding strategy was applied to obtain
stable CsPbl; NCs with near-unity PLQY using 2,2'-
iminodibenzoic acid as the bidentate ligand."””

In addition, several groups showed that the chain length of
alkylamines and carboxylic acids ligands plays an important
role in the morphology of perovskite NCs.'**'7'"” For
instance, Pan et al. systematically studied the influence of the
chain length of alkylamine and carboxylic acid ligands used in
hot injection.'”” They found an increase in the size of the
CsPbBr; nanocubes when the chain length of the carboxylic
acid was shortened at high reaction temperatures. On the other
hand, the replacement of OLA with a short-chain amine leads
to a change in the morphology from nanocubes to nano-
platelets. However, it is not uncommon to have a small
percentage of nanoplatelets in nanocube samples or vice versa.
Very recently, Imran et al. reported the synthesis of shape-pure,
nearly monodisperse nanocubes using secondary aliphatic
amine ligands (Figure 9B).'*’ Interestingly, their synthesis
yielded only nanocubes, regardless of the length of the alkyl

chains, oleic acid concentration, and reaction temperature. As
illustrated in Figure 9B, they proposed that the secondary
ammonium ions do not bind to the surface of CsPbBr; NCs as
effectively as primary ammonium ions (oleylammonium in this
case) due to steric hindrance, which limits the formation of
nanoplatelets. This was further supported by the fact that the
surface coverage (6—8%) of secondary ammonium cations is
much lower than that of oleate molecules (92—94%), as
revealed by nuclear magnetic resonance (NMR) measurements
and X-ray photoelectron spectroscopy (XPS).

Currently, colloidal syntheses of CsPbX; NCs are under-
going further optimization using a variety of precursors and
ligands, and many general methods are being developed for
better control over their shape, composition, and polydisper-
sity>H1OVIO7I797I82 1 most synthesis methods that are in use
for perovskite NCs, PbX, salts are employed as precursors for
both Pb and halide ions. This limits the precise control over
the reactant species and thus the final chemical composition of
colloidal perovskite NCs. To overcome this, Imran et al.'’®
reported the use of benzoyl halides as the halide precursors for
monodisperse APbX; NCs (in which A = Cs*, CH;NH;*, or
CH(NH,),"). Their method relied on the injection of benzoyl
halide precursor into the reaction medium containing cesium
carbonate (organic cation for hybrid perovskite NCs) and lead
acetate trihydrate along with ligands at high temperature
(Figure 10A; also note that a similar approach using instead
tris-trimethylsilyl bromide or chloride as halide precursor was
employed by Creutz et al. in the synthesis of double halide
perovskite NCs)."**> This approach enabled one to independ-
ently tune the amount of both cations (A* and Pb**) and
halide (X~) precursors in the synthesis. Interestingly, this
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method produced nearly monodisperse MAPbX; nanocubes,
which seems difficult to obtain using other synthesis methods.
In addition, the same group developed an amine-free synthesis
of CsPbBr; nanocubes by complete replacement of the
routinely used aliphatic amines with TOPO (Figure 10B)."””
Their synthesis relied on the injection of Cs-oleate into a
reaction mixture containing PbBr, along with TOPO and OA.
This reaction yielded only nanocubes regardless of the tested
reaction conditions. This was attributed to the absence of
primary amines in the reaction medium. The TOPO helped to
dissolve the PbBr, in the reaction medium as well as to
establish an acid—base equilibrium with OA in a way similar to
the OA—OLA system (Figure 10B).'”” Therefore, the acidity
of the reaction environment controlled the reactivity of the
PbX, precursor and thus regulated the size of the NCs.
Interestingly, only Cs-oleate ligands were present on the
surface of the NCs, and they were bound dynamically to the
NC surface; therefore, an optimum concentration of ligands
was necessary to achieve high PLQY. Despite achieving
excellent control over the shape purity and polydispersity of
ABX; perovskite NCs, most discussed synthesis methods
require inert atmosphere and high temperature. In contrast,
Polavarapu and co-workers demonstrated a polar-solvent-free
synthesis for ABX; NCs at ambient conditions through
spontaneous crystallization of precursor—ligand complexes in
a nonpolar organic medium (Figure 10C-i).”* Furthermore,
the shape of perovskite NCs was controllable from nanocubes
to nanoplatelets by varying the ratio of monovalent (eg.,
formamidinium (FA*) and Cs*) to divalent (Pb**) cation—
ligand complexes (Figure 10C-iii). The authors demonstrated
the versatility of this method by applying it to perovskite NCs
of different compositions.

