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ABSTRACT: The advent of lead halide perovskite nanocrystals ~ °°
(NCs), which are easily synthesized, ultralow-cost materials and 8
have an impeccable luminous efficiency, has drastically changed the o7 =
future perspective of semiconductor quantum dot devices.
Although the band gap energy of lead perovskite NCs can be
tuned by the halide composition, the instability problem prevails
for mixed-halide perovskite NCs, caused by phase segregation due
to ion migration when an external electric field or light is applied. -
To avoid this problem and obtain the stable emission of RGB R cc (0.134, 0.057)
primary colors, in this study, two synthesis pathways of pure-halide )
perovskite NCs are proposed. One approach is the modified hot
injection method with “centrifugation of a frozen eutectic mixture” x
to separate small NCs efficiently, and the other is the “low-

temperature mixing and heat-up method” for target materials including CsPbl;, CsPbBr;, and CH(NH,),PbBr; (FAPbBr;). The
emission wavelength of FAPbBr; is tuned ion-stoichiometrically, unlike Cs perovskites. These various synthesis pathways of pure-
halide perovskite NCs enable the efficient production of high-quality perovskite NCs and allow precise tuning of the emission color
to the desired wavelength. Although there are still several “gaps” remaining in the available emission wavelength, the new
methodology proposed in this study could potentially be employed for manufacturing more stable perovskite NC-based
optoelectronic devices.
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1. INTRODUCTION QD TVs have better color performance, longer service life, and
: 10,11 . .
Electroluminescent devices and photoelectric conversion lower productllon cost. " The representative .c01101da1 QDs
devices using solid-state semiconductor materials with a are IIl—;/'I semiconductor NCs such as cadmium chalcoge.—
suitable band gap have been developed for light—emitting nides, ~ and some of others from II§—9VHor -III-VI, semi-
diode (LED) light sources, displays, solar cells, lasers, etc.'~ conductor NCs have been developed.””  These traditional
The physical properties of these semiconductor materials are QDs present common problems concerning sensitivity to
normally controlled by doping impurities, and the performance surface defects, and surface passivation by core-shell structures
of the resulting semiconductor devices is constantly improving is required to obtain stable emission and improve luminous
with advances in nano-/microfabrication techniques. Apart efficiency.'*™'® Therefore, the synthetic procedure of these
from solid-state semiconductors, colloidal semiconductor QDs is inevitably complicated, especially when trying to
nanocrystals (NCs), also known as colloidal quantum dots achieve a lattice-matched core-shell structure.
(QDs), have also attracted considerable attention in recent In recent years, the advent of lead halide perovskite NCs,
years as alternative powerful components for semiconductor which are easily synthesized, ultralow-cost materials and have
devices. an impeccable luminous efficiency, has drastically changed the
When the size of optical and electronic materials decreases future perspective of QD devices.” > The efficiency of light-

to the range of 1—100 nm, certain materials would exhibit
altered properties according to their size and shape, which
results in various band gap ranges.” By combining the chemical
composition and the size/shape of QDs, wide-emission colors
covering ultraviolet to near-infrared have been obtained,
satisfying various industrial needs.”””

QDs have narrow, wavelength-adjustable emission and
excellent luminous efficiency and can provide accurate color
performance in high-brightness displays. Compared with
organic LED TVs, which are currently high-end products,

emitting devices and solar cells using perovskite NCs has
caught up with that of traditional QD devices within a short
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Figure 1. Reaction temperature-dependent PL and absorption spectra (left) and TEM images (right) of CsPbl; NCs synthesized by the hot
injection method (A1—A9). The shape of NCs at 180 °C (a) and 140 °C (b) is cubic, and those at 120 °C (c) and 100 °C (d) are hexagonal but
partly includes square or rectangular nanoplates (in the yellow frames). The insets are the in-plane size distribution of CsPbl; NCs obtained from
the TEM image in the yellow frames. For rectangular nanoplates, the values are obtained from the longer side. The size of hexagonal NCs is not

counted.

period.”"** All-inorganic lead-halide perovskite CsPbX; (X =
Cl, Br, or I) was synthesized in the early 1950s,>* but its
superior optical properties were not found until 2009. The
solar cell with an energy conversion efficiency of up to 3.8%
was developed using a metal—organic halide perovskite,
methylammonium lead iodide (MAPbL,),”* and this study
has been followed by many other researchers.'”*> Owing to
the success of metal—organic halide NCs, all-inorganic
perovskites have received attention again, and CsPbX; NCs
with excellent luminescence properties were reported in
2015."* CsPbX; has a similar structure to MAPbX; but is
more stable and has a higher photoluminescence quantum
yield (PLQY) (~90%), a narrow full width at half maximum
(FWHM) (12—42 nm), and a wide emission spectrum
covering the entire visible wavelength range (400—700 nm).

The band gap energy of these perovskite NCs can be easily
tuned by varying the mixing ratio of halogens, which can even
be achieved by ion exchange after NC synthesis.”® However,
these mixed-perovskite NCs have low stability under an
external electric field or light irradiation,””*® where multiple
halogen elements inside mixed halide perovskites start showing
various reactions and displacements, which leads to phase
segregation and decomposition except in some cases.”” These
materials also exhibit an emission spectral shift during
photoexcitation or electrical excitation, which impairs the
quality of commercial displays that demand stringent reliability
standards.”’"
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To avoid these problems and obtain the stable emission of
RGB primary colors that meet the Rec. 2020 standard, in this
study, two synthesis pathways of pure-halide perovskite NCs
are proposed. One approach is the “modified hot injection
method”, and the other is the “low-temperature mixing and
heat-up method” as our original strategy. These methods are
applied for the synthesis of CsPbl;, CsPbBr;, and CH-
(NH,),PbBr, (FAPbBr,).

