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ABSTRACT: Metal halide perovskite nanocrystals offer a range of interesting
properties and are being studied extensively for applications in solar cells,
photodetectors and light-emitting devices. This perspective provides a number
of best practices for the synthesis, purification, and characterization of metal
halide perovskite nanocrystals, with detailed discussion of CsPbI3, CsPbBr3,
CH3NH3PbI3 (MAPI), and Cs2AgBiBr6 as examples. The choice of reactants
and ligands for hot-injection reactions are discussed, as well as how various
reaction conditions, including temperature and time, affect yield, uniformity, and
crystal phase. We extensively discuss the use of antisolvent precipitation
methods for purification, since ligand coordination to most perovskite
nanocrystals is weak and the nanocrystals are sensitive to degradation. Finally,
we discuss some of the strategies for imaging these nanocrystals using
transmission electron microscopy (TEM).

■ INTRODUCTION

Metal halide (ABX3) perovskites are composed of monovalent
A+ cations, such as Cs+, CH3NH3

+, or CH(NH2)2
+, bivalent

B2+ Group IVA metal cations, such as Pb2+, Sn2+, or Ge2+, and
halide X− anions, such as Cl−, Br−, or I−, positioned in a three-
dimensional network of linked, corner-sharing [BX6]

4−

octahedra with A+ cations in the interstices.1,2 Ligand-
stabilized nanocrystals of CsPbX3,

3,4 CsxRb1−xPbX3,
5 and

lead-free double perovskites Cs2AgBiBr6,
6,7 Cs2AgSbCl6,

8

Cs2AgInCl6,
8,9 and Cs2NaInCl6

10 have been made, as well as
organic− inorganic hybrids of CH3NH3PbX3 (i.e. ,
MAPbX3),

11,12 CH(NH2)2PbX3 (i.e., FAPbX3),
13,14 and

(RNH3)2(MA)n−1PbnX3n+1.
15 These have exhibited high

photoluminescence quantum yield (PL QY),3,16,17 bright
exciton triplet states,18 superfluorescence,19 and enhanced
phase stability compared to the bulk,20,21 as well as promising
performance in photovoltaics (PVs),20,22−27 light-emitting
diodes (LEDs),28−32 lasers33,34 and photodetectors.35,36 This
is an exciting and rapidly emerging research area.
One challenge with doing research on an up-and-coming

class of nanomaterials is that the best practices for synthesis
seem to evolve with each additional publication. We have
found that strictly following many published protocols
especially from older papersoften results in perovskite
nanocrystals that rapidly degrade within a few hours or have
the wrong crystal structure or low PL QYs. Key information
and fresh insights are constantly evolving.
This perspective highlights a number of “tips and tricks” that

we have learned regarding the synthesis, purification, and

characterization of metal halide perovskite nanocrystals and
hopefully will provide helpful guidance, especially for
researchers relatively new to the field. The discussion focuses
on four specific types of nanocrystals: CsPbI3, CsPbBr3,
MAPbI3, and Cs2AgBiBr6. These materials exhibit many similar
characteristics in terms of their synthesis and handling yet also
provide their own unique challenges, thus, providing an
illustration of some of the fundamental aspects of metal halide
perovskite nanocrystal synthesis.

■ SYNTHETIC PATHWAYS
Figure 1 lists various reactions involved in the synthesis of
CsPbI3, CsPbBr3, MAPbI3, and Cs2AgBiBr6 nanocrystals. We
start this perspective with a discussion of CsPbI3, as it provides
one of the most interesting examples of perovskite stability in
nanocrystals.

CsPbI3 Nanocrystals. The equilibrium phase of CsPbI3 at
room temperature is not a perovskiteit is an optically
inactive, δ-orthorhombic phase with a yellow color.37−39 The
equilibrium phase of CsPbBr3 is a perovskite, which makes it
much more stable and easier to synthesize than CsPbI3
nanocrystals.20,40,41 It is actually remarkable that perovskite
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CsPbI3 nanocrystals can be obtained by colloidal synthesis,
since they are inhabiting a metastable phase.3,20,21

CsPbI3 nanocrystals are commonly prepared by ionic
metathesis, as shown in eq 2 in Figure 1, in oleic acid (OA),
oleylamine (OAm), and octadecene (ODE) by hot injection.3

One pot or heat-up methods are rarely used because metal
halide perovskite nanocrystals have fast reaction and nucleation
kinetics, and the reaction time cannot be controlled sufficiently
to prevent broadening of the size and shape distribution,
aggregation, or formation of undesired phases, such as the
yellow δ-orthorhombic phase. ODE serves as a high boiling
inert solvent; OAm is the primary capping ligand; and OA
participates in the metathesis reaction, although it can also
adsorb to the nanocrystal surface as a capping ligand.
A typical synthesis involves the dissolution of PbI2 in OA,

OAm, and ODE at 120 °C, before setting the reaction
temperature somewhere between 120 and 180 °C. As shown in
eq 2a in Figure 1, this step generates Pb-oleate and
oleylammonium iodide (OAm-I). Cs-oleate reactant is

prepared separately by combining Cs2CO3 with oleic acid
(eq 1, Figure 1). Cs-oleate in ODE is then heated and injected
into the mixture of Pb-oleate and OAm-I to trigger the
formation of CsPbI3 and oleylammonium oleate (eq 2b, Figure
1). As shown in eq 2 in Figure 1, CsPbI3 nanocrystals are
produced with Pb-oleate as a byproduct.3,21 A stoichiometric
excess of PbI2 relative to CsPbI3 is required to drive the
metathesis reaction to completion. A typical reaction using 20
mL of ODE yields about 130 mg of CsPbI3 nanocrystals,
corresponding to 30% molar conversion of reactants. Reactions
can also be performed by injecting PbI2 complexed with
trioctylphosphine (TOP) into ODE solutions of OA, OAm,
and Cs-oleate at 100−170 °C.42 The major drawback of this
method is that it takes a long timeabout a weekto form
the TOP-PbI2 complex.
CsPbI3 nanocrystals can also be made by decoupling the

Pb2+ and I− sources and starting with PbO and an I− precursor,
such as trimethylsilyl iodide (TMSI), benzoyl iodide, OAm-I,
or GeI2.

43−46 Cs-oleate and Pb-oleate are prepared separately

Figure 1. Reactions involved in the synthesis of CsPbBr3, CsPbI3, CH3NH3PbI3 (MAPI), and Cs2AgBiBr6 nanocrystals by hot injection of metal-
oleate, methylamine, or trimethylsilyl halide (TMS-X).