Isolation and Purification of Colloidal MHP Nanocubes.
Colloidal ligand-stabilized NCs are usually extracted from
crude reaction mixtures and purified by antisolvent precip-
itation.”® When the capping ligand layer is hydrophobic, a
miscible polar solvent is used to flocculate the NCs, which are
then isolated by centrifugation. This precipitative washing
procedure removes excess ligand, residual reactants, and
molecular byproducts and is an important step when the
NCs are to be used in devices, such solar cells or light-emitting
diodes that require charge transport through a deposited layer
of nanocrystals.

Metal-halide perovskite nanocubes can degrade during the
purification process. Bound ligands are in dynamic equilibrium
with free ligands, and polar solvents can lower the kinetic
barrier to ligand exchange and enhance ligand desorption.**
“Overwashing” can lead to irreversible aggregation, changes in
morphology, a significant drop in photoluminescence, or even
more si§niﬁcantly, changes in crystal phase or composi-
tion.'**'®> For example, perovskite CsPbI; nanocubes often
transform to the yellow non-perovskite phase,'*>'*® and
CH,NH;Pbl; (MAPI) nanocubes decompose into PbL,."*”

Of course, one way to minimize degradation is to avoid the
use of polar solvents, hence simply allowing the nanocubes to
settle by centrifuging the crude reaction mixture at high
speeds.”*"*"'% This mostly works, but it often leaves a
significant amount of nanocubes suspended in the supernatant,
which are then discarded. A considerable residue of unbound
ligand and low volatility reaction solvent (i.e, octadecene) is
also retained in the nanocube precipitate.*”'® This residue is a
problem for device applications. It also creates challenges
during characterization. TEM is difficult with so much excess

hydrocarbon impurity, and free ligand contamination strongly
interferes with the signal from bound ligand in analytical
techniques like Fourier transform infrared (FTIR) spectrosco-
py and NMR spectroscopy.

With some care, a variety of polar antisolvents can be used
to precipitate and purify metal-halide perovskite nanocubes
without degradation.'®*"*>'*° Methyl acetate has been widely
used. ¥ 17171 Bigure 11 shows absorbance and PL spectra
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Figure 11. UV—vis absorbance and PL emission spectra of (A)
CsPbBr,;, (B) CsPbl,;, and (C) MAPbI, (MAPI) nanocubes in
hexane that were isolated from crude reaction mixtures by
centrifugation with or without the addition of methyl acetate
(MeOACc). The nanocubes were isolated using an equal volume of
MeOAc added to the crude reaction mixtures, followed by
centrifugation at 8000 rpm (8228g) for 5 min. Poorly capped
nanocubes were removed from the sample by dispersing the
nanocubes in hexane and centrifuging again at 8500 rpm (9289g)
for S min. The excitation wavelength was 350 nm for CsPbBr; and
470 nm for CsPbl; and MAPI nanocubes, and PLQYs were
determined relative to Rhodamine-B. Adapted from ref 187.
Copyright 2020 American Chemical Society. Further permissions
related to the material excerpted should be directed to the ACS.

