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Metal halide perovskites have emerged as attractive materials for use in solar cells, light emitting diodes and

other optoelectronic devices, mainly due to their impressive charge transport properties, strong light

absorption, long carrier diffusion lengths and long excited state lifetime. The extensive research on these

materials has paved the way for a new class of materials: metal halide perovskite nanocrystals (NCs). Due

to their high photoluminescence quantum yield and narrow emission that can be tuned by size and

compositional variations, perovskite NCs are considered to be ideal candidates compared to traditional

quantum dots. With the growing interest in these materials and the current challenges in their

commercialization, this review aims mainly to provide the necessary understanding of the influence of

capping ligands on the synthesis and application of perovskite NCs. The different synthetic approaches

and the role of ligands in determining the morphological and optical properties of the resulting NCs will

be discussed. Thereafter, we review the advances in understanding the surface chemistry and ligation in

the metal halide perovskite NCs. Lastly, we review the ligand exchange and management processes that

are shown to be beneficial in improving the performance and stability of perovskite nanocrystal films for

optoelectronic applications.
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1. Introduction

During the last decades, nanoscale materials have become
essential in our daily lives, as they are embraced in most of our
daily practices1–3 including cosmetics,4,5 biological applications
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Johns Hopkins University in
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year, James became Deputy Head of the Center for Molecular
Devices (CMD). The CMD is a collaborative research environment
between KTH and Uppsala University that focuses on all aspects of
emerging solar cell technologies. His current research interests
focus on photochemistry and photophysics of interfaces. Of
particular interest is understanding the energetics, kinetics, and
conditions that promote interfacial charge transfer chemistry as
this relates to dye-sensitized solar cells and perovskite solar cells.
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(e.g. biosensors),6–8 electronic and optoelectronic devices (like
smart phones and displays).9–11 The reason behind the interest
in these materials and their great potential in all of these
applications are their outstanding properties due to their large
surface-to-volume ratio in comparison to their corresponding
bulk materials. Semiconductor nanocrystals (NCs) can exhibit
unique properties such as high extinction coefficients, rapid
charge separation, good chemical/thermal/environmental
stability, and ease of synthesis. Typically, the solution-based
synthesis of NCs requires surface passivating molecules
known as capping ligands, which bind to the surface of the NCs
to control crystal size and isolate them from their environment.
The produced NCs have versatile surface chemistries that allow
for dispersion in different solvents and which enable their
integration into various matrices and devices. Another key
advantage is the quantum connement effect, in which the
electron and hole are conned in the NC. This is primarily
observed in quantum dots (QDs), which are semiconductor NCs
with a size usually in the range of 2–10 nm that connes elec-
tron–hole pairs in all three dimensions. Due to this effect, these
NCs exhibit discrete energy levels similar to those of atoms or
molecules and the light absorption and energy levels can be
tuned through the size of the crystals.12

In parallel, the continued research on new materials has led
to novel solutions for overcoming the increasing global energy
demands. Even though metal halide perovskites (MHPs) were
discovered more than 40 years ago, the interest in these mate-
rials was stimulated by the 2012 reports in which MHPs were
successfully used as light absorbers in solar cells.13–15 The
attractive properties of MHPs including the long carrier diffu-
sion lengths, strong light absorption, impressive charge trans-
port and tuneable bandgap through compositional variations
promoted a vast amount of research in this eld.15,16 Due to the
fast developments in the application of MHPs in solar cells,
a certied record efficiency more than 25% was achieved within
only one decade of development compared to several decades
for other solar cell technologies.17 MHPs are appealing
Dr Ute Cappel received her PhD
in Chemistry at Uppsala Univer-
sity in 2011. Following a Marie-
Curie fellowship at Imperial
College London, she was
a researcher at the Department of
Physics and Astronomy at
Uppsala University. In 2017, she
became an Assistant Professor at
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KTH Royal Institute of Tech-
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Associate Professor in 2020. Her

research focuses on the characterization of materials for and
processes in hybrid solar cells, in particular lead halide perovskites
and quantum dots. She uses synchrotron-based photoelectron
spectroscopy to study the chemical and electronic structure of
surfaces and interfaces.
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materials not only in photovoltaics but also in LEDs, photode-
tectors, lasers and other optoelectronic applications, where
a signicant progress had been also reported.18–24

Researchers have shown that a synergetic effect can be
realized by combining the advantages of these two classes of
materials: perovskites and nanocrystals.25 Extensive research
has therefore concentrated on the synthesis, characterization
and application of MHP NCs and particularly lead halide
perovskite NCs, which may substitute traditional metal chal-
cogenide NCs in some applications.26 Perovskite NCs exhibit
intriguing properties ranging from low fabrication cost, simple
and facile synthesis, outstanding photoluminescence quantum
yields (PLQY) and narrow emission. Their bandgap can be
tuned to match the whole visible light region via composition
modication and crystal size control.26,27 Moreover, compared
to bulk MHPs, NCs are considered benecial in several aspects.
Firstly, surface effects can stabilize the cubic perovskite crystal
structure, which would be unstable as the bulk material.13

Secondly, NCs show enhanced PLQY compared to their bulk
counterparts with PLQY limited by mobile ionic defects and
small exciton binding energy.14 These properties make them
interesting materials for next generation photovoltaic and light
emitting devices.

With the rapid advances in this eld, there have been several
reviews during the previous years revealing the potential of
MHPs in the form of NCs.9,13,14,16,28 The main focus of these
reviews was the synthesis of the perovskite NCs and their
applications. Recently, more specic reviews have been pub-
lished encountering precise issues related to metal halide
perovskite nanocrystals, such as doping with lanthanide,29

using mesoporous matrices as hosts for the nanocrystals30 and
lead-free halide nanocrystals.31 Even though ligands have
a profound effect on the growth and morphological, structural
and optoelectronic properties perovskite NCs, the type of
interaction between the perovskite nanocrystals and capping
ligands has been signicantly less discussed. Thus, this review
will shed light on the surface chemistry of the perovskite
nanocrystals and the role of ligand modication in determining
the growth, optical and morphological properties of the nano-
crystals and therefore their application.

Based on that, the review is divided into ve main parts. The
rst part addresses ligation and the different types of ligands
used in the synthesis of MHP NCs. The second part gives a brief
overview of the structural and optoelectronic properties of MHP
NCs and their stability. In the third part, a summary of the
different synthesis approaches of MHP NCs will be given with
the focus on the inuence of ligands in controlling the
morphology and composition of the NCs. The fourth part will
describe the surface chemistry of MHP NCs and the NC–ligand
interaction and its inuence on the purication procedure of
the NCs. The last section will detail the ligand management
procedures that have been applied to improve the performance
and stability of optoelectronic devices based on MHP NC lms.
Finally, we will conclude the review by discussing the remaining
open issues and providing an outlook on the future directions
in this eld.
This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta05242j


Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ite
li 

20
21

. D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3/
07

/2
02

5 
9:

12
:2

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2. Ligands

Ligands are molecules or ions that bind to a metal atom or ion
forming a coordination complex. These molecules or ions are
usually used in the synthesis of NCs, where they bind to the NCs
surface to stabilize them and compensate for their high surface
to-volume ratio. In this section we will introduce the most
common ligands for MHP NCs and their binding types.

The bonding between ligands and metals varies from
covalent to ionic bonding. In this regard, the different types of
bonding between the ligands and surface states of the NCs can
be described using the Covalent Bond Classication (CBC) that
was proposed initially by Green32 to describe metal–organic
complexes. Based on this model, ligands can be divided in
three categories: a Z-type ligand with an empty orbital that acts
as a Lewis acid accepting an electron pair from an anion site at
the NC surface, an L-type ligand which is considered as a Lewis
base with a lled orbital that donates two electrons to an
unoccupied surface metal orbital and an X-type ligand which
forms a covalent bond with a singly occupied orbital on the
surface.33,34

Fig. 1 shows an overview of different types of ligands that
have been used for stabilizing MHP NCs and that will be
considered in this review.

In general, two types of ligands are used in the synthesis of
MHP NCs: carboxylic acids which prevent coagulation of the
NCs through steric repulsion and amines that are integral in
controlling the crystallization of the NCs.35 Such monodentate
ligands consist of a long alkyl tail or a phenyl group and a polar
head which binds to an atom or ion at the surface of the NC.
Fig. 1 Chemical structures of different types of capping ligands for MHP

This journal is © The Royal Society of Chemistry 2021
NCs can be also capped with bidentate and multidentate
ligands which can bind to two or more atoms or ions at the NC
surface. These ligands have a stronger binding to the NC surface
compared to the monodentate ones, which leads to less struc-
tural distortions at the NC surface and as a consequence
stabilizing the NCs more effectively.36,37

Besides the aforementioned ligands, branched ligands have
been investigated as they enable a better control of the NC size
and uniformity compared to ligands with straight chains.
Another type of ligand is the zwitterionic ligand, which has
several functional groups at the same end of the molecule that
can anchor simultaneously to the NC surface. As a result, these
ligands have a stronger interaction with the NC surface in
comparison to ligands with one coordinating group. Moreover,
ligands can be anions (such as halides, S2�, SCN� and NH2

�) or
cations (such as NO+ and N2H5

+).38–44 Indeed, as will be dis-
cussed later, the carboxylic acid and amine ligands used in the
synthesis of MHP NCs bind to the NCs surface as carboxylate
anions and ammonium cations, respectively. These ionic
ligands inuence the nature of trapping sites at the surface of
the NCs and passivate them to improve the photoluminescence
and stability of NCs.
3. Perovskite nanocrystals

In this section, we discuss the structural and optoelectronic
properties and the stability of perovskite NCs. These properties
will be addressed throughout the review while discussing the
inuence of ligands on the synthesis and application of MHP
NCs.
NCs.

J. Mater. Chem. A, 2021, 9, 23419–23443 | 23421
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3.1 Crystal structure

Analogous to oxide perovskites, MHPs of the overall ABX3

formula (with A being a large monovalent cation, B an
inorganic-metal cation and X a halide anion such as Cl�, Br�,
I�) consist of a three-dimensional (3D) network of corner
sharing BX6 octahedra (Fig. 2a). In the cubic void between the
corner sharing octahedra one or more A cation forms ionic
bonds to the anionic BX6

4� network. Most of the studied MHP
NCs are based on Pb2+ at the B-site. These lead halide perovskite
(LHP) NCs can be classied depending on the type of the A
cation into three groups: hybrid organic–inorganic, all-
inorganic and mixed perovskites. Hybrid organic–inorganic
LHP NCs contain an organic ammonium cation at the A-site of
the perovskite such as: methylammonium (MA+) and for-
mamidinium (FA+). All-inorganic lead halide perovskites are
isostructural to the hybrid perovskite with A being an inorganic
cation such as Cs+ or Rb+. In mixed LHP NCs, the composition
of the A cation can be adjusted by using different ammonium
cations45,46 or by incorporating both inorganic and organic
cations.47

Alternative to LHP NCs, MHP NCs based on more environ-
mentally friendly metal cations at the B-site (Sn2+, Ge2+, Sb3+,
Bi3+, In3+, Cu+ or Ag+) replacing Pb2+ became highly desirable.
However, these lead-free perovskite NCs suffer from oxidative
instability, indirect or large band gaps, and synthesis
Fig. 2 (a) Illustration of the 3D to 1D phase transition in CsPbI3 and
FAPbI3. Reproduced with permission from ref. 27. (b) Schematic pre-
senting the differences between the different dimensionalities (0DN,
1DN, 2DN and 3DN) depending on the connectivity of the octahedra.
Reproduced with permission from ref. 56.