Chemistry of Materials pubs.acs.org/cm Perspective

https://dx.doi.org/10.1021/acs.chemmater.0c01735
Chem. Mater. 2020, 32, 5410−5423

5411

https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01735?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01735?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01735?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01735?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c01735?ref=pdf


by dissolving Cs2CO3 and PbO in OA (eqs 6 and 7, Figure 1)
and then adding the solution to OAm and ODE. CsPbI3
nucleation and growth is triggered by injecting TMSI into the
reaction mixture at 150 °C. TMSI reacts with oleic acid and
oleylamine to release HI, TMS-oleate, and TMS-oleylamine
byproducts.47,48 HI further reacts with oleylamine to form
OAm-I (eqs 10−12, Figure 1), which ultimately reacts with
Cs-oleate and Pb-oleate to produce CsPbI3 nanocrystals and
oleylammonium oleate as a byproduct (eq 13, Figure 1).43

This reaction in 5 mL of ODE makes about 25 mg of
nanocrystals (37% yield).
Figure 2a,b shows TEM images of CsPbI3 nanocrystals

synthesized by Cs-oleate or TMSI injection. UV−vis

absorbance and photoluminescence (PL) spectra for these
nanocrystals are provided as Supporting Information, Figure
S1. The nanocrystals generated from both methods are
uniform and have similar sizes and cubic shapes. The TMSI
method has a slightly higher yield than the Cs-oleate method,
but the PL QY is a bit lower (46% vs 54%). TMSI also needs
to be handled more carefully, since it reacts violently with
moisture.
CsPbBr3 Nanocrystals. Compared to CsPbI3, CsPbBr3 has

a geometric Goldschmidt tolerance factor that is closer to 1

(0.92 vs 0.89),49 and the perovskite, γ-orthorhombic phase is
the equilibrium structure of CsPbBr3 at room temperature.50

This is one reason that perovskite CsPbBr3 nanocrystals are
much more stable than perovskite CsPbI3 nanocrystals.

51 One
common approach to CsPbBr3 nanocrystal synthesis involves
the hot injection of Cs-oleate in ODE into a solution of PbBr2
dissolved in OA, OAm, and ODE.3 Compared to CsPbI3, the
reaction yield is usually a little higher. For example, a typical
reaction in 20 mL of ODE produces about 160 mg of CsPbBr3
nanocrystals, corresponding to 44% molar conversion.
The ionic metathesis reaction shown in eq 3 in Figure 1

results in CsPbBr3 nanocrystals and Pb-oleate. Other reaction
mechanisms are also possible and may be involved as well. One
suggestion is that Pb-oleate and oleylammonium bromide
(OAm-Br) react with Cs-oleate to form CsPbBr3 nanocrystals
and oleylammonium oleate,52 as shown in eqs 2a and 2b in
Figure 1. Another possibility is the formation of (OAm)2PbBr4
nanosheets as an intermediate species prior to Cs-oleate
injection.53,54 Then, (OAm)2PbBr4 reacts with Cs-oleate to
form CsPbBr3 nanocrystals with possible byproducts like
OAm-Br and oleylammonium oleate. Further work is needed
to fully verify the mechanistic details of these reactions.
CsPbBr3 nanocrystals can also be synthesized using PbO and

NH4Br as sources of Pb
2+ and Br−.55 Cs-oleate is injected into

a solution of PbO, NH4Br, OA, OAm, and ODE at 180 °C.
When trimethylsilyl bromide ((CH3)3SiBr, TMSBr) is used as
the Br− source, TMSBr is injected into a mixture of Cs-oleate
and Pb-oleate in OAm and ODE at 150 °C. The reaction
mechanism is similar to CsPbI3 nanocrystal synthesis using
TMSI. TMSBr reacts with OAm to produce OAm-Br, which
then reacts with Cs-oleate and Pb-oleate as shown in eq 14 in
Figure 1 to produce CsPbBr3 nanocrystals and oleylammo-
nium-oleate as a byproduct. Figure 2c,d shows TEM images of
CsPbBr3 nanocrystals synthesized by hot injection of Cs-oleate
or TMSBr. Both reactions produce mostly uniform CsPbBr3
nanocrystals with a cube shape and a small amount of CsPbBr3
nanoplatelets. Typical PL QYs are about 50%. The nanocryst-
als are uniform enough to readily assemble into superlattices.
(See Supporting Information Figure S1 for UV−vis absorbance
and PL spectra and Figure S2 for additional TEM images.)
The reaction kinetics involved in the synthesis of CsPbBr3
nanocrystals with PbBr2, NH4Br, or TMSBr are all relatively
fast, reaching completion within seconds. The kinetics can be
slowed significantly by using 1-bromohexane as the Br source,
leading to reactions that take about 20 min to complete.56 In
this approach, a series of chemical transformations takes place,
beginning with the formation of CsBr, followed by the
formation of Cs4PbBr6 and finally CsPbBr3. Questions remain
about whether this mechanism also applies to the other halide
injection methods with extremely fast reaction kinetics.

CH3NH3PbI3 (MAPI) Nanocrystals. Of the metal halides,
MAPI nanocrystals are some of the most temperamental and
least stable. The synthesis must be carried out at relatively low
temperature (55 °C−70 °C) and quenched immediately after
reactant injection. The low reaction temperatures are due in
part to the volatility of methylamine and methylammonium
species.57 MAPI also decomposes into PbI2, NH3, and CH3I at
75−80 °C.58

MAPI nanocrystals are made using the ionic metathesis
pathway shown in Figure 1, eq 4. Typical reactions are carried
out by adding methylamine in OA to a heated solution of PbI2
in OA, OAm, and ODE. Methylamine (CH3NH2) is
protonated to methylammonium by OA, and PbI2 provides

Figure 2. TEM images of metal halide perovskite nanocrystals
synthesized by injection of (a, c, e, g) metal oleate or methylamine
(Figure 1, Method A) or (b, d, f, h) TMSX (Figure 1, Method B).
The average edge lengths are shown in the insets.
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B- and X-site species.21,59 Since Pb-oleate evolves as a reaction
byproduct, PbI2 must be added in stoichiometric excess
relative to CH3NH3PbI3. The molar conversions are usually
60−65%, which is relatively high compared to other perovskite
nanocrystals, and a reaction in 10 mL of ODE yields about 70
mg of MAPI nanocrystals.
Methylamine, Pb-oleate, and TMSI can also be used to

synthesize MAPI nanocrystals. PbO is dissolved in OA, OAm,
and ODE, and then methylamine in THF is added at a reaction
temperature of 65 °C, followed immediately by TMSI
injection. As described in Figure 1, eq 15, TMSI transforms
into OAm-I, which reacts with Pb-oleate, methylamine, and
OA to produce MAPI nanocrystals and oleylammonium oleate
as a byproduct. Alternatively, benzoyl iodide can be used,
reacting in a similar way to TMSI with OA or OAm and
releasing HI.44 Typical reactions, carried out in only 5 mL of
ODE, yield about 60 mg of nanocrystals. The PL QYs made
using either approach are around 15%. See Supporting
Information Figure S1 for absorbance and PL spectra.
Figure 2e,f shows TEM images of MAPI nanocrystals

synthesized using PbI2 or TMSI. Like other metal halide
perovskites, MAPI nanocrystals have a cuboidal shape, but the
thermodynamically stable phase of MAPI at room temperature
is tetragonal,12,61 which favors increasingly anisotropic growth
as the reaction proceeds.12 MAPI nanocrystals evolve into
tetragonal prisms during the reaction. This is one of the
challenges to making uniform MAPI nanocrystals: the reaction
must be quenched almost immediately, otherwise anisotropic
growth takes over and leads to very broad size distributions.59

TMSI leads to smaller MAPI nanocrystals, but with similar size
and shape uniformity.
Double Perovskite Cs2AgBiBr6 Nanocrystals.