of CsPbBr;, CsPbl;, and MAPI nanocubes isolated from
reaction mixtures by antisolvent precipitation with methyl
acetate. The optical properties of these nanocubes are
comparable to those of the nanocubes isolated without methyl
acetate. Figure 12 shows images of CsPbBr;, CsPbl;, MAPI,
and Cs,AgBiBrs nanocubes that were precipitated with
methanol, 1-butanol, acetonitrile, acetone, methyl acetate,
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Figure 12. Photographs of centrifuge tubes with CsPbBr;, CsPbl;,
MAPI, and Cs,AgBiBr, (see NANOCRYSTALS OF LEAD-FREE
PEROVSKITE-INSPIRED MATERIALS section for synthesis of
Cs,AgBiBr¢ nanocubes) nanocubes precipitated by centrifugation
(8000 rpm (8228g) for S min) from crude reaction mixtures with
six different polar solvents using equivalent volumes of polar
solvent and crude reaction mixture. Nanocube concentrations were
about 5—10 mg/mL. Some variation in nanocube concentration
occurs because of the differences in reaction yields. Based on
measured product yields, the concentrations were 4.3 mg/mL for
Cs,AgBiBrg, 9 mg/mL for CsPbl;, and 7 mg/mL for CsPbBr; and
MAPI. Images are adapted from ref 187. Copyright 2020 American
Chemical Society. Further permissions related to the material
excerpted should be directed to the ACS.

and ethyl acetate. A clear and colorless supernatant indicates
that all the nanocubes had been precipitated. There are a few
situations where nanocubes are still retained in the super-
natant, even with the use of the antisolvent. The expected
colors of CsPbBr;, CsPbl;, MAPI, and Cs,AgBiBrs nanocubes
are yellow-green, dark red, dark brown, and golden-orange,
respectively. Precipitation of CsPbl; and MAPI nanocubes
with methanol and acetone turned the color of the precipitate
into pale yellow or milky white. Methanol and acetone are not
compatible with CsPbl; and MAPI nanocubes, and in general,
these two polar solvents should be avoided when purifying
iodide-containing nanocubes, including FAPbI;. Methanol and
acetonitrile are not completely miscible with octadecene, and a
liquid—liquid phase separation results that retains some
nanocubes in the supernatant, which cannot be isolated.
CsPbBr; nanocubes are the most stable of these metal-halide
perovskite NCs and were found to be compatible with all of
the polar antisolvents shown in Figure 12. Cs,AgBiBrg
nanocubes are also relatively stable, although methanol does
lead to irreversible aggregation and should be avoided.

In addition to the antisolvent chemistry, the conditions used
to precipitate the nanocubes are important. Some of these
conditions may seem trivial, like centrifugation time, for
example.'**'%19%1% For CsPbl; nanocubes, 5—10 min of
centrifugation at 8000 rpm (8228g) works well. Longer
centrifugation times can result in drastically different results,
yielding CsPbl; nanocubes with very poor dispersibility, low
PLQYs, and nanocubes largely transformed to the yellow
phase. The precipitate should be separated from the super-
natant immediately after centrifugation. Degradation of the
sample can continue to occur when the nanocubes remain in
the presence of a large volume of polar solvent. The volume

ratio of antisolvent to solvent is important. For example, when
CsPbl; nanocubes are dispersed in a crude reaction mixture of
octadecene or redispersed in hexane at a concentration of
about 10 mg/mL, an antisolvent to solvent volume ratio in the
range of 1—2 is usually appropriate. This is not quite enough
antisolvent to precipitate all of the nanocubes in the sample,
but more antisolvent can end up degrading the nanocubes. An
antisolvent/solvent ratio of 3, for example, will precipitate
nearly all of the nanocubes, but the nanocubes will not be able
to be redispersed easily and the PLQYs will be significantly
reduced. Anhydrous solvents should be used to minimize
degradation induced by water. Although not always necessary,
the purification can be carried out in a glovebox under inert
conditions. Using that procedure tends to provide nanocubes
with longer shelf-life. There is a risk, however, that the sample
starts degrading because the extra time spent transferring
samples in and out of a glovebox prolongs the exposure of the
nanocubes to antisolvent, which can induce such degradation.
In general, the purification process should be optimized for
each type of nanocube and the synthetic approach that is used.
Differences in capping ligand chemistry and concentrations of
the crude reaction mixture due to variations in the yields of
alternative reactions can all lead to changes in the optimized
antisolvent precipitation conditions.