In the hot injection method, the size of the QDs and
emission wavelength are generally determined by (i) the
preparation conditions for precursors, (ii) the reaction
temperature when the precursors are mixed, and (iii) the
reaction time after mixing. However, perovskite compounds
are highly reactive and nucleation and growth proceed within
seconds after mixing,18 so (iii) controlling the reaction time is
practically impossible. Therefore, in this study, we tried to
optimize the preparation conditions of the PbX, precursor by
using ligand molecules. In practice, we lowered the reaction
temperature and shortened the reaction time by optimizing the
amount of ligand molecules, leading to success in synthesizing
small, high-quality NCs even if the mixing temperature of the
precursors was as high as that in a standard hot injection
method, which was 150 to 170 °C (“modified hot injection
method”). In addition, we developed a purification method
named “centrifugation of a frozen eutectic mixture” to separate
small homogeneous NCs from the reaction mixture, which was
used in combination with the modified hot injection method.

https://doi.org/10.1021/acsomega.1c05001
ACS Omega 2022, 7, 565—-577
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These synthetic methodologies were applied for the synthesis
of CsPbly (C1—C3) and CsPbBr, (F1).

The “low-temperature mixing and heat-up method” is
developed to separate nucleation and growth processes by
lowering the temperature (<40 °C) when precursors are
mixed. After mixing, the reaction solution was heated to a
certain temperature. In this synthetic method, perovskite NCs
grow from one dimension to two dimensions depending on the
reaction temperature via a thermodynamically controlled
reaction.”> The emission wavelength of the two-dimensional
NCs synthesized by this low-temperature mixing method
appeared at a shorter wavelength than that of the three-
dimensional NCs synthesized by the hot injection method.
These synthetic methodologies were applied for the synthesis
of CsPbl; (D1-D2) and CsPbBr; (G1-G6).

For the case of FA perovskite NCs, the emission wavelength
is controlled by the amount of the cation precursor (FA-
oleate), where large NCs could be synthesized without raising
the temperature. This method solved the problem of instability
for FA perovskites in high-temperature reactions (the reaction
temperature was 160 °C, so we categorized this method as a
“modified hot injection method”). These synthetic method-
ologies were applied for the synthesis of FAPbBr; (H1—-HS).

In this study, CsPbl; (A1—A9 and B1-B9) and CsPbBr,
(E1—E4) were synthesized by conventional methods (hot
injection method + centrifugation or antisolvent-assisted
precipitation method). We found a couple of interesting
phenomena through the experiments by evaluating a wide
range of reaction conditions, which led to the idea of the
original “low-temperature mixing and heat-up method”
mentioned above. A series of lead—halide perovskite NCs
synthesized in this study is summarized in the Supporting
Information.

2. RESULTS AND DISCUSSION

2.1. Synthesis of CsPbl; by the Hot Injection Method:
Effect of Reaction Temperature and Reaction Time
(Samples A1—A9). The synthesis of CsPbl; NCs was
conducted by the conventional hot injection method. Figure
1 shows the reaction temperature-dependent PL and
absorption spectra of CsPbl; NCs. The reaction time was S
s for all experiments. The PL wavelength of the 180 °C sample
was 699 nm, which is close to the bulk crystal PL wavelength
of 717 nm (1.73 eV). The PL and absorption wavelengths
exhibited a blueshift as the reaction temperature decreased, i.e.,
as the NC size decreased. However, the low-temperature
reaction below 150 °C was not homogeneous as observed by
the broadened PL spectra. When the reaction temperature was
110 °C or below, the PL peak position changed to 600 nm.
Interestingly, a large gap in the PL wavelength between 600
and 670 nm appeared for such a small temperature change.

Figure la—d shows Transmission electron microscopy
(TEM) images of CsPbl; NCs synthesized at various
temperatures. The NCs synthesized at 180 °C (Figure la)
and 140 °C (Figure 1b) exhibited a square (cubic) structure as
a main component. Upon careful examination, the products at
180 °C exhibited a clear boundary between the NCs, while
those at 140 °C appeared to be partly fused. This observation
implies that 140 °C is the critical temperature for the stable
formation of cubic CsPbl; NCs. Although a small shoulder
peak appeared at 140 °C, small NCs were not confirmed in the
TEM images. At 120 °C (Figure 1c) and 100 °C (Figure 1d),
the main crystalline structure changed from cubic to hexagonal.
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Figure 1c,d includes square- or rectangular-shaped nanoplates
with thicknesses of a few nanometers (observed as a low-
contrast image) in the yellow-marked frames. These hexagonal
NCs are known as a typical perovskite derivative with a wide
band gap, Cs,Pbly, generally formed by synthesis with an
excessive amount of Cs-oleate precursor (see Figure 2c).*
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Figure 2. (a) XRD data of CsPbl; NCs synthesized by the hot-
injection method (drop-cast film) at 100—180 °C (Al, A4, AS, and
A9). For comparison, the Cs,Pblg NCs synthesized by using excess
Cs-oleate precursor (five times the amount) and the databases of the
bulk perovskites (a-CsPbly and Cs,Pbl) are shown together. (b)
Magnified (200) facet signals. (¢) TEM image of Cs,Pbl; NCs
synthesized by using excess Cs-oleate precursor.