23422 | J. Mater. Chem. A, 2021, 9, 23419–23443
difficulties since they compete with more thermodynamically
favourable phases.13 In addition, they still show inferior prop-
erties compared to Pb-based perovskite NCs (i.e. less defect
tolerance and hence lower PLQY).31

MHPs are typically observed in three 3D polymorphs: cubic,
tetragonal and orthorhombic with the cubic phase existing at
the highest temperature.13 The stability of the perovskite phases
can be predicted using the Goldschmidt tolerance (t) and the
octahedral factor (m) factors.48–50 The latter is determined from
the ratio of the ionic radii of the B cation (rB) over the halide (rX)
such that: m ¼ rB/rX. When this factor ranges between 0.41 and
0.89, the BX6

4� octahedra, and thereby the perovskite structure,
are considered stable.51 On the other hand, the tolerance factor
depends additionally on the ionic radii of the A-site cation (rA)
according to the following equation:

t ¼ ðrA þ rXÞ
ffiffiffi

2
p ðrB þ rXÞ

This factor has been extensively used to predict the stability
of perovskite structures through assessing if the A-site cation
ts in the voids of the framework.48,49 For t values between 0.8
and 1.0, the octahedra are stable resulting in a stable perovskite
structure. The perovskite is cubic when t is close to one,
otherwise, the octahedra will partially tilt resulting in ortho-
rhombic or tetragonal structures. Only the cubic and tetragonal
3D polymorphs are interesting for optoelectronic applications
as they are photoactive exhibiting the desired semiconducting
properties.49,50 As an example, the 3D polymorphs, of CsPbI3
and FAPbI3 are metastable at room temperature (RT). This is
because the size of A cations for these two near-IR emitting
perovskites are at the borderline for optimal 3D perovskite
structure; with Cs+ ion being too small (t � 0.89 for CsPbI3) and
FA+ being too large (t � 1 for FAPbI3).27,50,52 Therefore, these two
materials easily undergo a phase transition at RT to their more
stable phases; FAPbI3 to a one-dimensional (1D) hexagonal
phase and CsPbI3 to a 1D orthorhombic phase (illustrated in
Fig. 2a27,48). These two phases, known as “yellow phases” have
wider band gaps than the 3D motifs and show poor electron
transport which limits the full utilization of CsPbI3 and FAPbI3
in devices.13,50 Nonetheless, it was shown that the polymorph
stability of MHPs can be adjusted in NCs because of the gov-
erning surface effects. The cubic phase of CsPbI3 was shown to
be stabilized at RT in ambient air for several months in CsPbI3
QDs and QD lms due to the contribution of surface energy.50,53

In this way, the under-coordinated surface sites or bound
ligands can affect bonding geometries for the entire crystal.

In addition to the 3D MHP polymorphs, low dimensional
NCs have been synthesized by tailoring the composition of the
MHPs.31,54 These NCs exhibit a variety of shapes such as: zero-
dimensional (0D) QDs, one-dimensional (1D) nanowires
(NWs) or nanorods (NRs) and two-dimensional (2D) nanosheets
(NSs) or nanoplatelets (NPLs).50,55 Compared to the corner
sharing octahedra in 3D perovskites, the connectivity of the
octahedra in the lower dimensions is presented in Fig. 2b. The
low dimensional NCs are usually more stable than 3D NCs
This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta05242j


Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ite
li 

20
21

. D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3/
07

/2
02

5 
9:

12
:2

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
against environmental factors such as moisture.56 However, the
3D polymorphs of MHPs are more interesting than the 2D and
1D motifs because they exhibit more appealing semiconductor
properties (e.g. suitable bandgap and good electron transport)
that are desirable for optoelectronic applications.50
3.2 Optoelectronic properties

In this part, we discuss the different optoelectronic properties of
MHP NCs that are of interest for their application in devices.
These properties, as will be shown in Sections 5 and 6, are
affected by the ligands binding to the NCs and therefore can be
tailored depending on the application of the NCs via ligand
control.

3.2.1 Absorption and emission. Following the pioneering
study by Protesescu et al.57 on the synthesis of CsPbX3 NCs with
variable halide content, the outstanding optical properties of
LHP NCs, and MHP NCs in general, have been demonstrated.
The absorption edge and photoluminescence (PL) peak shied
to the red when increasing the size of the halide anion, such
that CsPbCl3 emitted at the blue edge of the visible spectrum,
CsPbBr3 in the green and CsPbI3 at the red edge. As shown in
Fig. 3a, the absorption and emission of the NCs can be further
tuned over the entire visible range by using halide mixtures and
changing their ratios in CsPbX3 NCs.57 Similarly, the variation of
the halide content from Cl to Br to I red shied the emission in
MA perovskite NCs58 and FA-based perovskite NCs.59–61 This
tunability is due to the electronic structure of the lead halide
perovskites that is presented in Fig. 3b. The conduction band
(CB) is formed from the antibonding mixing between Pb 6p
orbitals and halide outer p orbitals with the major contribution
from Pb 6p. The valence band (VB) is composed of the anti-
bonding orbitals from the hybridization of the halide valence p
orbitals with Pb 6s orbitals.62,63 Thus, the halide composition
determines the energy of the halide antibonding orbital
resulting in a shi in the VB edge and a slight modication of
the CB edge (Fig. 3c).63

The optical properties of the MHP NCs are also inuenced by
the cation at the B-site of the perovskite. For instance, the band
Fig. 3 (a) The PL spectra of CsPbX3 NCswith variable halide content with
UV illumination. Reproduced with permission from ref. 57. (b) A schema
Band edge energies (conduction band CBM and valence band VBM) of
a scan rate of 50 mV s�1 of the NCs dispersed in tetra-butyl ammonium p
with permission from ref. 63.

This journal is © The Royal Society of Chemistry 2021
gap was shown to be red shied when replacing Pb2+ with Sn2+

most probably because of the higher electronegativity of the
latter cation.64 Other examples include partial substitution of
Pb2+ or complete substitution forming lead-free MHP NCs that
modify the optical properties of their LHP alternates.31,65

Even though the A cation of the perovskite does not
contribute to the density of states (DOS) of the CB and VB, it can
inuence the band gap.66 The decrease of the size of the A cation
(for example from FA+ to MA+ to Cs+) was shown to increase the
band gap of LHP.66 This is ascribed to the increase in the tilting
angle of the Pb–X–Pb bonding that is associated to the distor-
tion of the cubic crystal structure.67

Perovskite NCs have narrow emissions with line widths that
are less than 100 meV which is essential for lighting applica-
tions.57 Also, compared to their bulk counterparts, MHP NCs
exhibit extremely high PLQY values.60 PLQY of nearly 100% have
been observed for caesium and methylammonium lead
bromide or iodide NCs and values of 70–90% have been ach-
ieved for FA+-based NCs.68–73 In comparison, chloride-based
perovskite NCs exhibit lower PLQY (below 20%) because of
the changes in the crystal structure associated with the smaller
size of Cl�, and the non-radiative trapping sites due to defects
that are less shallow compared to other halide perovskites.14

3.2.2 Quantum connement. Besides compositional
modications, quantum-size effects have a major role in tuning
the band gap of MHP NCs.30 To achieve quantum connement,
the size of the NC should be similar to or smaller than the Bohr
exciton radius, which is the most probable delocalization
distance of an exciton in the bulk semiconductor. This
connement results in a blue shi of the absorption and
emission of the NC with respect to its bulk form. The resulting
connement energy that depends on the size of the NC deter-
mines the extent of the blue shi.57 This is shown in Fig. 4a
where the PL emission of CsPbBr3 nanocubes blue shis with
decreasing the size of the NCs.

The Bohr diameter of Wannier–Mott type excitons, esti-
mated according to the effective mass approximation, was
found to be 5, 7 and 12 nm for CsPbCl3, CsPbBr3 and CsPbI3
the corresponding image of the different NC solutions in toluene under
tic representing the electronic structure of lead halide perovskites. (c)
CsPbX3 NCs extracted from cyclic voltammetry measurements with
erchlorate electrolyte in a mixture of acetonitrile and toluene. Modified

J. Mater. Chem. A, 2021, 9, 23419–23443 | 23423
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Fig. 4 (a) Absorption and emission of CsPbBr3 NCs with variable size
demonstrating quantum-size effects. (b) Size dependence of effective
charge-carrier mobility of CsPbBr3. Panels (a) and (b) are reproduced
with permission from ref. 57 and 81, respectively.

Fig. 5 (a) The typical point defects present in LHPs ordered with
respect to their formation energies and positions in the band gap. (b)
Schematic illustration showing the differences in the electronic
structures of defect intolerant semiconductors (such as metal chal-
cogenides) and defect tolerant MHPs. Reproduced with permission
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NCs and 1.5–3 nm for MAPbBr3 and MAPbI3 NCs.57,74,75 As
a result, the connement in LHP NCs which are typically in the
form of 4–15 nm nanocubes is usually negligible or very low. For
instance, the exciton binding energies of CsPbCl3, CsPbBr3,
CsPbI3 nanocubes were determined to be 75, 40 and 20 meV,
respectively, which are comparable to those of their bulk
counterparts and to MAPbI3 with an exciton binding energy of
#25 meV.57,76–79 However, in the case of nanosheets and nano-
wires, the connement becomes more signicant due to the use
of long chain ligands, which enable the synthesis of very thin
nanosheets (few monolayers) and nanowires of small diameters
(less than 10 nm). A high exciton binding energy of 120 meV was
measured for 3.4 nm thick CsPbBr3 nanoplatelets demon-
strating a strong connement in one dimension.76,80

3.2.3 Charge carrier dynamics. The charge transport
mechanism in MHP NCs is expected to be different from the
bulk. Indeed, it was found that charge carriers in lms based on
CsPbBr3 NCs have a more localized nature compared to poly-
crystalline lms. As seen in Fig. 4b, the effective charge-carrier
mobility decreased with decreasing size of the crystal conrm-
ing the localization of charge carriers within the NCs because of
increased excitonic effects and increased proximity of the
barriers between the NCs.81

Studying the PLQY values of perovskite NCs along with their
PL decay dynamics gives insights regarding the radiative and
non-radiative recombination processes and therefore under-
standing the defects and trap states in these NCs.30 As in any
semiconductor material, the lifetime of excited states in MHP
NCs is usually shorter than that of its bulk counterpart. In the
case of inorganic CsPbX3 NCs, time-resolved PL measurements
show a bi-exponential decay with a radiative lifetime in the
nanosecond range between 1 and 29 ns. The PL lifetime of these
NCs increases with the decrease of the band gap.13,57,82 In
comparison, organic LHP NCs exhibit longer lifetimes with
FAPbI3, MAPbI3 and MAPbBr3�xClx (x ¼ 0.6–2) NCs, for
instance, showing decay lifetimes of 70, 100 and 40–400 ns,
respectively.48,57 Mixed organic–inorganic LHP NCs such as
FA0.1Cs0.9PbI3 exhibit radiative lifetimes of 51 ns.48 Lead-free
MHP NCs show comparable PL decay lifetimes to LHP NCs.31
23424 | J. Mater. Chem. A, 2021, 9, 23419–23443
3.2.4 Defect tolerance and surface passivation. Among the
most attractive features of MHP which contribute to their high
performance in photovoltaics and their bright emission is their
defect tolerance.83 The so-called defect tolerance is the ability of
retaining the electronic structure regardless of a high concen-
tration of defects in the material.14 It has been shown that in
halide perovskites under stoichiometric conditions, Schottky-
type point defects that are intrinsic cation and anion vacan-
cies are the main defects due to their low formation energy.84 As
shown in Fig. 5a, interstitial and anti-site point defects, which
tend to form deep trap states have higher formation energies
and are therefore almost absent in perovskites.28 Besides, the
low lattice energy in these materials promotes other types of
defects such as dislocations, grain boundaries and twin
planes.13 Studies have shown that despite these defects in LHPs
along with the surface defects in the high surface area NCs, the
optoelectronic properties of the LHP NCs are not altered since
they do not form mid-gap trap states and induce rather shallow
states near the energy bands.85–87 Shallow defects do not affect
the charge carrier transport and the radiative recombination in
these NCs.30 This defect tolerance in MHP NCs is the reason of
their very bright photoluminescence and their efficient utiliza-
tion in solar cells and LED devices without the need of elec-
tronic surface passivation as in the case of metal chalcogenide
QDs.13,57 The differences between MHPs and the conventional
semiconductors in terms of the effect of defects on their elec-
tronic properties is illustrated in Fig. 5b.13
3.3 Stability

With all the promising optoelectronic properties and the ach-
ieved progress in the synthesis of MHP NCs, the full imple-
mentation of their potential remains restricted by their limited
stability. MHP NCs are highly vulnerable to polar solvents,
which threaten their optical properties and long-term structural
integrity.13,88 Yuan et al.,89 for instance, showed that the use of
certain antisolvents in the postsynthetic cleaning steps of
CsPbBr1�xIx perovskite NCs canmodify their halide content and
thereby their overall optical properties.

In addition, MHP materials exhibit poor chemical stability
and are highly sensitive to moisture, light, and elevated
temperatures. This was shown to limit the practical application
from ref. 28.

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) Schematic illustrating the HI method (b) Scheme presenting
the HI synthesis of Cs3Sb2I9 NPLs and NRs at different temperatures
using octanoic acid (OnA) and oleylamine (OAm) ligands in 1-octa-
decene (ODE). Panels (a) and (b) are taken with permission from ref. 14
and 134, respectively.

Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ite
li 

20
21

. D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3/
07

/2
02

5 
9:

12
:2

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
of bulk MHPs in highly efficient solar cells.90,91 The stability of
the hybrid MAPbI3, for example, is inuenced by its decompo-
sition into volatile HI and CH3NH2.13 In addition, MHP NCs can
degrade in the presence of a combination of light, and oxygen
because of the diffusion of photogenerated O2

� anion into the
halide vacancy sites promoting the oxidation of the perovskite.92

Moreover, of certain concern is the thermal instability of LHP
NCs because of their low melting point where sintering of lms
based on NCs makes them densely packed losing in some cases
their structural integrity and quantum properties.

Since the stability of MHP NCs is a prerequisite for their
efficient application in devices, several approaches have been
investigated to improve the stability of these NCs. One approach
is to combine NCs with different classes of materials such as
polymers,93–105 graphene,106–111 2D materials,112–115 silica116–120

and alumina.121–126 The formation of nanocomposites through
embedding LHP NCs in organic polymers as effective matrices
allows a low transmission rate of oxygen and moisture.127,128

Furthermore, to avoid the chemical instability associated with
MAPbX3 NCs, the MA+ cations are replaced by FA+ and Cs+.
However, this imposes another form of instability which is the
structural instability discussed above. As will be shown in
Sections 5 and 6, the stability of MHP NCs in polar solvents and
under ambient conditions can be improved through ligand
modication and engineering.
4. Perovskite nanocrystal synthesis

Several synthetic approaches have been used and developed to
produce MHP NCs. These methods can be divided into two
main categories: colloidal (or non-template) and non-colloidal
(or template-based) synthesis. The different synthesis routes
will be discussed in this section along with the factors affecting
the control over the size and shape of the NCs with the main
emphasis on the impact of ligands.
4.1 Colloidal synthesis

Colloidal synthesis is a simple wet chemistry process where the
ionic precursors are mixed under controlled temperature to
form an insoluble precipitate. This well-established technique
consists of different possible synthesis pathways for NCs with
the two most common approaches being the hot injection (HI)
and ligand-assisted reprecipitation (LARP) methods.

4.1.1 Hot injection method. The most frequently used
routine for the synthesis of monodisperse colloidal NCs is the
hot injection (HI) method, which was developed for the
synthesis of cadmium chalcogenide NCs about three decades
ago129 and was rst implemented for LHP NCs by Protesescu
et al.57 in 2015. Generally, in this method, as depicted in Fig. 6a,
one of the precursors is rapidly injected into a solution con-
taining the remaining precursors and ligands that are dissolved
in a high boiling point, non-coordinating solvent at high
temperature.130,131 The capping ligands are used to control the
growth of the NCs in the synthesis and to passivate their
surface. The nucleation starts rapidly aer the injection of the
precursor with a simultaneous formation of small nuclei. Aer
This journal is © The Royal Society of Chemistry 2021
that, the nuclei start to grow without forming new nuclei. As the
precursors become depleted, Ostwald ripening starts where the
focusing regime ends and the particles size distribution slowly
broadens.1,132 Thus, a narrow size distribution of the NCs can be
achieved in case the reaction is stopped in the size-focusing
regime.

Protesescu et al.57 applied this synthesis by injecting Cs-
oleate into a solution of PbX2 (with X being different halides
such as Cl, Br, I) with equal ratios of OA and OAm ligands in the
presence of octadecene (ODE) at temperatures in the range
between 140 �C and 200 �C and reported the formation of
monodisperse CsPbX3 nanocubes with sizes between 4 and
15 nm. The resulting NCs were shown to have a cubic perovskite
structure and a tuneable band gap through size and composi-
tional modulation. In addition, they exhibited a narrow pho-
toluminescence emission with full width at half maximum
(FWHM) of 12–42 nm (Fig. 3a) and high PL quantum yields of
50–90%.57 Following this report, the HI method was extended to
other MHP NCs such as CH3NH3PbX3 (MAPbX3 with X being Br
or I) by injecting methylammonium solution instead of Cs-
oleate to the PbX2 precursor solution.133

4.1.1.1 Control of size and shape of NCs in HI method. The
size, size-distribution and shape of the NCs synthesized by the
HI method can be controlled by several parameters. The main
factors are the temperature at which the cation or anion
precursor is injected and the time at which the reaction is
stopped. For example, the morphology of Cs3Sb2I9 NCs was
tuned by varying the temperature where NPLs were produced at
180 �C and NRs at a higher temperature of 230 �C (Fig. 6b).134

Due to the rapid growth of CsPbX3 NCs, their size was shown to
be tuned mainly by the temperature rather than the growth
time.135 Bekenstein et al.136 reported the synthesis of green-
emitting CsPbBr3 nanocubes at 150 �C using the HI method.
At lower temperatures, anisotropic growth of the NCs proceeds
favouring the growth of quasi 2D geometries, where cyan-
emitting NPLs were formed at 130 �C and very thin blue-
emitting NPLs were formed at 90–100 �C with lamellar struc-
tures (Fig. 7a).136 In another study, the thickness of CsPbBr3
NPLs was tuned at a monolayer level by varying the temperature
and the lateral dimensions were varied by modifying the reac-
tion time.137 In general, at higher temperatures, CsPbBr3
nanocubes are formed in the initial stage (rst 10 minutes).
J. Mater. Chem. A, 2021, 9, 23419–23443 | 23425
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Fig. 7 (a) TEM images of CsPbBr3 NCs grown at different tempera-
tures with photos of the solutions under UV-illumination in the inset of
the figures. The scale bar is 50 nm. (b) A sketch illustrating the
morphology evolution during the synthesis of CsPbBr3 NCs by HI
approach. (c) Size distribution histogram of CsPbBr3 nanocubes ob-
tained at 160 �C from the reaction with varying amounts of oley-
lammonium bromide. Panels (a), (b) and (c) are adapted with
permission from ref. 136, 138 and 140, respectively.

Fig. 8 Schematics illustrating the effect of temperature and type of
ligand on the size and shape of NCs synthesized by the HI approach.
The figure is reprinted with permission from ref. 141.
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Then, NWs are formed for a reaction time up to several hours
aer which large crystals start to form.138 As demonstrated in
Fig. 7b, different intermediate morphologies can coexist at
a certain time.138

Another key parameter in controlling the size of the MHP
NCs in HI method is the initial precursors used and their
relative concentrations. Studies have demonstrated that the use
of ZnBr2 or alkyl ammonium bromide as extra halide sources in
the synthesis resulted in a better control of the size and size
distribution of CsPbBr3 nanocubes, as shown in Fig. 7c.139,140

4.1.1.2 Role of ligands in size and shape control of NCs. Long-
chain organic acids and bases, mainly OA and OAm, are typi-
cally used in the HI synthesis: rst to solvate the inorganic
precursors in the non-coordinating solvent, then to adjust the
size and shape of the synthesized NCs by modifying the reaction
kinetics and lastly to stabilize the produced colloidal NCs by
acting as surface ligands.89,141 A recent study on II–VI and III–V
QDs has shown that the NC–ligand interaction is essential in
determining the optoelectronic properties of the QDs.34 There-
fore, varying the concentration of ligands, their type and chain
length can signicantly inuence the structure, size, shape,
optical properties and stability of the NCs.

It was reported that shortening the chain length of the
carboxylic acid ligands used in the synthesis, without varying
OAm, increases the size of the CsPbBr3 nanocubes produced at
high temperatures. Alternatively, while keeping the amount of
OA xed, the length of the amine alkyl chain was shown to affect
the shape of the NCs. Nanoplatelets were formed in all cases
except when using OAm at high temperature where nanocubes
are produced (Fig. 8).141 From this it can be suggested that the
shape selectivity depends on the chain length of the amines
more than the carboxylic acids.141 Similarly, Song et al.142

demonstrated the synthesis of 1 mm CsPbBr3 NSs that are
atomically thick by employing dodecylamine and OA in the HI
synthesis and prolonging the reaction time.
23426 | J. Mater. Chem. A, 2021, 9, 23419–23443
A comprehensive study was conducted by Almeida et al.143 to
clarify the effect of ligand concentration on the shape, size and
size distribution of CsPbBr3 NCs. They reported that reducing
the concentration of OA and OAm ligands to the minimum
amount required to dissolve PbBr2 suppressed the Ostwald
ripening resulting in nanocubes with narrow size distribution
with size ranging between 4 to 16.4 nm. NPLs were not observed
under this condition (reduced concentration of ligands)
regardless of the temperature. However, increasing the
concentration of both ligands enhanced the solubility of PbBr2
resulting in the formation of 0D Cs4PbBr6 NCs.143 These results
were then conrmed by Huang et al.144 who showed that the
control over the size and thereby the quantum connement of
MAPbBr3 NCs can be achieved by a ne control of the ligand/
precursor ratio.

Other examples include the synthesis of CsPbBr3 NWs by
Imran et al.145 where the width of the NWs was regulated
between 10–20 nm (nonconned) by controlling the reaction
time and the octylamine/OAm ratio. Adding long alkyl chain
acid (OA) with these amines resulted in the formation of NSs.
However, if a carboxylic acid with a shorter alkyl chain (e.g.
octanoic acid or hexanoic acid) was added to the amine ligands,
thin NWs were produced with their width decreasing down to
3.4 nm (highly conned) when increasing the amount of short
acid with respect to the amines.145 In another study, it was
shown that using octylamine and octanoic acid as ligands with
short alkyl chains and in addition to OA and OAm resulted in
the formation of nanosheets that are a few nm thick. While the
thickness stayed constant, the lateral dimensions of the nano-
sheets was varied from 200 nm to few micrometers by changing
the ratio of the amount of short ligands with respect to OA and
OAm.146

Furthermore, the type of capping ligand can affect the size
and shape of the NCs synthesized by HI approach. For instance,
Park et al.147 investigated the effect of exchanging the pristine
OA and OAm ligands on CsPbBr3 NCs synthesized using the HI
This journal is © The Royal Society of Chemistry 2021
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approach with branched quaternary ammonium bromide
ligands. The results showed that the NCs capped with OA/OAm
or branched ligands were all monodispersed nanocubes.
However, the size of the NCs increased with increasing the
bulkiness of the ligands due to the lower coverage of the NC
surface with the bulkier ligands, which induces rapid attach-
ment of the remaining precursors resulting in the growth of the
NCs.147 In another study, it was shown that employing branched
ligands, such as triethylamine (TEAm), inhibited the formation
of MAPbBr3 nanoplatelets whereas octylamine ligand facilitated
the formation of NPLs.148 Studies showed that NCs capped with
zwitterionic and bidentate ligands exhibit improved colloidal
stability compared to monodentate ligands.149,150

4.1.2 Ligand-assisted reprecipitation method. The ligand-
assisted reprecipitation (LARP) method is another colloidal
synthesis route that was shown to be benecial in terms of the
synthesis conditions. The LARP synthesis can be carried out in
ambient conditions at RT, which makes it more cost effective
than the HI method.151 In general, it includes dissolving the
precursors in a solvent until an equilibrium concentration is
reached, followed by moving the system into a non-equilibrium
supersaturation state through decreasing the temperature,
evaporating the solvent or adding a miscible solvent in which
the ions have a low solubility. As a result, precipitation and
crystallization occur to move the system back to equilibrium
and cause the formation of NCs in the presence of ligands.152

In the case of MHP NCs, the LARP process consists of dis-
solving the precursor salts (typically MX2 with M being Pb, Sn,
etc., CsX, MAX and FAX where X is Cl, Br or I) in a polar solvent
(as dimethylformamide (DMF), dimethylsulfoxide (DMSO)) and
adding it to a nonpolar solvent (such as toluene or hexane) in
the presence of ligands. Mixing the two solvents triggers
Fig. 9 (a) Illustration of the LARP synthesis. (b) The variation of PL
maxima with the amount of alkylamine employed in the synthesis of
MAPbBr3 NPLs for different lengths of the alkyl chain of alkylamine. (c)
TEM images, photographs of the NPLs under UV light, PL and UV-
visible absorption spectra revealing the decrease in their thickness with
the increase of octylammonium concentration (from 0 to 100%).
Panels (a), (b) and (c) aremodified with permission from ref. 14, 157 and
158.