The use of antisolvents to purify metal-halide perovskite
nanocubes is essential in some cases. Analytical techniques, like
NMR spectroscopy, require samples that are nearly completely
free of unbound ligand and other organic impurities. One
precipitative washing step is not enough to achieve the
necessary level of purity required for these measurements. At
least two cycles of precipitative washing are needed.”* A
second precipitative washing step with antisolvent can degrade
iodide-based metal-halide perovskite nanocubes such as
CsPbl;. To prevent degradation, a small amount of excess
ligand (ie, oleylamine) must be added before the second
precipitative wash.'’ Figure 13 shows TEM images and
photographs of CsPbl; nanocubes after a second precipitation
with methyl acetate. Without additional oleylamine, the CsPbl,

CsPbl; (MeOAc purified

A ¢ CsPbl;(MeOAc purified B
twice w/o OLA addmon)

twice w/ OLA addition) s

Figure 13. TEM images of CsPbI; nanocubes that were
precipitated twice with methyl acetate (A) with and (B) without
the addition of oleylamine before the second precipitative washing
step. The insets show photographs of the products obtained after
centrifugation. The nanocubes in (A) were isolated after adding 10
UL of oleylamine to 3 mL of CsPbl; nanocubes in hexane at a
concentration of 10 mg/mL. Both samples in (A) and (B) were
centrifuged at 8000 rpm (8228¢) for 3 min after adding 3 mL of
methyl acetate (1:1 v/v methyl acetate/hexane). Adapted from ref
187. Copyright 2020 American Chemical Society. Further
permissions related to the material excerpted should be directed
to the ACS.
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Society. (C) Schematic illustration of ligand-assisted reprecipitation method. (D) Schematic illustration of hot-injection crystallization

method.

nanocube product ends up with a dull brown color, and the
nanocubes are still mostly in the perovskite phase but have lost
most of their luminescence and their distinct cubic shape. They
do not redisperse in hexane. In contrast, the nanocubes in
Figure 13A that were precipitated after an addition of
oleylamine (10 uL) retain their luminescence and cubic
shape and disperse readily in hexane. The NMR spectra of
these nanocubes also do not show the presence of any free
unbound ligand. 84145187 Bor some nanocubes, however, the
addition of oleylamine before a second precipitative wash can
lead to degradation, as in the case of Cs,AgBiBrs nanocubes. 196
Each sample requires optimization of the best purification
conditions, but in general, precipitation with polar antisolvents
is an effective way to isolate and purify metal-halide perovskite
nanocubes.

Summary and Outlook of Perovskite Nanocubes. A wide
range of synthetic methods has been reported for mono-
disperse CsPbX; (X = Cl, Br, and I) nanocubes with 80—100%
PLQY (for X = Br and I) under optimized conditions. Every
method has its own advantages and disadvantages. To date, HI
and LARP methods have been extenswelgr explored for the
synthesis of inorganic perovskite NCs."**® In particular, HI
synthesis is being heavily explored for shape-controlled
synthesis of CsPbX; NCs using different kinds of precursors
and ligands. The role of acid—base equilibria of ligands,
precursor types, and the chain length of amines in the shape
control of CsPbBr; nanocubes have been explored.'**! 7177
In most synthesis methods, long-chain alkylamines have been
used as ligands for stabilization of perovskite nanocubes.
However, they are problematic for device applications as they
block the transport of charge carriers. Therefore, it is important
to explore short-chain ligands in future studies for the
stabilization of perovskite nanocubes. Although perovskite
nanocubes exhibit extremely high PLQYs right after synthesis,
their purification leads to a significant reduction in PLQY
(~20—40%) due to the removal of ligands from the NC
surface. To overcome this problem, bidentate ligands (or
chelating ligands) have been proposed for enhanced stability
and to retain high PLQY even after purification of nano-