Although this is an undesired material with no emission of
visible light, the production of Cs,Pbly NCs via low-
temperature synthesis is a newly found phenomenon. The
short-wavelength PL of the low-temperature NCs (A7—A9)
likely originates from the nanoplates in the yellow-marked
frames in Figure 1c,d. These nanoplates were thin, but the in-
plane size was larger than the cubic CsPbl; NCs.

Figure 2a presents the result of X-ray diffraction (XRD)
analysis of sample A (A1, A4, AS, and A9) in comparison with
Cs,Pbls NCs synthesized by using excess Cs-oleate precursor
(five times the amount) and the databases of bulk perovskites
(a-CsPbl, and Cs,Pblg). The data clearly confirmed that the
180 °C (Al), 150 °C (A4), and 140 °C (AS) products are
cubic. Unlike in the bulk crystals, here, only the signals on the
(100) and (200) facets were detected, which was slightly
shifted to the larger angles compared with the a-CsPbl; data
base, suggesting a small lattice constant compared with the
bulk materials. On the other hand, the XRD result of the 100
°C product (A9) perfectly agreed with those of Cs,Pbly NCs
and bulk Cs,Pbl,, which supports our assumption that the
hexagonal NCs formed at low temperatures are Cs,/Pbls. Since
the Cs,Pbl; NCs are rigid and stable, the XRD peak positions
well agreed with that of bulk data. The amount of a-CsPbl,
was very little compared to Cs,Pblg as shown in the TEM
image (Figure 1d); the XRD spectra of A9 appeared about
identical to that of Cs,Pbl; NCs (main component).

Figure 2b shows the magnified (200) facet signals of 180,
150, and 140 °C products. As the reaction temperature
decreased, the peak FWHM broadened, i.e., the size of the

https://doi.org/10.1021/acsomega.1c05001
ACS Omega 2022, 7, 565—-577
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NCs must decrease as the reaction temperature decreases
according to the following Scherrer equation

K2
T =
pf cos O

(1)

Here, 7 is the mean size of the crystalline material, K is the
shape factor, 4 is the X-ray wavelength, f is the peak FWHM,
and 0 is the Bragg angle. This result is consistent with the
blueshifted PL spectra and the TEM images shown in Figure 1.

Figure 3 shows the influence of reaction time (the time after
cationic precursor injection and before quenching). When
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Figure 3. Reaction time-dependent PL spectra of sample A
synthesized at (a) 180 °C (Al) and at (b) 100 °C (A9). TEM
images of the NCs synthesized at 100 °C for (c) 30 s and (d) 60 s.
The main product was hexagonal Cs,Pbls NCs, but CsPbl;
nanoplates were also found in the yellow frames (thickness was
determined to be 4.5—5 nm).

CsPbl; NCs were synthesized at a high temperature (180 °C),
the emission spectra of the products synthesized with different
reaction times overlapped as shown in Figure 3a. The large
noise in the spectra of the 0 s product suggests a lower PLQY
(Here, the reaction time “0 s” means that the flask was placed
in ice water immediately after injection of the Cs-oleate
precursor). This means that the reaction time in the range of a
few seconds has little influence on the product.

The data show that the influence of reaction time increases
for the synthesis at low temperatures. The PL spectra shown in
Figure 3b exhibited two peaks at 600 and 630 nm, marked by
orange and red bands. As the reaction time increased from 0 to
30 s, the PL intensity at 600 nm gradually decreased while the
PL intensity at 630 nm increased. The data at 0 and S s did not
show a significant difference, which may be due to the
experimental error given such a short reaction time. The data
at 30 and 60 s appeared the same, both of which had an
emission peak only at 630 nm. The TEM images in Figure 3c
(30 s) and Figure 3d (60 s) were also identical. This result
suggests that the reaction was completed at 30 s and the main
product of the low-temperature reaction was hexagonal
Cs,Pblg NCs regardless of whether the reaction time was
long or short. As mentioned earlier, hexagonal Cs/Pbls NCs
are a material with no visible emission, and the emission found
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in the PL spectra likely originates from the nanoplates marked
by yellow frames in the same way, as shown in Figure 1c,d. As
presented in Figure 1, the PL wavelength of low-temperature
and short-reaction time products (100—120 °C; reaction time,
S s) appeared at 600 nm for nanoplates in the "face-up”
arrangement. On the other hand, as shown in Figure 3, the PL
wavelength of low-temperature and long-reaction time
products (100 °C; reaction time, 30—60 s) appeared at 630
nm for nanoplates in a stacked and vertically aligned structure.
The thickness of the nanoplates was estimated to be 4.5—5 nm,
corresponding to a seven- or eight-layer thickness of CsPbl,
unit cells.

By a series of experiments, we confirmed that the PL peak
position could be tuned by the reaction time and temperature
even by the hot injection method. However, a PL wavelength
gap between 630 and 670 nm remains. This means that the
ideal primary color of red at approximately 650 nm as our
target could not be achieved by this conventional hot injection
method. This problem could be solved as described in the
following section.

2.2, Purification of CsPbl; by the Antisolvent-
Assisted Precipitation Method (Samples B1-B9). As
the reaction temperature decreased, the amount of products
isolated by centrifugation decreased, and the color of the
supernatant intensified (Figure S1 in the Supporting
Information). This result indicates that a large amount of
product remained in the reaction mixture solution, which
should be smaller NCs. On the other hand, when NCs were
synthesized at 110 °C or below, a large amount of NCs
precipitated and the supernatant was less colored. The reason
is likely that the products changed from CsPbl; to Cs,Pbl at
this temperature as suggested by the TEM and XRD data.