Cs2AgBiBr6 nanocrystals
62,63 can be made by hot injection of

Cs-oleate into a solution of AgBr and BiBr3 in OA, OAm, and
ODE at 200 °C7 or by adding TMSBr to Cs-acetate
(CsOOCCH3), Bi-acetate (Bi(OOCCH3)3), and Ag-acetate
(AgOOCCH3) dissolved in OAm, OA, and ODE at 140 °C.6

TEM images of Cs2AgBiBr6 nanocrystals produced using these
two methods are shown in Figure 2g,h. They have a cubic
shape, and the TMSBr reaction leads to larger nanocrystals
with a broader size distribution. Nucleation and growth is
noticeably faster for the TMSBr reaction compared to Cs-
oleate hot injection. The reaction is carried out using Cs-oleate
hot injection at 200 °C for 3−5 min, whereas, the TMSBr
reaction is carried out for only 10 s at a much lower
temperature, 140 °C. The molar conversions of the Cs-oleate
and TMSBr reactions are 16% and 25%, respectively. Cs-oleate
injection leads to the ionic metathesis reaction shown in eq 5
in Figure 1 to produce Cs2AgBiBr6 nanocrystals and Ag-oleate
and Bi-oleate as byproducts. As shown in eqs 8−9 in Figure 1,
the TMSBr hot injection reaction involves the transformation
of Cs, Bi, and Ag acetate into oleates, which then react directly
with TMSBr to produce trimethylsilyl-oleate as a byproduct
(Figure 1, eq 17) or TMSBr forms OAm-Br first (Figure 1, eqs
10−12), which then reacts with the metal oleates, which gives
oleylammonium oleate as a byproduct (Figure 1, eq 16).
Cs2AgBiBr6 nanocrystals are some of the most stable metal

halide perovskite nanocrystals, but the product purity and
yields are sensitive to the reaction temperature. Cs-oleate hot
injection at 160 °C only produces AgBr and some unidentified
compound with an XRD pattern that does not match those of
BiBr3, CsBr, Cs3Bi2Br9, Cs3BiBr6, or CsAgBr2 (see Supporting
Information Figure S3 for XRD data). An increase in reaction

temperature from 200 to 225 °C can still give uniform
Cs2AgBiBr6 nanocrystals without impurities (Supporting
Information Figure S4). When TMSBr injection reactions are
carried out at lower temperatures of 120 °C, Cs2AgBiBr6
nanocrystals are produced, but with a significant Cs−Ag−Br
byproduct.6 Hotter reactions, at 180 °C, produce Cs2AgBiBr6
nanocrystals with AgBr contamination.6

■ ACID AND AMINE: ROLES AND ALTERNATIVES
Figure 3 shows various capping ligands used for metal halide
perovskite nanocrystals. Amines are the most common capping

ligands. Mixtures of OAm and OA are commonly used. OA
can serve as a capping ligand but often plays a direct role as a
reactant, as it participates in many ionic metathesis reactions.
For example, OA provides the proton source to convert
methylamine to the methylammonium cation in the synthesis
of MAPI nanocrystals. Without OA, MAPI nanocrystal
formation is very slow and results in unstable nanocrystals.
The synthesis of CH(NH2)2PbI3 (FAPbI3) nanocrystals
requires a large excess of OA in the preparation of FA-
oleate.23 MAPI and FAPbI3 nanocrystal synthesis requires
OA:OAm mole ratios of at least 4 to 5. Inorganic perovskites
employ lower OA:OAm ratios, usually between 1 and 2. The
right OA concentration is especially important for optimizing
the reaction yield and reproducibility of the synthesis for
CsPbBr3

64 and Cs2AgBiBr6 nanocrystals.
60

Amines have been found to be extremely important for the
synthesis of metal halide perovskite nanocrystals. The absence

Figure 3. Chemical structures of ligands used in the synthesis of metal
halide perovskite nanocrystals. (a−c) Acidic ligands: (a) oleic acid
(OA), (b) diisooctylphosphinic acid (DIOP), and (c) tetradecyl-
phosphonic acid (TDPA). (d−f) Basic ligands: (d) oleylamine
(OAm), (e) dioctylamine (DOAm), and (f) trioctylphosphine oxide
(TOPO). (g−i) Zwitterionic ligands: (g) 3-(N,N-dimethyloctadecy-
lammonio)-propanesulfonate (stearyl sulfobetaine), (h) N-hexadecyl-
phosphocholine (miltefosine), and (i) N,N-dimethyldodecylammo-
niobutyrate (DDMAB).

Chemistry of Materials pubs.acs.org/cm Perspective

https://dx.doi.org/10.1021/acs.chemmater.0c01735
Chem. Mater. 2020, 32, 5410−5423

5413

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01735/suppl_file/cm0c01735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01735/suppl_file/cm0c01735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01735/suppl_file/cm0c01735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01735/suppl_file/cm0c01735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01735/suppl_file/cm0c01735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01735/suppl_file/cm0c01735_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01735?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01735?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01735?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01735?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c01735?ref=pdf


of amines usually leads to bulk crystals.6 There is one example
of CsPbBr3 nanocrystal synthesis that used only TOPO and
OA.65 Based on 1H NMR and NOESY data, Cs-oleate serves
as the capping ligand in this amine-free synthesis.65

Capping ligands on metal halide perovskite nanocrystals
tend to desorb in polar solvents, as ligand bonding tends to be
ionic.52 For CsPbBr3 nanocrystals, both OA and OAm are
believed to form X-type ligands (like Cs-oleate, oleylammo-
nium oleate, or oleylammonium bromide).52,65,66 There are
contradicting reports for CsPbI3 nanocrystals, showing that the
capping ligand shell is composed of only OAm67 or a mixture
of OAm and OA.68 As far as we know, the capping ligand
chemistry on MAPI nanocrystals has not yet been reported, so
we checked our MAPI nanocrystals using 1H nuclear magnetic
resonance (NMR) spectroscopy and nuclear Overhauser effect
spectroscopy (NOESY). We found that both OAm and OA are
present in the capping ligand layer (see Supporting
Information Figure S5). For Cs2AgBiBr6 nanocrystals, only
OAm remains bound to the nanocrystal surface after
purification.60