10788

cubes.'”""”> While CsPbBr; nanocubes have been found to be
relatively stable over a long time, it is still challenging to obtain
strongly luminescent, phase-stable CsPbl; nanocubes. Various
ligands have been proposed for improving their cubic phase
stability; however, the stability is still not comparable to that of
CsPbBr; nanocubes. On the other hand, despite great progress
in the synthesis of inorganic perovskite nanocubes, organic—
inorganic hybrid nanocubes have been less explored regarding
their shape-controlled synthesis, and future studies could be
focused in this direction. In addition, more studies are needed
in the future to obtain highly luminescent and stable lead-free
perovskite nanocubes (see later sections on lead-free NCs).'"”

Nanoplatelets. Origins of Perovskite Nanoplatelets.
Two-dimensional (2D) metal-halide perovskite nanoplatelets
trace their origin to the synthesis of Ruddlesden—Popper (R—
P) phase-layered perovskite crystals. In the 1990s, it was
discovered that substituting the usual small A-site cations (e.g.,
MA, FA, Cs) for larger organic cations (e.g.,, butylammonium)
could induce the crystallization of layered struc-
tures,”! 7128130198200 Thege layered perovskite crystals
consist of alternating inorganic layers of lead-halide octahedra
and organic cations; the inorganic metal-halide layer primarily
determines the optoelectronic properties, and the large organic
cation layer electronically isolates the inorganic layers. Because
of quantum-confinement effects, layered perovskites exhibit
drastically different properties compared to the bulk 3D
phase.””" Also, layered perovskites showed enhanced stability
compared to 3D counterparts due to a negative enthalpy of
formation*?"**® as well as the presence of organic spacer
layers that protect 1n0r§an1c layers from external factors such as
oxygen and moisture.

Around 2015, multiple groups reported the synthesis of
colloidal perovskite nanoplatelets'®'®'”**—2D perovskite
crystals much like their R—P predecessors but dispersed in
solution. Colloidal perovskite NPls are generally characterized
by the chemical formula of L,[ABX;],_BX, (Figure 14A,B)
where n indicates the number of inorganic metal-halide
octahedral layers in thickness. Thicknesses of NPIs are
confined to a few unit cells, and NPIs can tolerate lateral
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dimension dispersity as long as thickness homogeneity is Following these initial works, subsequent efforts focused on
ensured.””  Surface ligands act as surfactants, entropically developing refined synthetic protocols for NPls with well-
stabilizing the 2D crystals in solution, but their role in 2D controlled thicknesses and improved material properties. For
NC formation is debated.”*>*°® Since layered R—P perovskites instance, the color of emission can be tuned by varying

can be thought as a crystal of stacked NPIs with electronically
decoupled inorganic layers, there are many parallels between
layered perovskites and perovskite NPIs. They seem to be
tunable over the same range and composition with identical
band gap and optical properties,18’47’201’207_209 which implies
that previous studies on layered perovskites can also shed light

on the properties of colloidal perovskite NPlIs.
Colloidal perovskite NPls were initially identified as a side lateral dimension of NPIs, which may affect electronic

product of MAPbBr; NC synthesis,"” but very quickly the transport in NPl optoelectronic devices, can be tuned from
16,18,48,158 18,48,54,158,210,215,216 .
d. to several micro-

16,18,48,209—212
B Also, reports on the

thickness and composition.
tunability of surface-capping ligands, ranging from short
ligands for optimal charge transport behavior to long and
functionalized ligands for enhanced stability, have highlighted
the possibility of optimizing surface properties of NPls for

specific applications.”'*~*'* It has also been reported that the

ability to precisely control thickness was reporte tens of nanometers
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47,209,217,218
meters 77T

vertical direction.