The technique of adding an antisolvent (usually polar
solvents such as acetonitrile, acetone, butanol, methyl acetate
(MA), or ethyl acetate (EA)) to the reaction solvent of 1-
octadecene (ODE) to accelerate the precipitation of products
has been reported.'®**™*® However, polar solvents are usually
destructive to perovskite NCs. Therefore, this is a risky
approach and requires careful selection of the appropriate
solvent and dosage. We found that a small amount of acetone
or butanol caused the decomposition of CsPbl; NCs. On the
other hand, an appropriate amount of MA and EA promoted
the precipitation of small NCs.

Absorption and PL spectra of the CsPbl; NCs (sample A)
purified with EA-assisted precipitation are shown in Figure 4a
(sample B). The shape of the PL spectra became smooth and
symmetric by EA-assisted precipitation. The PL wavelength of
the product synthesized at 120—100 °C changed continuously
between 650 and 690 nm, unlike sample A in Figure 1. The PL
wavelength could also be adjusted by the dosing amount of EA.
Figure 4b shows the spectrum change of the product
synthesized at 100 °C with different amounts of EA. Here,
1-5X indicates the volume ratio of EA relative to that of the
reaction solvent ODE; 1X corresponds to the addition of S mL
of EA. As the amount of EA increased, the peak at 600 nm first
shifted to 630 nm for 1X and then eventually to 650 nm for
SX. Thus, by adding an appropriate amount of EA (5X for the
B9 sample), the subpeak materials could be removed.
Furthermore, the 650 nm emission corresponding to the
ideal primary color of red is successfully demonstrated, which
could not be obtained in the series of sample A.

This phenomenon can be interpreted as follows. By the
addition of EA, CsPbl; nanoplates with a larger surface area

https://doi.org/10.1021/acsomega.1c05001
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Figure 4. The effect of EA on isolation of the products. (a) PL and absorption spectra of products isolated by using SX EA (B1-B9). (b) The
influence of the dosing amount of EA on the spectrum of the reaction mixture obtained at 100 °C. Here 1—5X means the volume ratio of EA
against the reaction solvent ODE; 1X corresponds to the addition of S mL of EA. (c) TEM images of the product synthesized at 100 °C and
isolated by using SX EA. The image confirmed that the hexagonal Cs,Pblg NCs (no luminescent material) still remained. The magnified image of
cubic CsPbl; NCs (left) and the NC size distribution (right) are shown as insets.

become unstable in ODE and transform into nanocubes to
reduce their surface energy. In fact, after adding an extra
amount of EA, the nanoplates with short emission wavelengths
were selectively destructed and only nanocubes with a longer
emission wavelength remained in the TEM image (see the left
inset in Figure 4c) together with the hexagonal Cs,Pbl; NCs.
It is also noted that the size distribution of nanocubes
increased by this synthesis method (see the right inset in
Figure 4c), which is in good agreement with the broad PL
spectrum of B9 (Figure 4b); thus, further improvement in the
synthesis methodology is certainly required.

2.3. Synthesis of CsPbl; by the Modified Hot Injection
Method and Centrifugation of a Frozen Eutectic
Mixture (Samples C1-C3 and C1'—C3’). As a summary
of the previous experiments, we encountered difficulty in
isolating NCs with 630—670 nm emissions by controlling the
reaction temperature or time. When the reaction temperature
was lower than 140 °C, byproducts were formed and the PL
spectra exhibited irregular shapes. When the reaction temper-
ature was further lowered to 120 °C or below, hexagonal,
nonfluorescent Cs,Pbl NCs (unfavorable) were formed, and
they were difficult to remove. Therefore, the feasible reaction
temperature should be above 150 °C. However, as shown in
Figure S1 in the Supporting Information, small NCs were
difficult to isolate by regular centrifugation and remained in the
supernatant. To solve this problem, we have developed a new
purification methodology named “centrifugation of a frozen
eutectic mixture” to isolate small homogeneous NCs.

There have been a couple of related reports using toluene
and low temperature to induce the precipitation of NCs.***
Toluene was added to the crude solution after synthesis and
kept at low temperature, and impurities were removed by
solidification from the pure product. This method was
developed to prevent chemical damage to the NC product
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caused by the addition of polar antisolvents. We tried to use
this method to precipitate small NCs from the crude solution.
Toluene is a good solvent for NC products encapsulated by
nonpolar ligands. However, toluene and the reaction solvent
ODE were not perfectly miscible, and they tended to become
separated into two phases during the cooling process to —14
°C. The melting point of ODE is 14 °C, so when the solution
was chilled, phase-separated ODE was solidified and settled at
the bottom of the centrifuge tube. This problem was solved by
using hexane instead of toluene. Hexane is also a good solvent
for NCs, and its melting point is the same as that of toluene.
However, the miscibility of hexane with ODE is higher than
that of toluene, so we could obtain a totally solidified mixed
solution (frozen eutectic mixture) at —14 °C. By centrifugation
of the frozen eutectic mixture, we could isolate small NCs with
a high yield. The whole procedure (a—d) and the obtained PL
spectra (e) are shown in Figure S.

The mechanism to isolate small NCs is as follows; during
“centrifugation of a frozen eutectic mixture,” the hexane or
hexane-rich solution with lower freezing point melts before the
ODE or ODE-rich solution melts, and the NCs dispersed in
this low-viscosity solution precipitates at the early stage of
centrifugation. However, when centrifugation is continued,
melted viscous solvent and ligands (ODE, oleic acid (OA), and
oleylamine (OLA) coprecipitate on top. These extra materials
are removed by further centrifugation in hexane without using
the freezing method. As summarized in Figure 5f, the repeated
purification improved the quality of the NCs. In general,
chemical purifications have adverse effects on the stability of
perovskite NCs, and the number of purifications should be
limited."®***>*” We found that our method did not damage
the NCs and could be performed repeatedly.