This journal is © The Royal Society of Chemistry 2021
immediate saturation that induces the nucleation and growth
of the MHP NCs (Fig. 9a).151,153,154

Indeed, shortly before the rst study on the HI synthesis of
CsPbX3 NCs,57 Schmidt reported the LARP synthesis of highly
crystalline MAPbBr3 NCs in the form of 6 nm-sized spherical
nanoparticles.88 The synthesis consisted of a simple procedure
where solutions of MABr and PbBr2 dissolved in DMF were
subsequently added to a heated solution of the ligands in ODE.
The formed dispersion was then precipitated by acetone.88 This
technique is highly versatile, as it was extended to other MHPs
forming ABX3 NCs of variable compositions (A¼ Cs, MA or FA, B
¼ Pb, Bi, Sn or Sb and X ¼ Cl, Br or I) and shapes (NPLs, NWs
and NRs).11,14,71,153,155,156

4.1.2.1 Role of ligands on the size and shape control of NCs. To
investigate the role of ligands in the LARP approach, Zhang
et al.58 conducted the synthesis of MAPbBr3 NCs under different
conditions by varying the ligands used in the precursor solu-
tion. The results showed that the NCs could be produced by the
LARP approach when excluding the amines from the synthesis,
yet control over the size was not achieved in that case. The
absence of carboxylic acids in the synthesis resulted in aggre-
gated NCs. Therefore, the amines were suggested to be used to
regulate the kinetics of the crystallization and thereby the size
of the NCs, whereas the acids contributed to the stability of the
colloids suppressing the NCs from aggregation.58

Similar to the HI approach, it was found that higher ligand
concentration in the LARP synthesis, the size of the NCs is
reduced. Also, in both approaches (except at low temperatures
in the HI method), the NCs become smaller, at least in one
dimension, when the alkyl chain length of the ligand is
increased.

For instance, the effect of ligand concentration and chain
length on the morphological properties of MAPbBr3 NPLs
prepared using LARP approach was inspected by Cho et al.157

The thickness of the NPLs was shown to be extremely depen-
dent on the concentration and chain length of alkylamines
(Fig. 9b). Longer amines and higher concentrations passivated
the surface of the NCsmore efficiently suppressing its growth in
the vertical direction and allowing its growth only laterally.157

Similarly, the thickness of MAPbBr3 NPLs, produced by reacting
PbBr2 with MABr and octylammonium bromide in the absence
of carboxylic acid ligand, was shown to be proportional to the
ratio of MA to octylammonium (Fig. 9c). When only octy-
lammonium was used, “single layered” NPLs were obtained.158

Moreover, it was shown that the crystal structure and
composition is greatly inuenced by the amount of ligands used
in the LARP synthesis. Chen et al.159 revealed that by increasing
the ligand content, the products changed completely from the
monoclinic 3D CsPbX3 phase to the hexagonal 0D Cs4PbX6

phase. This was explained by the steric hindrance resulting
from the increased OA and OAm in the precursor solutions
making it difficult for the PbX6

4� octahedrons to come together
and produce the 3D structure. Indeed, it was shown that OAm
has a greater role in such phase transition than OA, most likely
because of the attraction of Cs+ to the lone-pair on the N atom in
the amino head group of OAm resulting in more separation of
the PbX6

4� octahedrons forming thereby the 0D phase.159
J. Mater. Chem. A, 2021, 9, 23419–23443 | 23427
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Other modications to the LARP technique included the use
of auxiliary ligands as benzoyl alcohol in addition to OA and
octylamine. This ligand was shown to facilitate the reaction and
enhance the PLQY of the produced NCs.148 Peptides with –NH2

and –COOH ending groups were also utilized in the LARP
synthesis for a better control of the NCs' size. For instance, 12-
aminododecanoic acid was used as the only capping ligand in
synthesizing MAPbBr3 NCs.160 Using 2-adamantylammoniun
bromide (ADBr) as the only capping ligand for the LARP
synthesis of MAPbBr3 NCs resulted in a 100% PLQY revealing
the full passivation of the surface of the NCs.69 Luo et al.161

synthesized MAPbX3 NCs using the LARP approach with
replacing OA ligand with (3-aminopropyl)triethoxysilane
(APTES) and polyhedral oligomeric silsesquioxane (POSS) PSS-
[3-(2-aminoethyl)amino]propylheptaisobutyl substituted (NH2-
POSS). These branched ligands result in the formation of
smaller NCs with a better uniformity than those prepared using
straight-chain ligands. The authors demonstrated the size
dependence of the NCs on the amount of APTES ligand where
smaller MAPbX3 nanocubes were obtained with increasing the
amount of APTES due to the steric hindrance which makes the
delivery of monomers to the NCs slower during the growth
stage. In addition, steric hindrance and repulsion between the
branched ligands increases, on one hand, the number of
uncoordinated atoms at the surface of NCs lowering thereby
their PLQY compared to the straight-chain ligands. On another
hand, it hinders the access of solvent molecules to the NC
surface, hence improving their stability compared to NCs
ligated with OA.161

4.1.2.2 Emulsion LARP. An alternative approach for the
synthesis of MHP NCs is through a modied LARP synthesis,
termed “emulsion LARP”. In this approach, as presented in
Fig. 10, the precursors are dissolved in two different solvents
(containing the ligands) that are immiscible, unlike the clas-
sical LARP process. When mixing the two solutions, an emul-
sion is formed. Upon adding a de-emulsier that is miscible in
both solvents, the reaction starts by driving the system to
a supersaturation state allowing the nucleation and precipita-
tion of the NCs.49,152,162,163 Huang et al.162 used the emulsion
LARP approach to synthesize MAPbBr3 NCs by mixing the
“aqueous phase” consisting of MABr and PbBr2 dissolved in
Fig. 10 Illustration of the emulsion synthesis method and photo-
graphs of the MAPbBr3 emulsion and the resultant colloidal solution
upon addition of the demulsifier. Modified with permission from ref.
162.

23428 | J. Mater. Chem. A, 2021, 9, 23419–23443
DMFwith the “oil phase” that is OA and n-octylamine in hexane.
Acetone and tert-butanol could be added as de-emulsiers to
the emulsion to initiate the recrystallization and formation of
the NCs. In an analogous manner, this method was used for the
synthesis of CsPbX3, MAPbX3 and FAPbBr3 NCs with different
morphologies (spherical QDs, nanocubes, NPLs and
NWs).153,163–165 The method could be advantageous over
conventional LARP in that it does not require that the solvents
be miscible.

4.1.2.3 Polar solvent controlled ionization. In this approach,
unlike the LARP method, the precursors (e.g. metal oleates and
alkyl ammonium halides) are not dissociated in a polar solvent
in the beginning of the synthesis. Instead, they are dispersed in
a nonpolar solvent such as hexane. A polar solvent is then
subsequently added to the precursors resulting in their disso-
ciation into ions forming the NCs. Therefore, this method is
advantageous over LARP strategy in using a smaller amount of
polar solvents. CsPbX3 NCs synthesized by this approach
exhibited PLQY over 80% and tuneable emission covering the
visible range via compositional modications.166

4.1.3 Other colloidal synthetic approaches
4.1.3.1 Heat-up methods. Other synthetic routes have been

developed by researchers in which a mixture containing all the
precursors, ligands and solvents is heated or ultrasonicated to
produce the NCs under an air atmosphere and at a gram scale
with high PLQY.68,137,167–173 These methods, similar to HI,
required ligands based on both carboxylic acids and alkyl
amines.14

The solvothermal method was demonstrated by Chen et al.172

via the synthesis of CsPbX3 NCs by heating up a mixture con-
taining caesium carbonate or acetate and PbX2 salts with the
ligands in an autoclave. The obtained NCs were in the form of
nanocubes, when the precursors were heated directly in the
autoclave without predissolving. However, when the precursors
were dissolved prior to heating, a higher concentration of
precursor ions was achieved resulting in more nuclei upon
heating with the formation of CsPbX3 NWs as the result. The
NWs were also obtained by prolonging the reaction time when
the precursors were not predissolved.172

Tong et al.68 employed a single step ultrasonication-assisted
synthesis (Fig. 11a) to produce CsPbX3 NCs with a variable
halide composition and morphology. They showed that
CsPbBr3 nanocubes were transformed into NWs by prolonging
the reaction time.174 Furthermore, modifying the initial condi-
tions, such as the Cs2CO3 : PbX2 ratio, in the ultrasonication
synthesis of CsPbX3 NCs enabled tuning the uorescence of the
NCs and modifying their shape and size, as presented in
Fig. 11b.68 The impact of ligands in the ultrasonication
synthesis was also investigated. Employing shorter ligands
(such as octylamine) instead of OAm increased the size of
MAPbBr3 NCs with a wide size distribution (20–50 nm). Besides,
the study revealed that increasing the amount of OAm ligand
reduced the size of the NCs forming QDs as evidenced by the
TEM images in Fig. 11c.171

The microwave irradiation method (Fig. 12a) was adopted
and modied by several scientists for the synthesis of CsPbX3

NCs in various morphologies.168–170,173 The shape and size of NCs
This journal is © The Royal Society of Chemistry 2021
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Fig. 11 (a) Schematics of the single-step tip sonication method and
photograph of the synthesized CsPbX3 NCs. (b) TEM images (from 1 to
4) of CsPbI3 NCs prepared by ultrasonication method using increasing
amounts of Cs2CO3 with respect to PbI2. (c) TEM images showing the
different morphologies of MAPbBr3 NCs synthesized by the ultrasound
approach with increasing amount of OAm. Panels (a) and (b) are
modified with permission from ref. 68 and panel (c) from ref. 171.
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synthesized using the microwave irradiation can be controlled
by modifying the irradiation time and power.168,170 Long et al.170

showed that initially by increasing the irradiation time, the
shape of the CsPbI3 NCs changed from being irregular nano-
cubes to larger regular nanocubes (Fig. 12b). The size of the
nanocubes was increased with extending the irradiation time
until the time where over-irradiation triggered the destruction
of the CsPbI3 NCs. The power of the microwave irradiation was
shown to strongly inuence the PLQYs of the perovskite NCs as
shown in Fig. 12c. Additionally, the ligands played a signicant
role in this method. For instance, changing the amount of OAm
used in the synthesis modied the morphology of the NCs as
seen in Fig. 12d.170
Fig. 12 (a) Illustrations of themicrowave-assisted synthesis of CsPbX3 NC
time. (c) A photograph of the CsPbI3 NC solutions, under day light and U
images showing the different morphologies of CsPbI3 NCs prepared by
Figure modified with permission from ref. 170.

This journal is © The Royal Society of Chemistry 2021
4.1.3.2 Indirect two-step synthesis from NC seeds. In addition
to the aforementioned colloidal synthetic approaches, indirect
two-step synthesis of MHP NCs starting from colloidal NC seeds
had been demonstrated.175,176 For instance, pre-synthesized CsX
NCs were used as seeds for the growth of CsPbBr3 NCs by
reacting with Pb-oleate.175 Similarly, 2D and 3D LHP NCs were
produced by reacting PbI2 NCs with MAI or alkyl ammonium.176

This strategy is benecial in that the easy synthesis and tuning
of the parent NCs' size enables a good control of the size of MHP
NCs and allows the formation of MHP NCs with complex
morphologies.14
4.2 Template-assisted synthesis

Along with the colloidal synthesis methods, researchers have
studied the growth of MHP NCs through the template-based
approach. For this synthesis method, a porous matrix with
nanosized open pores is used as a host for the ABX3 perovskite
NCs. The inltration of the MHPNCs within the pores can occur
via three different routines.30 In the rst approach, the dissolved
metal halide is inltrated then the whole scaffold is submerged
in a solution containing the A cation. Therefore, the A cation
penetrates the matrix and reacts with the halide forming the
perovskite while the solvent evaporates from the pores.177 The
second approach is to soak the porous scaffold into a mixture
containing unreacted perovskite precursors. The solvent then
evaporates and the perovskite NCs form in the pores aer
annealing.178,179 The last approach is the inltration of a NC
suspension, prepared ex situ, into the porous template.180

In contrast to the colloidal synthesis, capping ligands are not
used to prevent the aggregation of NCs in this approach. As
a result, the template-assisted synthesis leads to enhanced
connectivity and electrical transport between the particles
which is benecial for their application in optoelectronic
devices. Moreover, since the NCs grow directly on the scaffold
walls, the purication and post treatment steps are not required
which are otherwise necessary for NCs synthesized by the
s. (b) STEM images of CsPbI3 NCs with increasingmicrowave irradiation
V light, prepared by microwave irradiation at different powers. (d) TEM
the microwave irradiation approach using increased amounts of OAm.
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colloidal approaches. In this approach, the NCs are formed in
a controllable environment which improves their stability and
thus their performance.30 However, as a drawback to the
method, the template matrix cannot be removed from the NC
without damaging the materials.