Distinctive Properties of Nanoplatelets. 2D nanoplatelets
possess distinctive characteristics specific to their 2D shape
(Figure 14A). The exciton Bohr radius of lead-halide
perovskite materials has been reported to be ~3 nm or larger,
depending on composition.'*'**”*¥1¥ It is synthetically
challenging to prepare 0D NCs with such small dimensions;
however, perovskite NPIs as thin as 0.6 nm in thick-
ness” "' 197221 exhibiting strong quantum and dielectric
confinement can be easily fabricated. This strong confinement
induces excitonic absorption and emission features to be blue-
shifted from those of the bulk perovskite phase by up to 0.7
eV,*?** which enables the synthesis of bluer light-emitting
NCs. Spatial confinement of excitons in 2D structures also
yields large exciton binding energies, reaching up to several
hundred meV,'0%"?%130222 yhich can facilitate efficient
recombination of excitons. Moreover, monodisperse NPIs ex-
hibit superior emission color purity due to atomically
precise thickness homogeneity. Achieving monodispersity
is of great importance for NPls since band gaps of
strongly confined NPIs show significantly larger shifts
when the thickness changes,””*"”*'" compared to other
weakly confined NCs."******* Nonetheless, monodisperse

nanoplatelets have been widely demonstra-
ted 848/60,158,200210213,217,221,225,226,54,218

without loss of quantum confinement in the

A 2D structure is ideal for integration into optoelectronic
devices. A key feature of 2D NPIs is the tendency for the
transition dipole moment to preferentially orient within the 2D
plane,”*”*** which is advantageous for optical coupling.
Additionally, NPIs exhibit face to face stackinglg’sz*’22 and
preferential face-down assembly on a given sub-
strate.”*>**1%22% This tendency—combined with transition
dipole anisotropy—leads to preferential emission in the out-of-
plane direction.””® Moreover, large lateral dimensions of
NPIs'*>%7*!721¥ can potentially be utilized to minimize grain
boundaries in-plane and lower the percolation threshold for
charge transport.”*’

Synthesis of Nanoplatelets. Numerous synthetic ap-
proaches to perovskite NPIs have been developed. In this
section, we start with a discussion on the two most widely used
techniques—LARP (Figure 14C) and hot-injection crystal-
lization (Figure 14D)—and then introduce other synthetic
approaches. The LARP method usually consists of dissolving
perovskite NPl precursor salts in relatively polar solvent(s)
(eg, DMF and DMSO) and then mixing it with less polar
solvent(s) (eg., toluene, hexane) to induce crystallization at
room temperature. In 2015, Sichert et al. reported the synthesis
of thickness-controlled MAPbBr; NPls via LARP (Figure
15A)."° They first dissolved NPI precursors (MABr, PbBr,, and
OABr) in DMF, and NPs were then crystallized upon mixing
the solution with excess toluene. Precise tuning of NPI
thickness was achieved by varying the methylammonium to
octylammonium ratio in the precursor solution. Soon after,
Akkerman et al. reported the synthesis of n = 3—5 CsPbBr;
NPIs with modified LARP process where the addition of
acetone into the precursor solution mixture induced
destabilization of precursor complexes and initiated NPI
crystallization under ambient conditions (Figure 15B).**
They also showed that the band gap of the NPIs can be
continuously tuned by an anion exchange reaction. Later,
Weidman et al. published n = 1 and n = 2 perovskite NPls with
wide ranging composition (A = MA/FA/Cs, B = Pb/Sn, X =

Cl/Br/l, ligand = butylammonium/octylammonium) via
LARP by simply varying the stoichiometric ratios of precursor
solutions (Figure 15C).””” Tong et al. demonstrated the
breakup of large MAPbX; NCs synthesized via LARP into
NPIs by diluting the solution, which triggered osmotic swelling
by solvent (Figure 15D).”*" In addition, Sun et al. carried out a
systematic study and showed that choosing the right
combination of ligand species plays a crucial role in
determining the shape of the NCs synthesized via LARP.'”®

In general, LARP enables facile synthesis of colloidal
perovskite NPIs with easily tunable composition and ligands.
Moreover, LARP can be highly cost-effective as it delivers
colloidal perovskite NPIs in ambient atmosphere at room
temperature. However, thinner NPIs synthesized via LARP
tend to exhibit lower photoluminescence quantum
}ri<eld,16’209’214 and it is difficult to target thicker (n > 3)
dispersions with good thickness control.”'******* Recent
works have focused on refining the synthesis and improvin
material properties—expanding synthetic capability,*”*'***
improving thickness selectivity,” ***° modulating surface

. . . : . . 212,214
properties by incorporating different ligand species,
boosting photoluminescence quantum yield®”*'"*** and
enhancing material stability.””” Although significant advance-
ments have been made in the past few years, there is still ample
room for further development.