Figure 6 shows the morphology and size distribution of the
3X purified small CsPbl; NCs synthesized at 160 °C. After
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Figure S. Purification methodology by “centrifugation of a frozen
eutectic mixture” for CsPbl; products (synthesized at 160 °C). (a)
The crude reaction mixture solidified by cooling in an ice water bath.
The main components are ODE, OA, and OLA. (b) The sample after
the first isolation (without freezing). The deep red precipitates are the
large CsPbl; NCs. (c) The solidified supernatant with three volumes
of hexane in a —14 °C freezer for 1 h. (d) The sample after the second
isolation at —5 °C. A large amount of small NCs are precipitated. (e)
The PL spectra of the samples at each isolation process. (f) Emission
wavelength, FWHM, and PLQY with the number of purifications for
(i) large NCs (C2) and (ii) small NCs (C2’, primary red).

sufficient purification, the NCs showed good dispersibility and
a small size distribution. A single-NC high-resolution (HR)-
TEM image revealed that the interplanar spacing was 0.62 nm,
which corresponds to the (100) facet of cubic phase CsPbl,
consistently with other reports.”>*® The value of 0.62 nm is
slightly smaller than the lattice constant of bulk CsPbl, (0.64

nm), reflecting nanocrystalline characteristics, which is
consistent with the XRD data in Figure 2a.

For the synthesis of small CsPbl; NCs, we modified the hot
injection method to improve the yield. As mentioned above,
we found that the preparation condition of the lead iodide
precursor significantly influences the product, especially for the
case of reaction temperatures below 170 °C. The color of the
precursor solution gradually deepened from nearly colorless
light yellow to dark yellow during heating to 120 °C. Upon
further heating to 150 °C, the solid lead iodide salt tended to
be reprecipitated. This result indicates that the monomer
concentration reached critical solubility at high temperatures.
We also found that a high-concentration precursor solution
tends to form large particles with a relatively uniform size,
which is suitable for the synthesis of NCs with PL wavelengths
above 680 nm but not suitable for the synthesis of small NCs.
Based on this knowledge, we shortened the heating time of the
lead iodide precursor and simultaneously optimized the
amount of ligands (OA and OLA) to maintain a proper
concentration of the precursor at high temperatures. As
ligands, OA accelerates the formation of precursors and OLA
increases monomer solubility. A detailed discussion of the role
of solvent and ligands is available in Figure S2 in the
Supporting Information. This modification of the synthesis
conditions led to a slight blueshift of the PL wavelength of the
first isolated NCs and a reduced yield, while the yield of the
small, second isolated NCs was increased. By combining this
modified hot injection method and the purification by
“centrifugation of a frozen eutectic mixture”, we obtained
CsPbl; NCs with 643—680 nm emission wavelengths at
reaction temperatures of 150—170 °C, as shown in Figure 7a
(samples C1—C3 and C1'—C3’).

2.4. Synthesis of CsPbl; by the Low-Temperature
Mixing and Heat-Up Method (Samples D1 and D2). We
found that the reaction solution did not change color instantly
after mixing when the Cs-oleate precursor was injected at a
lower temperature such as 60 °C. However, if the reaction
mixture solution was heated for a period of time (more than 1
min), the solution started to color gradually. After 3 min of
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Figure 6. (a) TEM image of 3X purified CsPbl; NCs synthesized at 160 °C and (b) the magnified image. (c) The size distribution obtained from
the TEM image of (b). (d) HR-TEM image of a CsPbl; single crystal. The interplanar spacing of 0.62 nm corresponds to the (100) facet. The
possible atomic (column) arrangement is marked by three colors: white, Cs; blue, Pb; red, 1.
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Figure 7. (a) PL spectra of CsPbl; NCs synthesized at 150—170 °C
by the modified hot injection method (C1—C3 and C1’'—C3’). (b)
PL spectrum of CsPbl; NCs synthesized by low-temperature and
heat-up methods by injecting the Cs-oleate precursor solution at 60
°C (D1-D2). (c) Summary of the emission wavelength of CsPbl,
NCs. The spherical red marks are the NCs synthesized by the original
hot injection method (A1—A4). Products synthesized below 150 °C
by the hot injection method are omitted from the plots because of
unstable, multiple emissions.

reaction, the color change was almost saturated as detected by
the naked eye (Figure 7b, yellow line). When the reaction
proceeded at 100 °C for 3 min after injecting the Cs-oleate
precursor at 60 °C for 1 min, we obtained a product with a
slightly longer wavelength (Figure 7b, orange line). The PL
wavelengths of these two products (D1 and D2) are 605 and
631 nm, respectively, which are approximately the same as
those of CsPbl; nanoplates obtained by the hot injection
method at 100 °C (Figure 3b, A9). The difference is that the
conventional hot injection method at 100 °C produced a
mixed product with multiple emission wavelengths even at 0
min reaction time, while the products here at 60 °C showed a
single peak suggesting uniformly sized 2D nanoplates, and the
wavelength could be tuned by heating at 100 °C via a
controlled slow reaction process. For the conventional hot
injection method at high temperature, nucleation is completed
in an extremely short time, and then, 3D crystal growth
continues spontaneously (in seconds). This process brings
difficulty in controlling crystal grain size and uniformity. In
contrast, the low-temperature mixing method provides a
breakthrough for size and shape control of the CsPbl; NCs,
although the obtained PL wavelength was too short against the
target primary red (wavelength 650 nm). This low-temperature
mixing and heat-up method was suitable to obtain the primary
blue color (460 nm) for CsPbBr; as reported in our previous
paper.”” The mechanism of color control by this low-
temperature crystal growth is explained in a later section for
CsPbBr;,