The alkyl chain length69,70 and the proportion of acid to
amine12,53,60,71 can affect the size and shape of perovskite
nanocrystals. CsPbBr3 nanocrystals obtained from Cs-oleate
hot injection reactions at 170 °C in ODE with OAm (Figure 1,
eq 3) varied in size from 7 nm to 9 nm to 12 nm when
different acids were used: OA, dodecanoic acid, or hexanoic
acid (chain lengths of 18, 12, or 6 carbons).69 In the same
study, CsPbBr3 made with OA and primary amines with
hydrocarbon chains shorter than 12 carbons formed nano-
platelets, with thicknesses varying from 4.5 nm to 3.5 nm to 1.8
nm as the chain length decreased from 12 to 8 to 6 carbons.69

When OA:OAm ratios were changed from 1 to 2 to 4, CsPbBr3
nanocubes synthesized at 190 °C were found to increase in size
from 8 to 10 to 13 nm, while at the same time, the amount of
CsPbBr3 nanoplatelets in the sample increased.53

OA and OAm concentrations can also influence the crystal
phases produced in a CsPbBr3 nanocrystal reaction. Increasing
the reaction concentrations of both OA and OAm has led to
trigonal phase Cs4PbBr6 nanocrystals instead of γ-orthorhom-
bic phase CsPbBr3 nanocrystals.53,56 Cs4PbBr6 has attracted
attention because of its high PL QY and good stability,
although the origin of the luminescence remains under
debate.72−74 Due to highly dynamic ligands and highly mobile
halide ions, postsynthetic interconversion between CsPbBr3
and Cs4PbBr6 nanocrystals can readily occur at room
temperature. An excess of amine speeds this transformation
by forming soluble molecular species of PbBr2 that changes
CsPbBr3 to Cs4PbBr6,

75 which can be reversed by adding OA
or PbBr2 to transform Cs4PbBr6 back to CsPbBr3.

76,77

In some cases, it has been possible to combine OAm with
alkyl phosphinic acid or phosphonic acid instead of OA.
CsPbI3 nanocrystals have been synthesized with bis(2,2,4-
trimethylpentyl) phosphinic acid (TMPPA).67 CsPbBr3 nano-
crystals have been made with n-tetradecylphosphonic acid
(TDPA).78 And we have made Cs2AgBiBr6 nanocrystals with
diisooctylphosphinic acid (DIOP).60 Figure 4a shows a TEM
image of Cs2AgBiBr6 nanocrystals made with DIOP and OAm.
Secondary amines have also been explored as an alternative

to OAm. CsPbBr3 nanocrystals with nearly perfect cube shape
and uniformity have been produced using dihexylamine,
dioctylamine, didecylamine, didodecylamine, and dioctadecyl-
amine with different sizes of 17, 12, 10, 8, and 7.5 nm.40 These
reactions tend to require more secondary amine than OAm or

primary amine because PbBr2 has a lower solubility in
secondary amines. For example, 0.2 mmol (72 mg) of PbBr2
dissolves in 3 mmol each of OA and octylamine but requires 3
mmol of OA and 5 mmol of dioctylamine for complete
dissolution (see Supporting Information Figure S6 for
photographs). Secondary amines are also not very effective
for perovskites with iodide. Figure 4b shows a TEM image of
MAPI nanocrystals that we synthesized with dioctylamine
(DOAm) and OA. The nanocrystals have a reasonably narrow
size distribution; however, colloidal stability is poor, and they
exhibit very low PL QYs of only 1% (see Figure S7 in
Supporting Information for XRD, UV−vis absorbance, and PL
spectra). CsPbI3 nanocrystals synthesized using secondary
amines have been reported to degrade rapidly into the yellow
phase, within only a few hours.40

The zwitterionic ligands shown in Figure 3, including stearyl
sulfobetaine, miltefosine, and DDMAB, have also been used to
make CsPbX3 (X = Cl, Br, I) nanocrystals.79 Sulfobetaine-
capped CsPbBr3 nanocrystals have been reported to have
higher stability compared to OA/OAm-capped nanocrystals.79

Sulfobetaine-capped nanocrystals purified by precipitation with
ethyl acetate and stored under ambient conditions for 28 days
were shown to retain PL QYs of ∼75%, while the PL QY of
their OA/OAm-capped nanocrystals dropped to 20%.79

■ REACTION TEMPERATURE, TIME, AND
QUENCHING

Several factors determine the appropriate reaction temperature
and time, including reactant solubility, particle nucleation and
growth rates, and thermal stability of the perovskite phase.
Figure 5 shows examples of undesirable phase transformations

Figure 4. TEM images of (a) Cs2AgBiBr6 nanocrystals synthesized
using DIOP and OAm and (b) MAPI nanocrystals synthesized using
OA and DOAm.
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that can occur for CsPbX3 (X = Cl, Br, I) nanocrystals during
synthesis and purification. In some cases, unwanted materials
can form. For example, when the synthesis of CsPbBr3 and
CsPbCl3 nanocrystals is carried out at 260 °Cwhich is too
hotthe reaction produces CsPb2Br5 and CsPb2Cl5.

80 When
the reaction temperature for CsPbBr3 nanocrystals is lower
than 140 °C, CsPbBr3 nanoplatelets form instead of nano-
cubes.53 For CsPbI3, excessive reaction temperatures produce
bulk crystals of the yellow nonperovskite, δ-orthorhombic
phase.81 There are some cases in which reactions can be
performed at higher temperatures by modifying reactant
concentrations. CsPbX3 nanocrystals can be grown at relatively
high temperatures of 250−260 °C by adding OAm-X to the
reaction mixture prior to Cs-oleate injection.80,81 For MAPI
nanocrystals, reaction temperatures higher than 100 °C induce
anisotropic particle growth and the formation of platelets
instead of nanocubes.12 Cs2AgBiBr6 nanocrystals are usually
made by Cs-oleate hot injection at 200 °C, but we have found
that reactions at 225 °C also work to produce uniform
Cs2AgBiBr6 nanocrystals (see Supporting Information Figure
S4 for TEM images). Reactions at much lower temperatures,
e.g., 160 °C, only produce AgBr and other binary or tertiary
Br-containing impurities.7

Some reactants precipitate when the solution temperature is
too high. CsPbI3 nanocrystal synthesis is usually performed
below 185 °C to avoid precipitation of PbI2 from OAm, OA,
and ODE solutions. PbBr2 is more soluble than PbI2 at higher
temperatures, which enables reactions up to about 200−210
°C for the synthesis of CsPbBr3 nanocrystals.