Another widely used synthetic approach is hot-injection
crystallization, as described in the previous section. The HI
approach is based on the rapid injection of a precursor solution
into a solution containing the other precursors, ligands and
solvent(s), at elevated temperature. The HI synthesis enables
the separation of nucleation and growth of NCs so that it can
deliver high-quality NCs.>* Also, it does not involve any polar
solvent which could potentially be detrimental to colloidal
perovskites. Early reports of perovskite NPl synthesis via the
HI protocol ®"*® came out a few months after Protesescu et al.
published the synthesis of CsPbX; quantum dots via HL'*
Bekenstein et al. found that lowering the temperature of cesium
precursor injection into lead-halide precursor solution results
in the formation of n = 1—$ CsPbBry NPIs (Figure 15E).'®
They also demonstrated NPl band gap tuning via halide
exchange reaction. Around the same time, Vybornyi et al.
reported the HI synthesis of n = 3 MAPbBr; NPIs (Figure
15F)."*® Along with the previous report from Sichert et al. on
the synthesis of MAPbBr; NPIs via LARP,'® those early reports
revealed the possibility to synthesize perovskite NPIs with
control over their thickness. However, it was pointed out that
lateral dimensions of perovskite NPls synthesized via HI (10—
100 nm)'®'*%*'% are generally smaller than those of NPls
synthesized via LARP (100—1000 nm).'*****'* In response to
it, Shamsi et al. showed that the lateral dimension of CsPbBr;
NPIs can be increased to several microns by adjusting the ratio
of shorter ligands to longer ligands in the synthetic mixture
during the HI synthesis (Figure 15G).*"” Similarly, Zhang et al.
published the synthesis of micron-sized n = 2 FAPbBr;
NPIs.”'® Furthermore, Pan et al. provided deeper insight into
HI synthesis by identifying the key factors that control the
shape of the NCs in HI synthesis—reaction temperature and
choice of ligands."”’