2.5. Synthesis of CsPbBr; by the Hot Injection
Method (Samples E1—E4). CsPbBr; is the most widely
studied material among inorganic pure-halide perovskite NCs.
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Figure 8. (a) Reaction temperature-dependent PL spectra. TEM
images of CsPbBr; NCs synthesized at (b) 200 °C, (c) 170 °C, (d)
140 °C, and (e) 100 °C (samples E1—E4). (f) HR-TEM image of a
CsPbBr; single NC synthesized at 170 °C. The interplanar spacing of
0.59 nm indicates the (100) facet. The possible atomic (column)
arrangement is marked by three colors: white, Cs; blue, Pb; green, Br.
Absorption spectra of E1 and E2 are available in Figure S3 in the
Supporting Information.

temperature-dependent PL spectra and morphologies of the
obtained CsPbBr; NCs. The PL wavelengths of the CsPbBr;
NCs were blueshifted as the reaction temperature decreased to
200, 170, and 140 °C (Figure 8a). The TEM image in Figure
8b—d reveals that all reactions formed nanocubes. Although
the centrifugation conditions were the same for all reaction
crude solutions, the product synthesized at 200 °C included
large, thick NCs (dark domains), as shown in Figure 8b, which
suggests the difficulty of controlling the nucleation and growth
processes at high temperatures. In fact, this is the maximum
size that can be obtained as a colloidal dispersion. For such
large NCs, the PLQY was reduced due to the weakening of the
quantum confinement effect and exciton binding energy;
hence, these are not desired luminescence materials.

The NCs synthesized at 170 °C exhibited the narrowest
FWHM, corresponding to the smallest size distribution, as
shown in Figure 8c. The PL wavelength was 510 nm, which is a
typical value for CsPbBr; NCs reported in most studies. For
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the NCs synthesized at 140 °C, the morphology again became
nonuniform (Figure 8d), where the length and width of some
NCs were different from those of the original cubes. The NCs
synthesized at 100 °C were completely different from the other
NCs and included two large-grained polygons with different
shapes and nanowires (Figure 8e). NCs with a square shape
are likely orthorhombic-phase CsPbBr; (direct-band gap
semiconductor), while those with a rhombus shape are likely
Cs,PbBrg (wide-band gap insulator).”” These are the products
that typically appear at low temperatures.”” Thus, the largely
blueshifted multiple PL spectrum for 100 °C NCs likely
originates from other small structures that were not visible in
the TEM images. It should be noted that even if the reaction
temperature decreased from 200 to 100 °C, the PL peak
position did not reach the ideal blue color (~460 nm) by the
conventional hot injection method. The lattice constant of
orthorhombic-phase NCs is well agreed with the bulk value
(Figure 8f).

2.6. Synthesis of CsPbBr; by the Modified Hot
Injection Method and Centrifugation of a Frozen
Eutectic Mixture (Samples F1 and F1’). We have tried
the “modified hot injection method” and “centrifugation of a
frozen eutectic mixture” in the same way as for samples C1—
C3 and C1'—C3’ Here, the preparation time of the lead
bromide precursor was shortened to 30 min (half the original
reaction time). We used a reaction temperature of 170 °C,
which was the temperature that produced the most
homogeneous NCs in the conventional hot injection method
(Figure 8c). Because the dissolution rate of lead bromide
below 100 °C is significantly slower than that of lead iodide,
we could not use stepwise heating starting from 60 °C in the
case of CsPbBr; NCs. Instead, here we employed continuous
heating (lead bromide was dissolved in the middle of heating
before reaching 100 °C). The reaction time at 100 °C was 3
min. The PL spectral data of CsPbBr; NCs obtained by this
modified synthetic method are shown in Figure 9 (samples F1
and F1').

The synthetic result of CsPbBr; NCs basically reproduced
that of CsPbl; NCs. By reducing the heating time of the lead
bromide precursor solution, the PL wavelength of the product
was slightly blueshifted and the FWHM increased. However,
the amount of small CsPbBr; NCs obtained by the second
precipitation was much less than that of CsPbl; NCs, and the
PL wavelength of the second isolated NCs was 480 nm (sky
blue), which is the wavelength not attainable by the
conventional hot injection method, albeit still longer than
the target wavelength of 460 nm (right blue). The PLQY of
these blue-emitting CsPbBry; NCs was 41.8%.

2.7. Synthesis of CsPbBr; by the Low-Temperature
Mixing and Heat-Up Method (Samples G1-G6). The
result of the synthesis of CsPbBr; by the low-temperature
mixing and heat-up method has already been published in our
previous paper,”” so here, we mainly explain our concept
instead of the experimental details: how to control the
nucleation and growth process of NCs and obtain mono-
dispersed small NCs by this method.