53 The solubility
of PbX2 does also depend somewhat on ligand concentration,
and reaction temperatures can be raised by adding more OA or
OAm to the ODE reaction solution.53,83

Most metal halide perovskite nanocrystals are also very
sensitive to the reaction time because of their fast nucleation
and growth kinetics. The synthesis of CsPbX3 and MAPI
nanocrystals is completed in less than 10 s.3,59 To prevent
unwanted growth and aggregation, the reactions must be
quenched by immersion in an ice water bath. CsPbBr3
nanocrystal reactions at 150 °C prolonged for 30−90 min
produce CsPbBr3 nanowires.

84 Reactions at 210 °C for 30 min

result in CsPb2Br5 (see Supporting Information Figure S8 for
XRD and TEM data). CsPbI3 nanocrystal reactions at 180 °C
carried out for 5−10 min yield yellow δ-orthorhombic phase
nanowires.84 Reactions must be immediately quenched to
obtain the metastable black perovskite phase of CsPbI3.

21,85,86

Slow cooling always yields yellow, δ-orthorhombic CsPbI3
nanocrystals (see Supporting Information Figure S9 for TEM
images).41

The amount of time spent between reaction and purification
can also be very important. CsPbI3 nanocrystals should be
isolated immediately from crude reaction mixtures to prevent
transformation to the yellow phase. After several hours without
purification, CsPbI3 nanocrystals (sealed under N2) change
from cubes to polyhedra (see Supporting Information Figure
S9). In this case, excess ligand in the crude reaction mixture
probably promotes the transformation CsPbI3 nanocrystals
into Cs4PbI6a process that has actually been exploited to
intentionally change CsPbX3 (X = Br, I) nanocrystals into
Cs4PbX6.

76,82

■ PURIFICATION
Early synthetic work relied on high speed centrifugation to
collect and purify nanocrystals from crude reaction mixtures in
order to prevent degradation.11,12,44,45 For example, research-
ers showed that precipitative washing with antisolvents
significantly decreased the PL QY of CsPbBr3 nanocrystals
from 60 to 70% to just 8−10%,30,87 and destroyed black,
perovskite-phase CsPbI3 nanocrystals by promoting aggrega-
tion, changes in size, and a reversion to the yellow δ-
orthorhombic phase by aggregation.20,88 But high speed
antisolvent-free centrifugation leaves a significant amount of
nanocrystals suspended in the supernatant. These nanocrystals
are discarded, significantly lowering the product yields, and a
substantial amount of unbound ligand and residual ODE ends
up in the product.30,32,52,89

These days, antisolvents are used more frequently, although
standard protocols for precipitative purification of metal halide
perovskite nanocrystals are still being refined.20,90 Figure 6
shows data from our laboratory comparing CsPbBr3, CsPbI3,
and MAPI nanocrystals that were either isolated without
antisolvent or precipitated with methyl acetate. The amount of
material collected using methyl acetate is much higher, and the
absorbance and PL spectra are largely unchanged. The PL QY
of CsPbBr3 nanocrystals decreased slightly from 74% to 54%;
the CsPbI3 nanocrystals are actually brighter (up to 54% from
41%), and MAPI nanocrystals have PL QYs of 15%, regardless
of whether methyl acetate was used or not.
One source of uncertainty regarding the effectiveness of

antisolvent precipitation in the literature is the absence of
important experimental details like solvent:antisolvent volume
ratio, centrifuge speed, and time.30,32,43,88,90 Subtle variations
in the precipitation methods matter. For this perspective, we
tested methanol, 1-butanol, acetonitrile, acetone, methyl
acetate, and ethyl acetate on CsPbBr3, CsPbI3, MAPI, and
Cs2AgBiBr6 nanocrystals using a set of normalized conditions
of solvent-to-antisolvent ratio and centrifugation speed and
time, to determine which combinations of antisolvents and
nanocrystals are viable. The results are shown in Table 1, and
additional TEM images are provided as Supporting Informa-
tion Figures S11−S14. CsPbBr3 nanocrystals are compatible
with all six antisolvents, although there is a slight variation in
the uniformity of the nanocrystals obtained after purification.
Cs2AgBiBr6 is incompatible only with methanol. And CsPbI3

Figure 5. (a) Undesirable phase transformations occur when CsPbX3
(X = Br, I) nanocrystals are not handled properly during synthesis and
purification. Several examples of transformations from the γ-
orthorhombic perovskite phase to nonperovskite phases are
shown.80−82 The temperature, T, is the hot injection temperature,
and time, t, is duration of the reaction after hot injection. (b)
Perovskite γ-orthorhombic CsPbX3 crystal structure shown in
comparison with the nonperovskite crystal structures of tetragonal
CsPb2Br5, δ-orthorhombic CsPbI3, and trigonal Cs4PbX6.

Chemistry of Materials pubs.acs.org/cm Perspective

https://dx.doi.org/10.1021/acs.chemmater.0c01735
Chem. Mater. 2020, 32, 5410−5423

5415

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01735/suppl_file/cm0c01735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01735/suppl_file/cm0c01735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01735/suppl_file/cm0c01735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01735/suppl_file/cm0c01735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01735/suppl_file/cm0c01735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01735/suppl_file/cm0c01735_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01735?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01735?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01735?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01735?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c01735?ref=pdf


and MAPI nanocrystals are degraded by both methanol and
acetone.
Figure 7 shows more data for CsPbBr3 and CsPbI3

nanocrystals isolated by various precipitation methods.
CsPbBr3 nanocrystals precipitated with methanol or acetoni-
trile had PL QYs greater than 90%, methyl acetate and ethyl
acetate led to slightly lower PL QYs of 68% and 65%, and
acetone yielded nanocrystals with the lowest PL QY of 56%. In
the PL spectra in Figure 7b for CsPbBr3 nanocrystals
precipitated with the different antisolvents, the sample
obtained with methanol exhibited the narrowest and most
symmetric line width, which is consistent with the mono-
disperse morphology of nanocubes observed by TEM
(Supporting Information, Figures S11). The PL peak was
slightly red-shifted compared to the others, probably because

methanol is not soluble with ODE and, as a result, only
precipitates a small portion of the largest nanocrystals in the
sample, effectively resulting in a size-selective precipitation.
The PL spectra for the other CsPbBr3 nanocrystals are more
asymmetric, with a shorter-wavelength shoulder. These spectra
are also consistent with the TEM-observed sample morphol-
ogiesi.e., a mixture of nanoplatelets and nanocubes that are
more consistent with the as-synthesized product. CsPbI3
nanocrystals precipitated with 1-butanol, acetonitrile, methyl
acetate, and ethyl acetate exhibited PL QYs of 33%, 60%, 54%,
and 52%. As shown in Figure 7c, the PL peaks of these four
samples are very similar, but the peak maximum for CsPbI3
nanocrystals precipitated with methyl acetate is slightly blue-
shifted compared to the others.
In some cases, antisolvents are clearly not compatible.