To stay more focused on the review's objective in studying
the impact of ligands on the properties of MHP NCs, hereaer,
we will only consider the colloidal synthesis approaches in our
discussions.
5. Surface chemistry of perovskite
NCs

For all of the above discussed colloidal synthesis approaches,
a post-synthetic purication step is typically required. In the
purication procedure, the NCs are isolated and the excess
surfactants and precursors or byproducts are removed, which is
necessary before integrating the produced NCs in devices. The
puried NCs are obtained through several steps of precipitation
using a polar/nonpolar solvent pair followed by centrifugation
and redispersion. The purication of the perovskite NCs is
critical as they can dissolve and degrade or agglomerate by
losing their ligands upon repetitive washing steps with polar
solvents reducing thereby their PLQY and colloidal
stability.33,162,181 To overcome this challenge, it is essential to
thoroughly understand the surface chemistry of the perovskite
NCs by investigating their surface termination and the bonding
between the NCs and the ligands.

Furthermore, the surface chemistry of a material is known to
be a key factor that inuences its interactions and properties
and thereby its application. The following section will highlight
the research outcomes and understandings achieved regarding
the surface chemistry and ligation in MHP NCs.
Fig. 13 Schematic representations of the dynamic surface stabiliza-
tion of CsPbBr3 NCs purified with acetone and dispersed in hexane (a)
by oleylammonium bromide before the addition of excess OAm and
(b) by oleylammonium bromide, oleylammonium oleate and OAm
after the addition of excess OAm. The figure is modified with
permission from ref. 33.
5.1 Surface–ligand interaction

5.1.1 Nature of surface ligation in inorganic perovskites.
Different tools have been utilized to investigate the interface
between the NCs and the capping ligands such as: Fourier
transform infrared spectroscopy (FTIR), Nuclear Magnetic
Resonance (NMR) spectroscopy and X-ray photoelectron spec-
troscopy (XPS). 1H NMR combined with the two modied NMR
techniques, nuclear Overhauser effect spectroscopy (NOESY)
and Diffusion Ordered NMR Spectroscopy (DOSY), are powerful
tools that can be used not only for structural analysis of the
organic components but also to probe the dynamics of the
ligand bonding to the NC surface.33,182 NOESY and DOSY are
used to assess the ligation as they allow the differentiation
between free and bound ligands.33,94

So far, most of the surface investigations have focused on
lead halide perovskite NCs; and specically on CsPbX3 NCs. In
general, it was found that these NCs are stabilized by a dynamic
interaction between the ligands, that are usually an ionic pair,
and the oppositely charged ions at the NCs surface. The anion
of this ionic pair is typically alkyl carboxylate or a halide ion and
the cation is Cs+ or alkyl ammonium.183 Furthermore, the pro-
cessing procedures (such as the purication steps and solvents
23430 | J. Mater. Chem. A, 2021, 9, 23419–23443
used) were shown to affect the ligand composition on the NC
surface. This depends on the strength of ligands binding to the
NC surface, where, for instance, the oleate binds more strongly
to the NC surface compared to ammonium.

De Roo et al.33 reported one of the rst studies on the surface
ligation in inorganic perovskite NCs. In their study, they
investigated the surface of CsPbBr3 NCs, synthesized by the HI
approach, aer purication with acetone and redispersion in
hexane. The HI synthesis of CsPbX3 NCs by reacting Cs-oleate
and PbX2 yields Pb-oleate and oleylammonium bromide
(OAmH-Br) byproducts, both of which can act as binding
species to the NC surface along with the OA and OAm. However,
due to the highly ionic character of CsPbBr3 NCs, OAmH-Br is
preferably bound to the NCs compared to Pb-oleate. Concerning
OA and OAm ligands, 1H NMR spectra revealed that OA was not
bound to the NC surface and OAm was present as the oley-
lammonium ion (OAmH+). Therefore, based on the NMR anal-
ysis and these ligand possibilities, it was suggested that OAmH-
Br acts as an X-type ligand binding to the surface of the acetone-
puried NC sample, where the bromide anion binds to surface
Cs+ and Pb2+ and the OAmH+ cation binds to Br� on the NC
surface.33 Using DOSY measurements, the diffusion coefficient
of OAmH-Br was found to be an average of diffusion coefficients
of free and bound OAmH-Br, with the bound fraction being 65%
corresponding to almost complete passivation of the surface
and a ligand density of 2.9 nm�2. The surface–ligand interac-
tion in this acetone-puried CsPbX3 NC sample is schematized
in Fig. 13a.33

In the same work, De Roo et al.33 investigated the role of
amines by adding excess OAm to the acetone-puried CsPbBr3
NCs. The results showed that OAm is involved in several equi-
libria (as shown in Fig. 13b): (a) it undergoes acid/base equi-
librium reaction with HBr producing OAmH-Br that binds as X-
type ligand to the NC surface, (b) it deprotonates OA yielding
oleylammonium oleate that is also an X-type ligand with the
oleate and OAmH+ binding to the NC surface as an ion pair and
(c) it binds in its deprotonated form (OAm) to the surface
cations as an L-type ligand. For the last two cases, a ligand
exchange occurs between the initial OAmH-Br bound to the
surface and the oleylammonium oleate or OAm. This is because
the NC surface was fully passivated before the addition of OAm,
This journal is © The Royal Society of Chemistry 2021
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Fig. 14 Schematic representation showing in (a) the equilibria of all
the ligands involved in the passivation of CsPbX3 NCs, (b) the amide
formation by the adsorbed acidic species on the NC surface and in (c)
the modification of the surface of CsPb(I/Br)3 NCs upon purification.
This figure is modified with permission from ref. 182.
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as discussed before. Measurements based on the different NMR
techniques indicated that the oleylammonium oleate ligand
was tightly bound to the NC surface.33

Hence, the as-synthesized CsPbBr3 NCs are stabilized by the
dynamic interaction with OAmH-Br, which exchanges between
its free and bound states. With the addition of amine, oleate
binds tightly to the NC surface as an ion pair with the amine
and is inuenced by the existing acid/base equilibria in the NC
solution. Based on these ndings, an improved purication
protocol of the CsPbBr3 NCs was demonstrated in which both
(the acid and the amine) are added with an excess of amine to
the NC solution before the precipitation with acetone. This was
shown to be benecial for maintaining the colloidal stability
and PLQY with several precipitation/redispersion steps due to
the tightly bound oleylammonium oleate.33

The labile nature of alkyl ammonium bonding to the NC
surface was also revealed by Pan et al.141 Using 1H NMR and
FTIR spectroscopy, it was shown that both alkyl ammonium and
carboxylate bind to the surface of CsPbBr3 NCs in toluene or
hexane with the alkyl ammonium being more susceptible to
detachment from the NC surface during purication and
washing with polar solvent. The work was based on replacing
Cs2CO3 in the NC synthesis with caesium acetate, which
permits using short and saturated alkyl chain acids and bases
that have low boiling points. This enables a better assessment of
the surface ligands because the overlapping resonances of ODE,
alkyl ammonium and oleate in the NMR spectra can then be
separated. NMR and FTIR measurements indicated that alkyl
ammonium was signicantly reduced when the NCs were
washed with hexane/acetone, yet it was retained when washing
with only hexane. For both washing procedures, it was shown
that the carboxylate was not removed. These results were
reproducible for a variety of acid–base combinations with
different alkyl chain lengths. Based on that, the solvent
dependence of the surface ligands was attributed to a weaker
ammonium–surface interaction in comparison to carboxylate–
surface bonding, which is consistent with the ndings of De
Roo et al.33 The metal–ligand coordination between the
carboxylates and the surface Pb atoms is stronger and more
robust towards polar solvent wash than the hydrogen bonding
interaction between the surface bromide and the ammonium.141

5.1.2 Effect of surface ligation on stability of inorganic
perovskite NCs. The impact of purication on the ligation in
CsPbX3 NCs and consequently its effect on their instability was
investigated by Grisorio et al.182 They showed that the origin of
instability in the as-prepared NCs is the formation of amides
from the condensation of carboxylic acid and amine ligands.
Before purication, several equilibria occur on the NC surface
involving the remaining unreacted precursors (Cs-oleate), the
excess OA and OAm ligands (Fig. 14a). The passivation with
OAmH+ involves the release of a proton on the NC surface. The
adsorbed protons and the unwashed Lewis acid species make
the NC surface acidic, which catalyzes the formation of amide
from the OA and OAm ligands (Fig. 14b).182 The amide forma-
tion in perovskite NCs was also reported in other studies.33,125,184

Upon condensation into an amide, the coordinating groups for
This journal is © The Royal Society of Chemistry 2021
the ligands become unavailable to bind to the NCs surface,
hence destabilizing the NCs.

By investigating the surface of CsPbX3 NCs in non-polar
solvents using NMR spectroscopy, it was shown that oleate
strongly binds to undercoordinated Pb and Cs atoms, OAm
weakly binds to surface protons and uncoordinated Pb, and
carboxylic acid exchanges with tightly bound oleate. The equi-
librium between these species shis in polar solvents favoring
the desorption of oleylammonium halide from the NC surface.
During purication with polar antisolvent, the adsorbed acidic
species are removed from the NC surface inhibiting the degra-
dation of the organic shell through the formation of amide,
which improves the stability of the NCs.182

1H NMR spectroscopy revealed that CsPbCl3 and CsPbBr3
NCs have very similar surface chemistry; while more amides
were observed with CsPbI3 NCs. This different behavior is
attributed to the so character of I atoms which favors the
interaction with OA. Consequently, OA strongly binds to the
surface of CsPbI3 NCs favoring thereby its reaction with OAm to
yield the amide. As a result, when exposed to polar solvents or
moisture, the surface will undergo structural decomposition as
most of the ligands are lost that explains its lower stability
compared to CsPbBr3 and CsPbCl3 NCs.182 The instability of the
iodide-based perovskite NCs is also attributed to the weaker
acid–base interaction between oleylammonium ligand and I�

compared to Br� which makes them more susceptible to the
loss of ligands during the purication procedure.53

The Cs-enriched surface of CsPbI3 is passivated by the labile
Cs-oleate and oleylammonium iodide that compete in both
non-polar and polar solvents. Yet, in the case of CsPbBr3 and
CsPbCl3, the stronger lead–halide bonds would hamper the
dissociation of ammonium in non-polar solvents. In addition,
J. Mater. Chem. A, 2021, 9, 23419–23443 | 23431
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Fig. 15 (a) Schematic showing the hydrogen bonding between oley-
lammonium (OLA+) and Br� on the NC surface. The addition of OLA+
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they would allow a stronger interaction of the surface Cs+ with
oleate. In the case of the unpuried CsPb(Br/I)3 NCs, an I-rich
surface is exposed since it is more difficult for the larger I� to
incorporate into the crystal lattice compared to Br�. As a result,
these mixed NCs exhibit similar ligation to CsPbI3 showing
therefore a large amount of amide and simultaneous presence
of labile oleylammonium and Cs-oleate. Purifying these mixed
perovskite NCs removes the dangling iodides, thus exposing
strongly bound Cs and under-coordinated Pb atoms that are
then more efficiently passivated by OA and OAm (Fig. 14c).
Hence, these NCs show improved stability aer purication.182
to the surface results in 1 H bond while the substitution of Cs+ with
OLA+ which is the more preferred results in 3 H bonds. (b) A scheme
showing the dynamic binding of conventional acid and amine ligands
and the tight binding of zwitterionic ligands to the perovskite NC
surface. The molecular structure of some examples of zwitterionic
molecules are also presented. Panels (a) and (b) are taken with
permission from ref. 191 and 149.
5.2 Perovskite NC surface termination

Understanding the surface termination of the NCs is essential
as diverse surface terminations are expected to result in
different optical and electronic properties.185 The termination of
MHP NCs of the general formula ABX3 could be an AX185,186 or
BX2 (ref. 36 and 185) rich surface. CsSnI3 terminated with CsI,
for example, have shown a higher electron mobility than CsSnI3
terminated with SnI2.187 Combining FTIR, X-ray uorescence
and XPS techniques, Leng et al.188 showed that the surface of
MA3Bi2Br9 QDs is Br-rich and that the surface MA+ is replaced
with the protonated octylamine ligand, while the OA was found
to be bound to Bi ions. The surface of MAPbBr3 NCs was sug-
gested to be surface terminated with MA+ and Br� with the
Br : Pb molar ratio being 3.55.58 Similarly, for CsPbBr3 NCs, the
Br : Pb ratio was found to be 3.2 (ref. 189) and the surface was
enriched with Cs+ and Br� despite the excess PbBr2 used in the
synthesis.185 However, another study by Maes et al.190 suggested
that the surface Cs+ ions in CsPbBr3 NCs are substituted with
OAmH+ and that the surface is partially terminated with PbBr2
since the ratio of Cs to Pb was lower than 1 particularly in small
NCs.