As described above, the speed of the nucleation and growth
of perovskite NCs is quite fast, and it is difficult to control the
reaction over time for the conventional hot injection method.*’
We found that the low-temperature reaction of CsPbl; NCs
was sufficiently slow (e.g., 3 min); however, the PL property
did not depend on the reaction time but rather on the reaction
temperature. It seems that the reaction was no longer
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Figure 9. PL spectra of CsPbBr; NCs synthesized by the modified hot
injection method at 170 °C. The black dotted line represents the
product synthesized by the conventional hot injection method as a
control experiment. The green line represents the first isolated NC,
and the sky blue line represents the second isolated NC from the
supernatant. The inset images show the fluorescence color of NC
dispersions under UV light. The bottom panel shows a summary of
the PL peak position and FWHM of the CsPbBry; NCs (samples F1
and F1').

kinetically controlled but thermodynamically controlled in
chemical equilibrium. The PL wavelength of CsPbBr; NCs
synthesized by this method showed a large blueshift compared
with that of the NCs synthesized by the hot injection method.
The blueshift was too large for CsPbl; to obtain the target
primary red color, but it was just the desired level for CsPbBr;
to obtain the target primary blue color. As shown in Figure
10a, a blue emission color of 462 nm was successfully obtained
by optimizing the reaction temperature to 140 °C. We also
found that the yield could be improved by using the OA and
OLA ligands as the reaction solvent instead of ODE (improved
five times).

Figure 10b shows the PL spectrum change and scanning
transmission electron microscopy (STEM) images during the
reaction under heating from 55 to 140 °C. When the reaction
started, the PL wavelength was 445 nm, which gradually
redshifted to 462 nm by 3 min of reaction (final product: G6).
The morphology of NCs was also changed from small dot-like
NCs to nanorods (3.9 nm wide and 20 nm long; TEM image
at 100 °C in Figure 10b) and then stacked “nanostrips” (quasi-
2D NCs with 12 nm width and 3 nm thickness, TEM images at
140 °C in Figure 10b,c) by growth. Density functional theory
(DFT) calculations in our previous study reasonably
interpreted the optical characteristics of the nanorods and
nanostrips in consideration of 1D (nanorods) and 2D
(nanostrips) confinement effects on the electronic band gap
of CsPbBr;.”” For example, the asymmetric feature of the PL
spectrum with a wide “hem” at longer wavelengths is due to
asymmetric quantum confinement caused by different electric
transitions perpendicular or parallel to the line or plane of low-
dimensional materials. The PL spectrum data of samples G1—
GS were obtained by a 3 min reaction at each temperature (the
spectrum values were not identical to the data in Figure 10b).

The HR-TEM image in Figure 10c (left) shows the stacked
structure of nanostrips with a 5 nm pitch with ligands. Figure
10c (right) shows the lattice spacing of 0.58 nm, which
corresponds to the lattice constant of cubic CsPbBr; in (100)
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Figure 10. (a) PL spectra of CsPbBr; NCs synthesized by low-
temperature mixing (start temperature: 40 °C) and the heat-up
method (final temperature: 140 °C) with/without ODE solvent. The
inset image shows the CsPbBr; NC products obtained by
centrifugation (the yield is ca. five times improved with ODE).
Left, high yield of NCs synthesized without ODE solvent (only OA
and OLA); right, low yield of NCs synthesized with S mL of ODE
solvent. (b) PL spectrum change and STEM images during the
heating process from SS to 140 °C. (c¢) HR-TEM images of CsPbBr;
nanostrips stacked by self-assembly. The width and thickness of
nanostrips obtained from the image are 12 and 3 nm, the stacked
distance with ligands was S nm (left), and the lattice spacing was 0.58
nm (right) (G6, primary blue).

in good agreement with the XRD data.”* The lattice constant
of the nanostrips was slightly smaller than that of the
nanocubes (0.59 nm, Figure 8).

As important information, even if the reaction time was
extended for another 2 h, no further spectrum change
appeared. This is because the growth of NCs was controlled
thermodynamically.*> Therefore, the reproducibility of the
reaction was quite good compared with that of the conven-
tional hot injection method. The nanostrip product exhibits
better spectral qualities and is suitable for industrial application
of quantum-confined devices such as color displays or related
light-emitting applications (the products obtained by 140 °C
reaction exhibited a 462 nm emission wavelength with an
FWHM of 13 nm and a 94% PLQY, which meets the required
color criteria for primary blue).”

2.8. Synthesis of FAPbBr; by the Modified Hot
Injection Method (Samples H1—H8). FAPbBr; NCs have
the potential to be green-emitting materials with PL peaks over
530 nm, and thus, they have been extensively studied. In 2016,
Protesescu et al. reported that FAPbBr; synthesized by a three-
precursor hot injection method could achieve 530 nm light
emission.”* The advantage of this method is product tunability
through ion stoichiometry, unlike the two-precursor method.
The authors performed the synthesis without OLA, which
realized the reaction at a lower temperature and eventually
solved the problem of thermal instability of organometal halide
perovskite. In their study, the PL wavelength was tuned by
changing the ratio of lead and bromine. The only complexity of
their method is the necessity to use oleylammonium bromide
(OLAm-Br) precursor instead of an OLA ligand and a bromine
source. In this study, we propose a simpler method to control
the reaction by varying the ratio of the formamidinium
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precursor and lead bromide in the conventional two-precursor
method under a constant reaction temperature.

The reaction was conducted by changing the amount of FA-
oleate precursor at a reaction temperature of 160 °C (Figure
11). When the reaction temperature was higher than 160 °C,
the products decomposed during the reaction. Figure 1lab
shows the PL spectrum change with the volume of injected
FA-oleate precursor solution. The concentration of FA-oleate
solution was 0.3 mmol/mL. As the amount of FA-oleate
precursor increased, the PL spectrum gradually redshifted and
the FWHM narrowed. The data indicate that the size of NCs
was enlarged and the size distribution decreased.

The reaction with the smallest amount of FA-oleate solution
(0.6 mL) produced multiple PL peaks, which is similar to the
products synthesized by the hot injection method at a lower
temperature. The formation energy of FA perovskites is known
to be lower than that of Cs perovskites, ie., the reaction
temperature of 160 °C should be high enough, and the origin
of the multiple PL peaks was not the temperature. The TEM
images in Figure 11c for NCs synthesized by 0.6 mL of FA-
oleate precursor revealed the reason; various sizes of
nanocubes and nanoplates were formed, unlike the reaction
with 0.8 mL of FA-oleate precursor (Figure 11d). The
thickness of the darker nanocubes was larger than that of the
other nanoplates.