Methanol and acetone have no obvious effect on CsPbBr3
nanocrystals but change the color of the CsPbI3 and MAPI
nanocrystals to pale-yellow materials, as shown in Figure 7a.
This is because CsPbI3 has reverted to its equilibrium yellow,
nonperovskite phase and MAPI has degraded into PbI2. In
other cases, solvent degradation is less obvious. For example,
Cs2AgBiBr6 nanocrystals precipitated with methanol do not
change color, but they cannot be redispersed. Antisolvents can
sometimes change the nanocrystal morphology. CsPbI3
nanocrystals precipitated with 1-butanol exhibit reasonably
high PL QYs of 33%, but TEM showed a change in shape from
cubes to nanorods. (See Supporting Information Figure S12
for TEM images.)
In addition to the solvent:antisolvent volume ratio and

centrifuge speed and time, we encourage reporting of
additional purification details that we have found to be
important, including the concentration and volume of the
crude reaction solution, if the solvents and antisolvents need to
be anhydrous,92 if the use of glovebox is necessary, if low
temperature centrifugation is helpful, if vortexing or even
sonication is needed to redisperse the precipitate, and if the
waiting time between centrifuge cycles matters.
Purification procedures can be especially important for some

analyses. For example, NMR spectroscopy studies of ligand
bonding are especially sensitive to free ligand, and these studies
require nanocrystals that have been precipitated and

Figure 6. Photos of centrifuge tubes after precipitation of the
nanocrystals from the crude reaction product and UV−vis absorbance
and photoluminescence (PL) emission spectra of redispersed (a)
CsPbBr3, (b) CsPbI3, and (c) MAPI nanocrystals. The nanocrystals in
the photos were precipitated by centrifugation under the same
conditions (8000 rpm or 8228 × g, 5 min) either without antisolvent
or with the addition of an equivalent volume of methyl acetate (m-a)
to the crude reaction mixture. Additional precipitations caused the
nanocrystals to aggregate. The excitation wavelength (λexc) is shown
in each plot, and PL QYs were determined relative to Rhodamine B.

Table 1. Antisolvent Compatibility of CsPbBr3, CsPbI3,
MAPI, and Cs2AgBiBr6 Nanocrystals

a

CsPbBr3 CsPbI3 MAPI Cs2AgBiBr6

methanol √ × × ×
1-butanol √ √ √ √
acetone √ × × √
acetonitrile √ √ √ √
methyl acetate √ √ √ √
ethyl acetate √ √ √ √

aThe crude reaction product from a single reaction was divided into
six centrifuge tubes, and an equal volume of antisolvent was added to
each. Samples were centrifuged at 8000 rpm (8228 × g) for 5 min.
The precipitated nanocrystals were redispersed in 5 mL of hexane and
centrifuged again at 8500 rpm (9289 × g) for 5 min to remove all
solid byproducts, including poorly capped nanocrystals. Compatible
(√) means that the antisolvent does not affect the crystal structure,
morphology, or optical properties and that the nanocrystals redisperse
in hexane. Incompatible (×) means that the antisolvent causes the
nanocrystals to aggregate or exhibit degraded properties. (Additional
photographs of the centrifuge tubes, TEM images, and optical data are
provided as Supporting Information Figures S10−S16).
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redispersed at least twice during the purification process. This
can be especially challenging for metal halide perovskite
nanocrystals. Figure 8a shows data for CsPbI3 nanocrystals that
illustrates this challenge. CsPbI3 nanocrystals obtained after a
second precipitative wash (1:1 (v:v) methyl acetate:hexane)
have lost their bright red color and could not be redispersed in
hexane. The brown color is still consistent with perovskite-
phase nanocrystalsi.e., they have not reverted to the yellow

phase, as the XRD in Figure 8b confirmsbut are no longer
luminescent and have lost some of their distinct cubic shape.
The beautiful red color of CsPbI3 nanocrystal dispersions and
films comes from their bright luminescence. The inability to
redisperse the nanocrystals signals that much of the ligand shell
has been lost. We found that the addition of OAm to the
nanocrystal dispersion (5−10 μL of OAm to 3 mL of
nanocrystal dispersion with a concentration of 5−10 mg/mL)

Figure 7. Solvent/antisolvent purification of CsPbBr3 and CsPbI3 nanocrystals. Nanocrystals were dispersed in ODE and mixed with 1:1 (v:v)
methanol, 1-butanol, acetonitrile, acetone, methyl acetate, or ethyl acetate and then centrifuged. (a) Photographs of the centrifuge tubes after
centrifugation. The solvent polarity decreases from left to right.91 None of the solvents lead to a color change for CsPbBr3 nanocrystals. CsPbI3
nanocrystals changed from dark red to pale yellow when methanol and acetone were used. There was no color change with 1-butanol, acetonitrile,
methyl acetate, and ethyl acetate, although the supernatant obtained with acetonitrile had an orange-pink color. The supernatants obtained with
methanol and acetonitrile exhibited a liquid−liquid phase separation. (See Supporting Information, Figure S10 for photographs of the phase
separation). PL spectra are shown for (b) CsPbBr3 (λexc = 350 nm) and (c) CsPbI3 (λexc = 470 nm) nanocrystals purified with the antisolvents that
did not lead to immediate degradation. PL QYs were determined relative to Rhodamine B.

Figure 8. Effect of a second antisolvent precipitation step on CsPbI3 nanocrystals. Nanocrystals were dispersed in 3 mL of hexane and then
centrifuged at 8000 rpm (8228 × g) for 3 min after adding 3 mL of methyl acetate. (a) CsPbI3 nanocrystals obtained with and without the addition
of 5 μL of OAm prior to adding methyl acetate. (b) XRD of the nanocrystal precipitates shown in (a). Both patterns match the black perovskite, γ-
orthorhombic phase of CsPbI3.