Elemental analysis of CsPbX3 NCs via energy dispersive X-ray
spectroscopy (EDX) coupled with eld emission gun scanning
electron microscopy (FEG-SEM) revealed that these NCs have
a Cs-enriched surface. The exposed Cs atoms at the NC surface
can be then replaced by oleylammonium ions. Hence, the
surface of CsPbX3 NCs contains Cs

+, oleylammonium ions and
halides.182 These results are analogous to the ndings of Ravi
et al.191 in which an investigation of the CsPbBr3 NCs compo-
sition using synchrotron-based XPS revealed that they have
a CsBr surface termination. Using 1H NMR measurements and
rst-principles DFT (density functional theory) calculations,
they also showed that the substitution of Cs+ with OAmH+ is
energetically feasible and stabilizes the NCs through the
formation of hydrogen bonds between –NH3

+ group and the Br�

ions on the surface. Indeed, as presented in Fig. 15a, there are
three H bonds: two H bonds with Br� on the surface and
a weaker H bond with Br� in the underneath layer.191 This study
also conrmed the outcomes of De Roo's work33 in that OA is
not bound to the NC surface and that a constant ratio of OAm/
OA or their protonated/deprotonated forms (OAmH+ and oleate)
must be maintained to stabilize the NC solution. Indeed, a ratio
of OAm : OA ¼ 1 : 5 resulted in the best PLQY and stability
through maintaining this acid/base equilibrium.191
23432 | J. Mater. Chem. A, 2021, 9, 23419–23443
Additional studies revealed that the presence of Br vacancies
on the surface results in under-coordinated Pb atoms that act as
trapping sites reducing the PLQY. The addition of excess PbBr2
in a solution of carboxylic acid and amine introduces excess Br�

and results in a stronger ligand binding to the surface which
improves the surface passivation and thereby the PLQY.192 The
under-coordinated Pb2+ ions can be passivated with thiocynate
salts (e.g. NH4SCN or NaSCN), for instance, to effectively reduce
the nonradiative carrier recombination pathways and leading to
near-unity PLQY.9,72
5.3 Purication and isolation of NCs

Research groups have reported different strategies for the
purication and isolation of the NCs with a variety of anti-
solvents and centrifugation parameters based on the composi-
tion andmorphology of the NCs.57,136,138,162,193–195 Due to the weak
and dynamic bonding between the NC surface and the
ligands,33,34 the purication process can result in a decline in
the photoelectric properties and stability of the NCs and even in
some cases loss of their structural integrity due to the desorp-
tion of ligands from the surface by the polar solvents used.33

This is especially relevant in the case of iodide-based perovskite
NCs which are more susceptible to the loss of ligands during the
purication. As a result, the NCs would agglomerate or convert
into the photo-inactive phase.53

One strategy was demonstrated by the work of De Roo et al.,33

as discussed above, where excess OA and OAm were added for
the purication of CsPbBr3 NCs to manipulate the bonding
equilibrium between the bound and free ligands. The same
purication procedure was adapted by Grisorio et al.182 on
CsPbX3 NCs with different halide compositions. The authors
showed that the excess OA and OAm during purication was
benecial in preserving the colloidal integrity of the NCs for all
halide compositions except for X ¼ I, where the NCs undergo
a phase transition as soon as they contact the polar solvent.
However, repeating the washing steps resulted in the loss of
structural integrity of the NCs due to desorption of ligands.
This journal is © The Royal Society of Chemistry 2021
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Therefore, the successful purication protocol preserving the
stability of CsPbX3 NCs (except CsPbI3) consisted of a single
step, where the products from centrifugation were dispersed in
hexane with excess OA and OAm added. The NCs are then
precipitated with an equal volume of acetone and recollected
from a second centrifugation.182

Swarnkar et al.53 proposed a method for purifying CsPbI3
NCs, aer examining several low polarity antisolvents. In this
method, methyl acetate (MeOAc) was used as an antisolvent to
remove the unreacted precursors and isolate CsPbI3 NCs
without full removal of surface species; thereby preventing the
NCs agglomeration. MeOAc was chosen because it has both the
needed polarity for precipitating the NCs and the low solubility
preventing the removal of surface ions. The puried NCs,
dispersed in hexane, were shown to be stable in the cubic phase
for months in ambient conditions compared to only several
days for the unpuried NCs. However, an excess of MeOAc
caused the destabilization of the NCs and their aggregation due
to the removal of the capping ligands.53

Another attempt for purifying perovskite NCs was proposed
by Krieg et al.149 via employing 3-(N,N-dimethyloctadecy-
lammonio)propanesulfonate as a long chain zwitterionic
ligand. Using this ligand, CsPbBr3 NCs were isolated aer four
precipitation/redispersion rounds with a preserved high PLQY
(above 90%). The authors suggested that the use of commer-
cially available zwitterionic molecules (e.g. phosphocholines, g-
amino acids and sulfobetaines) as capping ligands offers two
main advantages over the carboxylic acid and amine ligands
(Fig. 15b). First, their cationic and anionic groups are not
involved in acid–base equilibria. This makes them strongly
attached to the NC surface, unlike the highly dynamic bonding
between the carboxylate and ammonium moieties with the NC
surface caused by the acid–base interactions. Furthermore, the
binding of these ligands to the surface is stabilized by chela-
tion.149 Hence, the use of zwitterionic ligands is considered to
be a promising strategy for maintaining the colloidal stability
during the purication process. This is due to the stronger
bonding between the ligands and the NCs, compared to the
conventional acid and amine ligands, which inhibits the
desorption of the protective ligand shell.
6. Surface manipulation for use of
perovskite NC films

Numerous studies on employing MHP NCs in lasers, photode-
tectors, electroluminescent devices, LEDs and solar cells have
been reported.9,13,196,197 For such applications, thin lms based
on the colloidal NCs have to be fabricated, as suspensions of
MHP NC are not practical for use in devices since concentra-
tions and compositions can change with time. Furthermore, for
optoelectronic applications it is impractical to make electrical
contact to solutions since the faradaic efficiency will be low.
Suspended in solution, NCs are dilute and only weakly inter-
acting with each other, which minimizes interfacial reactions
and electronic communication between NC. Thin lms can be
prepared from NC solutions by spin coating, self-assembly and
This journal is © The Royal Society of Chemistry 2021
3D printing for use in large area and exible devices. Yet, the
deposition of these highly luminescent NCs into solid-state
lms has resulted in a reduction in their PLQY, which nega-
tively affects their use in optoelectronic applications.198 Simi-
larly, the use of porous matrices to grow MHP NCs for
applications reduces the optical quality due to aggregation of
the host particles and their large size. To successfully employ
perovskite NCs in solid state devices, different strategies
involving ligands and therefore surface manipulation of have
been used, which we will summarize below: (1) ligand exchange,
(2) using short, bidentate or branched ligands in the NC
synthesis and (3) controlling the ligand density on the NC
surface.
6.1 Ligand exchange

The long chain ligands that are typically used in the synthesis of
MHP NCs are electronically insulating, which impedes charge
carrier injection and transport at the interfaces in optoelec-
tronic devices. Furthermore, the labile nature of ligand bonding
to the NC surface reduces the stability and the photo-
luminescence of the NCs during the purication and processing
steps. Therefore, for efficiently introducing MHP NCs into
optoelectronic devices, these insulating weakly bound long
chain molecules must be exchanged with shorter ones that
allow better charge transfer or with ligands that have a stronger
bonding to the NC surface leading to a better stability. This can
be established through ligand exchange in solution or a solid-
state ligand exchange.

6.1.1 Solution-based ligand exchange. In solution-based
ligand exchange, the capping ligands at the surface of MHP
NCs are replaced with new ligands in the colloidal solution prior
to the deposition of the NC lms. This postsynthetic approach
is mostly used to replace the long OA and OAm ligands in NCs to
enable their utilization in applications. Several ligands have
been used for ligand exchange in solution and the inuence of
the alkyl chain length and bulkiness of these ligands on the
optoelectronic properties and stability of the resulting NCs has
been investigated.147,199,200

The solution-based ligand exchange is usually done through
a two-step process, in which the rst step includes the addition
of OA to protonate OAm. The protonated OAm reacts with the
deprotonated OA forming an acid/base complex that desorbs
from the surface enabling the subsequent adsorption of the
excess OA on the QD surface. Following this step, a ligand,
typically an X-type ligand, is introduced into the NC solution,
which fully replaces the OA and remaining OAm on the NC
surface.

An example of such a ligand exchange was demonstrated by
Pan et al.199 where di-dodecyl dimethyl ammonium bromide
(DDAB) ligand was used to replace OA and OAm ligands on the
surface of CsPbX3 QDs synthesized by the HI approach
(Fig. 16a). This exchange occurs because the Br� ions of DDAB
have a stronger affinity than the oleate group to the surface Pb2+

or Cs+ ions. The intermediate step of OA addition was shown to
be essential as the direct addition of DDAB to the QDs caused
their degradation.199 As observed in Fig. 16b, the ligand
J. Mater. Chem. A, 2021, 9, 23419–23443 | 23433
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Fig. 16 (a) Illustration of the ligand exchange mechanism on CsPbBr3
QDs. (b) The variation of PL intensity with respect to time for
unmodified QDs and DDAB-OA treated QDs. Both (a) and (b) are taken
with permission from ref. 199. (c) The variation of PLQY values of
CsPbBr3 QDs with the amount of the sulfide precursor added. This
panel is taken with permission from ref. 200.
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exchanged QD solution showed better stability than the
untreated one due to the large steric hindrance of the DDA+ ions
adsorbed on the QD surface. The application of DDAB-treated
CsPbBr3 QDs in LED devices resulted in external quantum
efficiency (EQE) of 3%, which was much higher than that of the
untreated QDs. This was attributed to the improved charge
carrier balance in the QD lms treated with this halide-ion pair
ligand and the enhanced charge transport due to better crys-
tallinity and less defects in the DDAB-treated QD lms.199

A similar hybrid organic–inorganic ion pair, di-dodecyl
dimethyl ammonium sulde (DDAS), was employed to
passivate the surface of CsPbBr3 QDs using the same
approach.200 Elemental analysis of the samples revealed that
both DDA+ and S2� play a role in the passivation. The treatment
of the QDs with this sulfur precursor improved the PLQY
signicantly from 49% to 70% (Fig. 16c). It also endowed the
QDs with superior stability in ambient conditions with �60%
humidity overcoming one of the major issues that hinder the
application of MHP NCs. Films based on the treated QDs
showed considerable stability under continuous pulsed laser
irradiation for 34 hours, which enabled inducing ultrastable
amplied spontaneous emission (ASE) in these lms.200

By replacing OAm in CsPbBr3 NCs with quaternary ammo-
nium bromide (QAB) ligands of different chain lengths and
bulkiness to the OA and OAm, Park et al.147 showed that the NCs
surface was better passivated with the less bulky ligands
resulting in improved PLQY and stability of the NCs. The chain
length did not have a considerable effect on the optical prop-
erties of the NCs, yet the charge carrier transport in lms based
on these NCs was enhanced with the decrease of the ligand
chain length. LED devices fabricated using the NC lms with
optimized ligand chain length and bulkiness achieved high
EQE of 9.71% that is 16-fold enhancement compared to OA/
OAm-capped CsPbBr3 NCs.147

Ye et al.201 investigated an opposite ligand exchange strategy
where two short chain ligands (propionic acid and butylamine)
23434 | J. Mater. Chem. A, 2021, 9, 23419–23443
anchored to CsPbBr3 NCs were replaced with longer chain
ligands. The ligand exchange was done by adding long chain
acid and amine ligands to the NC solution prior to purication.
The spincoated NC lms became more uniform aer the ligand
exchange and resulted in improved LED performance. Even
though the shorter chain ligands lead to more efficient charge
transport properties, the NCs capped with the long chain OA/
OAm pair achieved the highest LED performance and best
thermal stability because of better defect passivation.201