Recent works on NPI synthesis via HI have focused on
refining the synthesis of NPIs accompanied by detailed
structural characterizations”'” and understanding the complex
dynamics of the HI reaction.***"> However, the HI synthesis
is still highly focused on Cs-based NPIs,"*#>!77210215217 44
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there is only a limited number of reports on organic cation-
based NPIs."***"® Compared to LARP-synthesized NPIs, HI-
synthesized NPIs are generally smaller in lateral dimen-
sions'*"***'% and usually capped by longer ligands,'®'*****'°
which could undermine electronic transport properties. Since
the HI method requires high temperature and inert
atmosphere, scalability and cost-effectiveness could be greater
barriers to eventual commercialization for HI than for LARP.
Historically, HI-synthesized NPIs have shown higher
PLQY,"** though the PLQY of LARP-synthesized NPls has
recently become comparable.®”*'"**>**! Thus, more efforts on
further developing HI synthesis of perovskite NPls are needed.
Apart from LARP and HI, other creative approaches to
perovskite NPL synthesis have been demonstrated. Shamsi et
al. showed that quantum-confined CsPbBr; NPls can be
synthesized by mixing of cesium-oleate solution with PbBr,—
ligand complex solution, adding isopropyl alcohol to initiate
nucleation and then heating the solution to grow NPls.”** A
tew years later, Shamsi et al. slightly modified this heat-up
method and demonstrated the synthesis of hexylphosphonate-
capped NPIs (Figure 15H).”'” They observed that stronger
binding of phosphonate ions compared to conventional
alkylammonium ions to NPI surface'’”*"? greatly improved
the stability of NPIs and suppressed transformation of NPIs
into thicker, less-confined structures which can result in the
loss of desirable optical properties.”*”*****> Huang et al.
reported the scalable synthesis of n = 4 FAPbI; NPIs by mixing
the FA—ligand complex solution with PbX,~ligand complex
solution in toluene.”* This approach was a hybrid of HI and
LARP in that it was done under ambient conditions at room
temperature but no polar solvent was involved. Another
interesting approach is ultrasonication-assisted synthesis: Tong
et al’® and Hintermayr et al.">” reported the synthesis of
perovskite NPIs by sonicating the dispersion of perovskite
precursors in the presence of coordinating ligands. Lastly, Dou
et al. demonstrated the direct synthesis of atomically thin
monolayer of L,BX, perovskite on the substrate by drop-
casting the solution of precursor salts first dissolved in DMF/
chlorobenzene cosolvent.'” Even though this was not a
“colloidal nanoplatelet” synthesis, it introduces another
promising route to deposit a thin layer of 2D perovskites.
Outstanding Questions and Future Challenges for
Nanoplatelets. Although various synthetic techniques have
been developed for colloidal perovskite NPIs, a complete
understanding of anisotropic perovskite NPI growth is lacking.
How can thin 2D structures grow from an isotropic crystal
lattice and homogeneous solvent environment? An in-depth
study carried out by Riedinger et al. on the formation of 2D
CdSe NPIs from isotropic materials’” provides some
interesting insight. In that paper, the authors started with
experimentally verifying that CdSe NPIs can be formed in an
isotropic environment in the absence of any molecular
mesophases, and then formulated a growth model based on
experimental results. General theory of nucleation and growth
predicts the growth of a NC to occur through the nucleation of
a additional island on one of the facets; when this island
reaches a critical size, expansion of the island becomes
thermodynamically favorable and leads to the formation of a
complete additional layer on that facet. Riedinger et al. showed
that when specific criteria are met, namely, (1) NC formation
occurs through nucleation-limited growth, (2) initial small
crystallites can adopt anisotropic 2D shapes due to the random
fluctuations in the reaction mixture, and (3) the thickness of
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this initial crystallite is smaller than the critical island size—
certain combinations of volume, surface, and edge formation
energies of NCs in the system can lead to a lower nucleation
barrier for narrower facets compared to large planar facets.
This lower nucleation barrier results in the faster growth on the
narrower facet, which can eventually yield anisotropic 2D NPlIs.
Their model also predicts higher narrow-facet nucleation
barrier for thicker NPIs than thinner NPIs, and it is consistent
with the observations by Bekenstein et al.'® and Pan et al.'”’
that thicker perovskite NPIs were formed at higher reaction
temperatures. Although Riedinger et al.”*® studied the CdSe
NPI system, their theoretical model is generalizable to any
isotropic materials system, including perovskite NPIs. It should
also be noted that, along with reaction temperature, previous
reports listed a careful choice of ligands and precise control of
perovskite precursor composition and concentration of
precursor solution as other key factors in the shape-controlled
synthesis of perovskite NPIs.'*>'7”** We speculate that
optimized synthetic conditions in those reports may in fact
reflect precisely tuned volume, surface, and edge formation
energies of the NC in the system where the formation of
anisotropic 2D NPlIs is favored. More recently, Burlakov et al
proposed a CsPbBr; NPI formation mechanism based on the
competitive nucleation of an inorganic perovskite layer and an
organic ligand layer.””® Being consistent with the discussion
above, their work also focused on temperature and interaction
energies between constituents as primary factors that
determine nucleation kinetics. Through a combination of
theoretical and experimental work, they showed that, under
certain conditions, narrower facets can favor crystal layer
nucleation, while wider facets are more effectively passivated
by ligand layer formation, which can lead to anisotropic two-
dimensional crystal growth. Their theoretical prediction of
preferential formation of thinner NPIs at low reaction
temperature was experimental