21,39 (c−e) TEM images of CsPbI3 nanocrystals (c) purified once with m-a, (d) purified twice with m-a with OAm
addition, and (e) purified twice with m-a without OAm addition.
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before the second methyl acetate precipitation can be used to
obtain fluorescent, redispersible CsPbI3 nanocrystals essentially
free of unbound ligand (see Supporting Information Figure
S17 for NMR spectra). Figure 8b−e shows XRD and TEM
images. The nanocrystals are easily dried. Beware, however,
because OAm addition prior to a second precipitative washing
can also degrade some materials. Cs2AgBiBr6 nanocrystals, for
example, decompose in the presence of excess amine to Cs−
Bi−Br compounds and Ag nanocrystals.7 Also, some nano-
crystals are so sensitive to antisolvent that they must first be
collected by antisolvent-free centrifugation and then precipi-
tated using solvent/antisolvent techniques. We found this to be
true for dioctylamine-capped MAPI nanocrystals. In that
process, some material is lost during the initial antisolvent-free
isolation step, but the final product obtained after antisolvent
precipitation is free of contaminants and is not degraded.
After isolating the nanocrystals, they should generally be

stored as concentrated dispersions. Nanocrystals stored as a
dry powder are much more susceptible to degradation than
dispersions. Most metal halide perovskite nanocrystals are also
sensitive to oxygen, moisture, and light, and we have found
that nanocrystals remain most stable when dispersed in
nonpolar solvents like hexane or toluene, sealed under inert
atmosphere, wrapped with aluminum foil, and stored in a
refrigerator. Many different techniques have been used to track
the stability of metal halide perovskite nanocrystals, including
XRD,20 TEM,93 dynamic light scattering,65 Fourier transform
infrared (FTIR) spectroscopy,94 and PL QY measurements.79

There are a number of ongoing efforts to develop more
effective postsynthetic surface treatments to passivate surface
defects and improve the stability of perovskite nanocryst-
als.92,95−102 A wide range of surface-passivating agents have
been tried on CsPbBr3 and/or CsPbI3 nanocrystals, including
quaternary ammonium bromides,96 octylphosphonic acid,97

hexylphosphonate,92 trioctylphosphine,98 tri-n-butylphos-
phine,99 bidentate ligands like 2,2′-iminodibenzoic acid,100

and sodium or ammonium salts like sodium thiocyanate
(NaSCN)101 or sodium tetrafluoroborate (NaBF4).

102 These
treatments have enhanced colloidal stability and photostability
and shown improvements in the PL QYs of CsPbBr3 and/or
CsPbI3 nanocrystals, with some having reached nearly 100%
PL QY. Less has been done with hybrid organic−inorganic
perovskite (HOIP) nanocrystals and lead-free double perov-
skite nanocrystals.

■ TEM SAMPLE PREPARATION AND IMAGING
For TEM imaging, CsPbI3 and MAPI nanocrystals should be
imaged as soon as possible after being deposited and dried on a
TEM grid. These nanocrystals degrade quickly in airwithin a
few hours. Figure 9a,b shows CsPbI3 and MAPI nanocrystals
that were imaged 5 h after preparing the TEM grids. The large,
circular nanocrystals in Figure 9a are mostly δ-orthorhombic
phase CsPbI3, and the MAPI nanocrystals in Figure 9b are
largely rod- and wire-shaped, which signals the formation of
hydrated MAPI103 and the decomposition product, PbI2.

10 In
comparison, TEM imaging of CsPbBr3 and Cs2AgBiBr6
nanocrystals tends to be easier because samples on TEM
grids are relatively stable in air and can be imaged without
losing their morphology or degrading for several days. We have
been able to image a few samples even months after depositing
them on a TEM grid.
For studying superlattices, it is important to understand the

stability of the nanocrystals. To prepare nanocrystal super-

lattices for TEM imaging, we often place a TEM grid flat on
the bottom of a vial, immersed in a concentrated dispersion,
and let the solvent evaporate overnight. For most metal halide
perovskite nanocrystals, this needs to be done in a glovebox or
under inert atmosphere to retain the integrity of the
nanocrystals.21,59

High resolution TEM or scanning transmission electron
microscopy (STEM) imaging often requires additional treat-
ment of the TEM samples to remove excess ligands. Heating
the TEM grid under vacuum can remove excess ligand, but this
rapidly degrades the nanocrystals and induces unwanted
growth and aggregation. We tend to briefly dip the grid into
methyl acetate for about 1 s and image the sample as soon as
possible. After the dip, the nanocrystals are even more
susceptible to degradation in air and moisture. To further
reduce carbon contamination, the grid can be loaded into the
TEM and left under vacuum for a few hours with the beam
turned off.
Metal halide perovskite nanocrystals are also sensitive to

beam damage.105,106 The beam induces the formation of high-
contrast spots near the edges and corners of the nanocrystals,
as shown for example in Figure 9c,d for CsPbI3 and
Cs2AgBiBr6. These high contrast spots are Pb0 in the case of
CsPbX3 nanocrystalsthe result of beam-induced reduction of
Pb2+ to Pb0 and volatilization of the halogen species.106

Similarly, Ag nanoparticles form at the surfaces of Cs2AgBiBr6
nanocrystals.7 Sometimes, the beam induces coalescence of
neighboring nanocrystals. An example of this is highlighted in
Figure 9c. Sometimes this beam-induced coalescence does not
degrade the nanocrystals; for example, CsPbBr3 nanocrystals

Figure 9. TEM images of degraded (a) CsPbI3, (b) MAPI, (c) CsPbI3
and (d) Cs2AgBiBr6 nanocrystals. The (a) CsPbI3 and (b) MAPI
nanocrystals had been left out in air at 50% relative humidity for 5 h
before imaging, and the (c) CsPbI3 and (d) Cs2AgBiBr6 nanocrystals
were imaged immediately after preparing the samples. The
degradation in (c) and (d) are due to the effects of the electron
beam. In (c), domains are highlighted in yellow of two neighboring
nanocrystals coalescing. In (d), the regions highlighted in orange are
the initial locations of Cs2AgBiBr6 nanocrystals that have evaporated
under the beam and small Ag nanoparticles have formed. All images
were acquired on a JEOL 2010F TEM at 200 kV.
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have been observed to coalesce without any change in
elemental composition or electronic structure.107 Sometimes
the beam will completely destroy the nanocrystals.105,106 In the
TEM image in Figure 9d, some of the Cs2AgBiBr6 nanocrystal
cores have disappeared, leaving only a few Ag particles behind.
Hybrid organic−inorganic perovskites (HOIP) especially
suffer from decomposition under the beam; for example,
MAPI decomposes into PbI2.

104,108,109 Different strategies have
been used to try to eliminate degradation due to the beam,
including dose minimization,108 in-line holography,105 and
cryo-EM,104 but this has been a general challenge with TEM
characterization of metal halide perovskite nanocrystals.