In addition to the modication of the NC surface, phase
transformation, that is usually combined with shape evolution,
can occur when adding new ligands to a solution of the pre-
synthesized NCs. For instance, the addition of amines to
CsPbBr3 NCs leads to a 3D to 0D transformation to Cs4PbBr6
NCs through the extraction of PbBr2 from the 3D structure and
its complexation with the amines. The same process occurs on
CsPbBr3 NC lms exposed to volatile butylamine vapour where
they transform into the 0D Cs4PbBr6 NCs and back to the 3D
CsPbBr3 upon evaporation of butylamine.202 This 3D to 0D
phase transformation was also reported by Liu et al.203 via the
addition of OAm with various alkyl thiol ligands to CsPbBr3
NCs. Similarly, the ligand-assisted phase transformation of 3D
CsPbBr3 NCs into 2D CsPb2Br5 NSs was realized through the
addition of DDAB to the NC colloidal solution. The trans-
formation occurred rst through exfoliation where Pb2+

complexes with Br� from DDAB forming [PbBr3]
� and [Pb2Br5]

�

complexes followed by a reorganization step to form the
CsPb2Br5 NSs.204

6.1.2 Solid-state ligand exchange. Solid-state ligand
exchange, which is the conventional method used in metal
chalcogenide QDs, is based on dropping a solution of the new
ligand dissolved in an antisolvent for the QDs onto the QD lm.
However, applying this method to perovskite NCs is challenging
because of their poor stability in the polar antisolvents used in
this process. Hence, for solid-state ligand exchange, the solu-
bility of the ligands and the NCs capped with the new ligands
must be controlled by selecting the appropriate solvents.205

Based on that, Suh et al.205 presented a novel way in which
a ligand-assisted solubility adjustment step is rst applied to
the colloidal solution to avoid the loss of ligands from the QD
surface. In detail, a ligand solution of 4-phenylbutylamine and
benzoic acid in benzene was added to CsPbX3 NC solution fol-
lowed by precipitating the QDs with acetonitrile and re-
dispersing them in benzene. Aerwards, the solid-state ligand
exchange was performed on lms based on these treated QDs
using acid and amine ligands dissolved in octane and benzene
co-solvents. Different short-chain acids and amines were tested
for the exchange process. The results showed that using
aromatic acid/amine ligands in the exchange process is more
suitable than the acid/amine ligands based on alkyl chains. This
is because a longer chain length is required in the latter case to
achieve the same PL intensity as with the aromatic acid/amine
ligands. Utilizing the ligand exchanged CsPbX3 QD lms as
photoemission layers in LEDs resulted in substantial
enhancements in their efficiencies compared to their untreated
counterparts due to the enhanced photoluminescence and the
increased carrier mobility and coupling of lattices via the
This journal is © The Royal Society of Chemistry 2021
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Fig. 18 Scheme showing (a) the ester hydrolysis to carboxylic acid and
alcohol, (b) the anionic carboxylate ligand exchange and (c) cationic
ligand exchange in CsPbI3 QD films. The figure is adapted with
permission from ref. 207.
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increased inter-particle connection when employing the short
ligands.205

Most of the other studies are based on the use of MeOAc
solvent for the solid-state ligand exchange process. This goes
back to the work of Swarnkar et al.53 which demonstrated
a solid-state ligand exchange process for the use of CsPbI3 QD
lms as the photoactive layer in solar cell devices. The method
is based on dipping the QD lms in a saturated solution of lead
nitrate Pb(NO3)2 or lead acetate Pb(OAc)2 dissolved in MeOAc.
Aer repeating this step three to ve times, the lms are washed
with MeOAc solution and 100 to 400 nm thick QD lms are
obtained. The fabricated QD lms exhibited efficient electron
transport between the dots while retaining phase stability of the
QDs. Solar cells based on these were stable during operation
and had a high power conversion efficiency (PCE) of 10.77% and
an open-circuit voltage (Voc) of 1.23 V. The lms were also
explored in LED devices where a bright red light was emitted
with low turn-on voltage close to its bandgap.53

In 2017, the same research group demonstrated the growth
of CsPbI3 QD lms via the procedure used by Swarnkar et al.53

but with employing an additional step at the end of lm fabri-
cation.206 In this last step, the lms were post-treated with AX
salts in ethyl acetate (EtOAc), where A is FA, MA or Cs and X is Br
or I (Fig. 17). The authors found that the FAI post treatment
produced the best overall photovoltaic performance with a PCE
value above 13%. Based on FTIR spectra, the authors showed
that the native oleate and oleylammonium ligands were
removed by the FAI treatment reducing thereby the interparticle
spacing between QDs. Furthermore, using time-resolved ter-
ahertz spectroscopy (TRTS), it was shown that compared to the
untreated lm, the FAI-treated QD lms exhibited increased
charge mobility and similar lifetime. Thus, the mobility-lifetime
product, which is proportional to the charge carrier diffusion
length, was larger in the FAI-treated lm indicating an
improved charge extraction.206

Wheeler et al.207 explored the surface chemistry of CsPbI3
QD lms during this ligand exchange procedure. They showed
that the oleate ligand was removed in the rst step aer
washing with MeOAc antisolvent. The saturated solution of
Pb(NO3)2 in MeOAc was shown not to directly interact with the
QD surface but rather to impact the amount of water that
interacts with the surface. The hydrolysis of MeOAc produces
acetic acid and methanol as shown in Fig. 18a. Acetic acid
protonates the oleate ligands bound to the NC surface and the
Fig. 17 Schematic representation of the deposition process of CsPbI3
QD films followed by AX treatment. The figure is taken with permission
from ref. 206.

This journal is © The Royal Society of Chemistry 2021
produced acetate binds to the surface instead (Fig. 18b). XPS,
NMR and FTIR spectra proved the selective ligand exchange of
oleate with acetate without affecting the composition of
CsPbI3 and keeping intact the OAmH+ ligands during the
MeOAc washing step. These results suggested that the ligand
exchange should occur under controlled relative humidity
conditions (11–24%) to obtain smooth high absorbing CsPbI3
QD lms. At high humidity conditions, further ester hydrolysis
occurs destabilizing the NC surface and transforming CsPbI3
NCs into the yellow phase; whereas at low humidity levels, the
NC lms are unevenly covered due to solvation of underlying
QD layers with subsequent deposition of additional QD
layers.207

Aer targeting the oleate ligands with the MeOAc treatment,
the exposure of the QD lms to FAI was shown to target the
loosely bound OAmH+ ligands (Fig. 18c). This resulted in an
enhancement in the mobility and inter-dot electronic coupling
in FAI-treated lms. Indeed, FTIR, X-ray absorption spectros-
copy (XAS) and time-of ight secondary ion mass spectroscopy
(TOF-SIMS) indicated that the FAI treatment was selective to the
surface of the NCs where FA+ exchanges with OAmH+ rather
than the Cs+ cations when the lms are immersed in the FAI
solution for short times. By increasing the time of treatment,
the short-circuit current (Jsc) of the solar cells and, conse-
quently, the external quantum efficiency (EQE) increase due to
the loss of the insulating ligands that impede the charge
transport in the lms.207

Later on, this approach was extended for the deposition of
layer-by-layer perovskite QD lms of controlled composition to
fabricate solar cells with an internal heterojunction induced by
the compositional changes throughout the lms. The hetero-
junction improved the PCE of the solar cells to 15.74% by
enhancing the charge separation at the interfaces and hence
improving the photocarrier collection.208
J. Mater. Chem. A, 2021, 9, 23419–23443 | 23435

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta05242j


Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ite
li 

20
21

. D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3/
07

/2
02

5 
9:

12
:2

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
6.2 Modifying the ligands in the NC synthesis

To overcome the limitations imposed by using polar solvents
during the postsynthetic and processing steps of MHP NCs,
several groups have modied the NC synthesis employing new
ligands that can bind more tightly to the NC surface than the
typically used ones. This will result in more stable NC lms
which is required for good performing devices.

In one approach, the synthesis of NCs was modied to
include only acid ligands. Yassitepe et al.209 reported an amine-
free synthesis using tetraocylammonium halides. The obtained
OA-capped NCs exhibited improved colloidal stability in polar
solvents due to stronger ligand bonding compared to conven-
tional OA/OAm capped NCs. This is because in OA/OAm-capped
NCs, a rapid proton exchange occurs between the oleate and
amine ligands leading to a dynamic equilibrium between the
bound and unbound ligands, as discussed earlier, which limits
the stability of the NCs.209 Likewise, Yan et al.210 proposed
a ligand modication approach by replacing OA with 2-hex-
yldecanoic acid (DA) in the HI synthesis of CsPbBr3 QDs as
presented in Fig. 19a. DFT calculations showed that the binding
energy between this ligand with two short branched chains and
the QDs is larger than of OA with the QDs. As a result, DA-
capped CsPbBr3 QDs showed improved stability where no
aggregation was observed aer storing the QD solution in air for
more than 70 days.210 Wang et al.211 reported the synthesis of
CsPbI3 NCs using TMPPA (bis-(2,2,4-trimethylpentyl)phos-
phinic acid) instead of OA in the synthesis. The resulting NCs
showed improved phase stability compared to the ones
synthesized with OA that undergo rapid phase transition to the
orthorhombic yellow phase.

Another approach is to use zwitterionic ligands to effectively
retain the outstanding optoelectronic properties of colloidal NCs
and achieve efficient charge carrier transport in NC lm. For
instance, Motti et al.81 reported the HI synthesis of CsPbBr3 NCs
Fig. 19 (a) Schematics of the HI synthesis of CsPbBr3 QDs using two
different ligands: OA and DA. The OA binding to the QD surface is like
building blocks whereas the branched DA ligand binding to the surface
is like a web interlaced together. (b) Illustration of the bonding of the
surface of purified CsPbBr3 NCs ligated with OPA ligand (in red) or OA/
OAm (in blue). The OPA binding stabilizes the NCs and retains the
photoluminescence even after 8 purification cycles, whereas OA/OAm
ligands are lost during purification resulting in a significant drop in the
photoluminescence. Panel (a) and (b) are modified with permission
from ref. 210 and 212, respectively.

23436 | J. Mater. Chem. A, 2021, 9, 23419–23443
using 3-(N,N-dimethyloctadecylammonio)propanesulfonate and
using lecithin. In addition, the authors fabricated lms based on
NCs capped with a dizwitterionic ligand (3,30-(hexane-1,6-
diylbis(dimethylammoniumdiyl))bis propane-1-sulfonate) through
solid state ligand exchange with lecithin.81 Krieg et al.149 reported
stable high PLQY for lms based on zwitterionic capped-CsPbBr3
NCs. These lms exhibited high conductivities and effective charge
transport leading to high current densities when employed in LED
devices with a peak luminance exceeding 24 000 cdm�2 and EQE of
2.5%.149

Multidentate or polymeric ligands, with both amine and
carboxylic acid groups, were also used as promising alterna-
tives of OA and OAm ligands since they can bind tightly as
a single monolayer.33 In addition, using branched ligands such
as APTES, POSS, OPA (octylphosphonic acid), TOP (tri-
octylphosphine) and TOPO (trioctylphosphine oxide) was
shown to improve the NCs stability through the strong steric
effect and strong binding to the NC surface.73,128 For example,
OPA-capped CsPbX3 NCs, showed a large enhancement in the
stability compared to OA/OAm-capped NCs where the PLQY
were preserved aer eight purication cycles with hexane/
MeOAc (Fig. 19b). This was attributed to the strong interac-
tion between Pb and OPA.212 Yang et al.213 reported the
synthesis of CsPbBr3 QDs using dodecylbenzene sulfonic acid
(DBSA) as a ligand. This ligand was used because of the strong
bonding of the sulfonate group with the surface Pb ions on one
hand. On another hand, it was used as a “Br-equivalent” ligand
where it acts in a similar way to the Br� ions coordinating
strongly to Pb ions in the perovskite lattice. This reduces the Br
vacancies which act as trapping sites lowering the PLQY. As
a result, the DBSA-capped QDs exhibited PLQY above 90% even
aer eight purication cycles and storage for more than ve
months.213

A two-step surface engineering method was carried out by Li
et al.214 in which a short p-conjugation ligand phenethylamine
(PEA) was used. In this process, OAmwas partially replaced with
PEA in the synthesis of CsPbX3 QDs followed by solid-state
ligand exchange on the QD lms using PEAX (X being Br or I).
The resulting lms showed a remarkable improvement in the
charge carrier transport and a reduction in the trap states
compared to untreated QD lm. An EQE of 14.08%was achieved
in LED devices based on CsPbI3 NCs treated with PEA ligand.214
6.3 Controlling ligand density on NC surface

Besides the type of ligands used, their density on the NC surface
affects the optoelectronic properties of the NC lms. Insuffi-
cient ligand density lowers the PLQY and reduces the stability of
the QD suspension, whereas an excess of ligands results in poor
carrier injection and transport in QD lms.