■ CONCLUSIONS
The synthesis of uniform, dispersible metal halide perovskite
nanocrystals with high quality optical properties requires the
control of reactant concentrations, reaction temperatures, and
time. For CsPbI3 nanocrystals, for example, the reaction
temperature, time, and quenching need to be carefully
controlled in order to trap the desired, metastable perovskite
phase. Some reactions happen very quickly, but not in all cases.
Most syntheses involve metathesis reactions and amines
especially OAmas capping ligands. Purification can be
accomplished by antisolvent precipitation strategies, but the
antisolvent chemistry and separation procedures have required
a significant amount of optimization compared to other types
of nanocrystals due to the relatively labile, ionic bonding of the
capping ligands to the metal halide surface. We have tried to
show some of the benefits of using antisolvent precipitation to
isolate nanocrystals compared to “antisolvent-free” separations.
We finally discussed some of the practical issues that face TEM
characterization of metal halide perovskite nanocrystals, which
include air sensitivity of TEM samples and electron beam
damage. We hope that this perspective helps explain and
resolve some of the known troubles that researchers have
encountered when working with metal halide perovskite
nanocrystals. In the end, we encourage researchers to report
(and discuss) more of the seemingly trivial experimental details
in their paperswhich have turned out not to be so trivial.
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Bernstein, N.; Lyons, J. L.; Stöferle, T.; Mahrt, R. F.; Kovalenko, M.
V.; Norris, D. J.; Raino,̀ G.; Efros, A. L. Bright Triplet Excitons in
Caesium Lead Halide Perovskites. Nature 2018, 553, 189−193.
(19) Raino, G.; Becker, M. A.; Bodnarchuk, M. I.; Mahrt, R. F.;
Kovalenko, M. V.; Stoferle, T. Superfluorescence from Lead Halide
Perovskite Quantum Dot Superlattices. Nature 2018, 563, 671−675.

Chemistry of Materials pubs.acs.org/cm Perspective

https://dx.doi.org/10.1021/acs.chemmater.0c01735
Chem. Mater. 2020, 32, 5410−5423

5420

https://dx.doi.org/10.1126/science.aam7093
https://dx.doi.org/10.1126/science.aam7093
https://dx.doi.org/10.1126/science.aam7093
https://dx.doi.org/10.1021/acsenergylett.0c00039
https://dx.doi.org/10.1021/nl5048779
https://dx.doi.org/10.1021/nl5048779
https://dx.doi.org/10.1021/nl5048779
https://dx.doi.org/10.1021/acsnano.5b08193
https://dx.doi.org/10.1021/acsnano.5b08193
https://dx.doi.org/10.1021/acsnano.5b08193
https://dx.doi.org/10.1002/chem.201805032
https://dx.doi.org/10.1002/chem.201805032
https://dx.doi.org/10.1021/acs.nanolett.7b04659
https://dx.doi.org/10.1021/acs.nanolett.7b04659
https://dx.doi.org/10.1021/acs.nanolett.7b04659
https://dx.doi.org/10.1021/acs.nanolett.8b00560
https://dx.doi.org/10.1021/acs.nanolett.8b00560
https://dx.doi.org/10.1021/acs.nanolett.8b00560
https://dx.doi.org/10.1021/acs.chemmater.8b04202
https://dx.doi.org/10.1021/acs.chemmater.8b04202
https://dx.doi.org/10.1021/acs.chemmater.8b04202
https://dx.doi.org/10.1021/jacs.8b07983
https://dx.doi.org/10.1021/jacs.8b07983
https://dx.doi.org/10.1002/anie.201909525
https://dx.doi.org/10.1002/anie.201909525
https://dx.doi.org/10.1021/acsnano.6b07574
https://dx.doi.org/10.1021/acsnano.6b07574
https://dx.doi.org/10.1021/acsnano.6b07574
https://dx.doi.org/10.1021/acsnano.6b07574
https://dx.doi.org/10.1039/C5NR06890H
https://dx.doi.org/10.1039/C5NR06890H
https://dx.doi.org/10.1039/C5NR06890H
https://dx.doi.org/10.1021/acs.chemmater.7b01705
https://dx.doi.org/10.1021/acs.chemmater.7b01705
https://dx.doi.org/10.1021/acs.chemmater.7b01705
https://dx.doi.org/10.1021/acsnano.7b00116
https://dx.doi.org/10.1021/acsnano.7b00116
https://dx.doi.org/10.1021/acsnano.7b00116
https://dx.doi.org/10.1021/acs.chemmater.7b01384
https://dx.doi.org/10.1021/acs.chemmater.7b01384
https://dx.doi.org/10.1021/acs.chemmater.7b01384
https://dx.doi.org/10.1021/acs.nanolett.6b02688
https://dx.doi.org/10.1021/acs.nanolett.6b02688
https://dx.doi.org/10.1021/acs.nanolett.6b02688
https://dx.doi.org/10.1021/acsenergylett.7b00547
https://dx.doi.org/10.1021/acsenergylett.7b00547
https://dx.doi.org/10.1038/nature25147
https://dx.doi.org/10.1038/nature25147
https://dx.doi.org/10.1038/s41586-018-0683-0
https://dx.doi.org/10.1038/s41586-018-0683-0
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c01735?ref=pdf


(20) Swarnkar, A.; Marshall, A. R.; Sanehira, E. M.; Chernomordik,
B. D.; Moore, D. T.; Christians, J. A.; Chakrabarti, T.; Luther, J. M.
Quantum Dot-Induced Phase Stabilization of Alpha-CsPbI3 Perov-
skite for High Efficiency Photovoltaics. Science 2016, 354, 92−95.
(21) Thomas, C. J.; Zhang, Y.; Guillaussier, A.; Bdeir, K.; Aly, O. F.;
Kim, H. G.; Noh, J.; Reimnitz, L. C.; Li, J.; Deepak, F. L.; Smilgies,
D.-M.; Milliron, D. J.; Korgel, B. A. Thermal Stability of the Black
Perovskite Phase in Cesium Lead Iodide Nanocrystals Under Humid
Conditions. Chem. Mater. 2019, 31, 9750−9758.
(22) Sanehira, E. M.; Marshall, A. R.; Christians, J. A.; Harvey, S. P.;
Ciesielski, P. N.; Wheeler, L. M.; Schulz, P.; Lin, L. Y.; Beard, M. C.;
Luther, J. M. Enhanced Mobility CsPbI3 Quantum Dot Arrays for
Record-Efficiency, High-Voltage Photovoltaic Cells. Sci. Adv. 2017, 3,
eaao4204.
(23) Hazarika, A.; Zhao, Q.; Gaulding, E. A.; Christians, J. A.; Dou,
B.; Marshall, A. R.; Moot, T.; Berry, J. J.; Johnson, J. C.; Luther, J. M.
Perovskite Quantum Dot Photovoltaic Materials beyond the Reach of
Thin Films: Full-Range Tuning of A-Site Cation Composition. ACS
Nano 2018, 12, 10327−10337.
(24) Suri, M.; Hazarika, A.; Larson, B. W.; Zhao, Q.; Valleś-Pelarda,
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