For an effective control of surface ligands of FAPbI3 QDs, Xue
et al.215 classied the solvents that can be used in the surface
treatment into three grades based on their polarity. Grade I
constitutes of highly polar solvents that can break the ionic
bonds in the QDs. Grade III consists of solvents with very low
polarity that they could not break the bonding of ligands to the
QD surface. Therefore, grade II antisolvents with moderate
This journal is © The Royal Society of Chemistry 2021
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Fig. 20 A schematic showing the role of ligands during the synthesis, purification and application of perovskite NCs.
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polarity are considered the best choice for effective surface
treatment where the ligand density on the QD surface is drop-
ped while preserving the structure of FAPbI3 QDs. Based on
that, this group presented a surface treatment procedure con-
sisting of two cycles in the colloidal solution followed by one
treatment cycle carried out during the QD-lm fabrication. In
the rst cycle, 2-pentanol was used as a grade II antisolvent to
reduce the ligand density. Then, a lower polarity solvent was
used in the second cycle to keep the structural integrity of
FAPbI3 QDs and resulting in an efficient removal of ligands aer
two cycles. The last cycle was performed by rinsing the lms
with EtOAc to improve the coupling between QDs. Photovoltaic
devices fabricated based on these three-cycle treated FAPbI3
QDs achieved a PCE of 8.38% with superior stability under
ambient conditions. The improved EQE of the devices with the
treatment cycles reected an improved charge collection due to
the decrease of ligand density and subsequent improvement in
the inter-dot coupling.215

In another study, it was shown that aer exploring a series of
solvents the treatment of CsPbBr3 QDs using a mixed hexane/
EtOAc solvent enabled the control of ligand density on the
NCs surface.216 As a result of this treatment, stable QD inks were
prepared with preserved high stability enabling the growth of
uniform QD lms exhibiting a balance between surface
passivation and carrier injection. LEDs based on these treated-
QD lms showed a remarkable EQE of 6.27% that corresponds
to 50-fold enhancement with respect to QDs treated with one
cycle of acetone. This outstanding efficiency of CsPbBr3 QD
LEDs among the inorganic perovskite LEDs suggests that the
performance of these devices can be improved, not only
through surface ligand exchange, but also through controlling
the surface ligand density.216

Annealing is another strategy that can be used to remove
long chain ligands and increase the inter-particle coupling. By
varying the annealing temperature, the coupling between NCs
can be controlled. A post-annealing procedure of CsPbBr3 NS
lms was shown to partially remove the organic ligands
improving thereby the coupling between NSs, the charge
transfer and the produced photocurrent.217

However, to date, there is no report of a clear strategy of
controlling effectively and precisely the ligand density in
perovskite NCs. The optimal amount of the different types of
This journal is © The Royal Society of Chemistry 2021
ligands needed for both the stability and application of the NCs
must be also explored.
7. Conclusion and outlook

Perovskite NCs exhibit promising properties such as optical
tunability through size and composition modication, defect
tolerance, high PLQY and ease of synthesis. Different
approaches have been used to synthesize MHP NCs, most of
which rely on capping ligands. The effect of ligands on the
properties of NCs during their synthesis, purication and
application is summarized in Fig. 20.

It was shown that both acidic (carboxylic acids) and basic
(amines) ligands are essential in stabilizing the NCs and
determining their morphological and optical properties. The
size, shape and structure of the NCs depend on the type of used
ligand, the length and bulkiness of its hydrocarbon chain, and
its concentration with respect to the precursors, where the size
generally decreases with higher ligand concentration or longer
alkyl chain of the ligand.

Surface studies on perovskite NCs have shown that the NC–
ligand interaction is generally weak and dynamic which leads to
the desorption of the ligands upon purication of the NCs. As
a consequence, the stability and photoelectric properties of the
NCs are reduced aer purication. Another challenge is that the
commonly used ligands in the NC synthesis are long alkyl chain
carboxylic acids and amines. These insulating ligands hinder
the charge transport throughout the NC-based lms and
increase the barrier for carrier injection at the interfaces in
optoelectronic devices based on these NCs.

So far, research efforts have been directed to face these
challenges by considering several strategies including: (1)
a careful choice of the antisolvent used in the purication of the
NCs and in the NC lm deposition, (2) ligand exchange to
replace the insulating and weak-binding ligands with ligands
that enable a stronger bonding to the NC surface and better
charge transport in the NC lms, and (3) ligand management by
introducing new ligands in the NCs synthesis or controlling the
ligands density on the NC surface to meet both demands: stable
NCs and efficient charge transport in NC lms.

Besides these aspects that have been covered in the review,
this eld is open for more exhaustive studies. Most of the
J. Mater. Chem. A, 2021, 9, 23419–23443 | 23437
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surface investigations are carried out using inorganic CsPbX3

NCs, which are not necessarily valid for other materials, while
investigations related to organic LHP NCs and lead-free MHP
NCs are still missing. Hence, a logical development in this
direction would be to extend these studies to other MHP NCs
(organic LHP and lead-free MHP NCs) to achieve a deeper
understanding of the surface termination and ligation in MHP
NCs. Furthermore, there is still plenty of room to explore new
ligands (such as inorganic ligands) aiming to attain a better
stabilization of the NCs and a more efficient application in
devices. These investigations will be possible due to the avail-
ability and advancements in the characterization techniques
(e.g. NMR) and theoretical calculations.

Another research pillar is to unveil the role of ligands in the
early stages of NC synthesis and have a deeper insight into the
nucleation and growth of NCs. This would enable a better
control of the kinetics and shape evolution during the NC
synthesis. Microuidic methods had been used to follow the
early formation of LHP NCs and enable a fast screening of
reaction conditions.60,167,218 This strategy can be elaborated to
investigate other MHP NCs and to monitor a broader range of
reaction conditions including the use of new ligands and
solvents.

One of the main research frontiers is to nd alternative
deposition techniques for fabricating stable NC thin lms that
can be directly applied in devices. MHP NC lms are typically
deposited by spincoating since this allows a uniform lm
coverage. However, to obtain lms that are sufficiently thick for
applications, several cycles of NC deposition and ligand
exchange and washing are needed. Besides being time
consuming, with every deposition cycle the used antisolvents
can wash off some the previously deposited NCs, whichmakes it
tricky to control the thickness of the lms and to obtain
reproducible devices aerwards. Therefore, nding methods
which enable the growth of thick and uniform lms based on
MHP NCs remains an open issue that must be resolved in the
upcoming years. More studies should also investigate how to
improve the packing between NCs to enhance the charge
transport in lms. This can be achieved by thorough investi-
gations of different ligands and processing steps (e.g. anneal-
ing) during the NC lm fabrication. Moreover, investigating the
interface between the NC lm and the different layers in opto-
electronic devices (such as electron transport layers and hole
transport layers) will be essential to eliminate possible charge
losses and to obtain devices with outperforming efficiencies
and stability.

Other issues that still need to be understood and can be used
to outline the future guidelines of research in this eld include:
optimizing the post-treatment steps for every system including
the purication and the ligand exchange by using less aggres-
sive procedures, exploring different combinations of A-, B-site
cations and halides that can replace LHP NCs and outperform
them in terms of stability and optoelectronic properties and
investigating the effect of ligation on the excitonic properties of
NCs. Also, understanding ligation in mixed perovskite NC
systems would be interesting for future studies as it was shown
23438 | J. Mater. Chem. A, 2021, 9, 23419–23443
that surface ligands play a critical role in the A-site cation
exchange of LHP QDs.219

Furthermore, as discussed earlier, the issue of stability
remains a main obstacle for the efficient utilization of MHP
NCs. In this respect, incorporating MHP NCs in hetero-
structures to protect them against the harsh environmental
conditions is one strategy that has been explored. However,
a full understanding of the interface of the perovskite with other
materials in these heterostructures and the efficiency of such
structures in stabilizing the NCs on long term basis remains
scarcely studied. In addition, the synthesis of a core/shell
nanostructure, which allows a complete protection of the
perovskite NC is still challenging and is a triggering future
research area.

By understanding the surface chemistry and managing the
ligand stabilization of perovskite nanocrystals, these materials
may nd eventual uses in solar energy and energy efficient
lighting.
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P. Aellen, A. Süess, B. Clerc, D. Guggisberg, O. Nazarenko,
Y. Shynkarenko, S. Kumar, C.-J. Shih, I. Infante and
M. V. Kovalenko, ACS Energy Lett., 2018, 3, 641–646.

150 H. Yang, Y. Zhang, K. Hills-Kimball, Y. Zhou and O. Chen,
Sustainable Energy Fuels, 2018, 2, 2381–2397.

151 X. Li, F. Cao, D. Yu, J. Chen, Z. Sun, Y. Shen, Y. Zhu,
L. Wang, Y. Wei, Y. Wu and H. Zeng, Small, 2017, 13,
1603996.

152 M. A. Malik, M. Y. Wani and M. A. Hashim, Arabian J.
Chem., 2012, 5, 397–417.

153 S. Sun, D. Yuan, Y. Xu, A. Wang and Z. Deng, ACS Nano,
2016, 10, 3648–3657.

154 F. Zhang, S. Huang, P. Wang, X. Chen, S. Zhao, Y. Dong and
H. Zhong, Chem. Mater., 2017, 29, 3793–3799.

155 I. Levchuk, P. Herre, M. Brandl, A. Osvet, R. Hock,
W. Peukert, P. Schweizer, E. Spiecker, M. Batentschuk
and C. J. Brabec, Chem. Commun., 2017, 53, 244–247.

156 M. B. Teunis, M. A. Johnson, B. B. Muhoberac, S. Seifert and
R. Sardar, Chem. Mater., 2017, 29, 3526–3537.

157 J. Cho, Y.-H. Choi, T. E. O'Loughlin, L. De Jesus and
S. Banerjee, Chem. Mater., 2016, 28, 6909–6916.

158 J. A. Sichert, Y. Tong, N. Mutz, M. Vollmer, S. Fischer,
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J. A. Castañeda, P. Kanjanaboos, M. Yuan, X. Gong,
F. Fan, J. Pan, S. Hoogland, R. Comin, O. M. Bakr,
L. A. Padilha, A. F. Nogueira and E. H. Sargent, Adv.
Funct. Mater., 2016, 26, 8757–8763.

210 D. Yan, T. Shi, Z. Zang, T. Zhou, Z. Liu, Z. Zhang, J. Du,
Y. Leng and X. Tang, Small, 2019, 15, 1901173.

211 C. Wang, A. S. R. Chesman and J. J. Jasieniak, Chem.
Commun., 2017, 53, 232–235.

212 Y. Tan, Y. Zou, L. Wu, Q. Huang, D. Yang, M. Chen, M. Ban,
C. Wu, T. Wu, S. Bai, T. Song, Q. Zhang and B. Sun, ACS
Appl. Mater. Interfaces, 2018, 10, 3784–3792.

213 D. Yang, X. Li, W. Zhou, S. Zhang, C. Meng, Y. Wu, Y. Wang
and H. Zeng, Adv. Mater., 2019, 31, 1900767.

214 G. Li, J. Huang, H. Zhu, Y. Li, J.-X. Tang and Y. Jiang, Chem.
Mater., 2018, 30, 6099–6107.

215 J. Xue, J.-W. Lee, Z. Dai, R. Wang, S. Nuryyeva, M. E. Liao,
S.-Y. Chang, L. Meng, D. Meng, P. Sun, O. Lin,
M. S. Goorsky and Y. Yang, Joule, 2018, 2, 1866–1878.

216 J. Li, L. Xu, T. Wang, J. Song, J. Chen, J. Xue, Y. Dong, B. Cai,
Q. Shan, B. Han and H. Zeng, Adv. Mater., 2017, 29,
1603885.

217 Z. Yang, M. Wang, H. Qiu, X. Yao, X. Lao, S. Xu, Z. Lin,
L. Sun and J. Shao, Adv. Funct. Mater., 2018, 28, 1705908.
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