The mechanism of structural change for FAPbBr; by varying
the amount of FA-oleate precursor was discussed by
comparison with Cs perovskites. Both FA and Cs are
monovalent cations, and they play the same role in the
perovskite structure. However, if the same amount of FA
precursor as that of the Cs precursor was added, stable
products could not be obtained. For the synthesis of CsPbBr;,
the molar ratio of the precursor and the lead bromide
precursor should be 0.266; i.e., the reaction proceeds in an
environment rich in lead bromide. If the ratio of Cs and Pb is
1, a Cs,PbBrs NC (wide-band gap insulator) is formed instead
of CsPbBr; (although the ratio of Cs and Pb is 4 in theory).
This result suggests that Cs,PbBrg is a more stable structure
than CsPbBr;.

On the other hand, to form stable FAPbBr; products, the
molar ratio of formamidinium and lead bromide can be close
to 1. Even when this ratio was further increased, the obtained
product was still fluorescent. This result suggests that FAPbBr;
(luminescent) is more stable than FA,PbBr, (wide-band gap
insulator). In fact, we found only one report concerning the
synthesis of FA,PbBrs, which involved a solid-state reaction
and was totally different from the solution-based hot injection
method.”" Our results imply that an excess amount of
formamidinium is a driving force for promoting the growth
of nanocrystals for the reaction mechanism of FAPbBr; NCs.

In general, the structural stability of perovskite crystals can
be judged simply bg the tolerance factor proposed by
Goldschmidt in 1926*

ra + 1%

t= V2 (1 + 1y) (2)

where r,, rg and rx represent the radius of the A, B, and X ions,
respectively, for the perovskite structure ABX;. The primary
function of the A ion is to support and maintain the three-
dimensional network structure of the octahedron, and the A
ion must match the four adjacent octahedral voids. Twelve
adjacent X ions surround each A ion and form a 12-
coordinated structure. If the A ion is too large, it cannot be
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concentration of FA-oleate solution was 0.3 mmol/mL, and the reaction temperature was 160 °C. With increasing FA precursor amount, the PL
wavelength was redshifted and the FWHM was narrowed. (c, d) TEM image of FAPbBr; NCs synthesized by injection of (c) 0.6 mL (HS8) and (d)
0.8 mL (H4) of FA-oleate solution. The insets are the in-plane size distribution of FAPbBr; NCs obtained from the TEM image. The size
distribution of nanocubes and nanoplates (the long side of the rectangular plates) are shown separately for H8. (e) Octahedral layer number (n)-
dependent perovskite structures. (f) XRD data of FAPbBr; NC powder. Absorption spectrum of H4 is available in Figure S3 in the Supporting

Information (H4, primary green).

placed in the gap of the octahedral network. If the A ion is too
small, it would cause the collapse of the perovskite structure.
This semiempirical formula has achieved great success in
predicting the stability of perovskite structures and has been
widely used to date.

The recent literature points out that octahedrons tend to
form a cubic phase structure when 0.9 < t < 1. These
octahedrons tend to twist and form an orthorhombic phase or
a trigonal crystal system when 0.71 < t < 0.9.*° When the
tolerance factor cannot satisfy the conditions, the octahedral
frame will collapse. Such perovskites have a large band gap,
which is basically outside the range of semiconductors.”’ Some
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lead halide perovskites exhibit a relatively large torsion of the
octahedrons, but this does not mean that all these materials
have orthorhombic phases.”*™* For example, bulk CsPbl, can
form a cubic phase crystal structure only when the temperature
is higher than 320 °C and can form an orthorhombic phase at
room temperature. However, CsPbl; NCs have a cubic phase
crystal structure even at room temperature because of their
large surface energy.*’

The FA" cation has a much larger ionic radius than cesium,
and the nuclei or small grains tend to decompose during
synthesis due to their structural instability. On the other hand,
even if the amount of FA ions is close to the critical condition
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synthesized in this study.

to form stable FAPbBr; NCs, they could form a low-
dimensional structure and stabilize. Figure 1le shows the
octahedral layer number (n)-dependent perovskite structures.
The ratio of n and the FA layer number should be close to 1
for three-dimensional NCs, but it can be 2 for two-dimensional
perovskite NCs (the structure of n = 1 does not include FA, so
that this is not yet perovskite structure). Conversely, FAPbBr,
NCs with a limited amount of FA ions tend to form a low-
dimensional structure. FAPbBr; NCs are also known to be
susceptible to the amount of formamidinium precursor. A
change in the mixing ratio of the precursors at +10% is enough
to make a significant difference in terms of their PL spectra.
This characteristic of FA perovskites realizes ion stoichiometric
tunability of the PL spectra, which did not appear for Cs
perovskites (even if the mixing ratio of the precursors was
varied within +20%, the PL spectra of Cs perovskites did not
change perceptibly). Figure 11f shows the XRD data of the
FAPbBr; NC powder sample synthesized with 0.8 mL of FA-
oleate solution (H4), which agrees well with the data of NC
cast films*” and bulk crystals.”

3. CONCLUSIONS

In this study, we presented various synthesis pathways of pure-
halide perovskite NCs. Although the hot-injection method is
still the mainstream approach for synthesizing perovskite NCs
due to historical background, it is not necessary to rely on this
conventional methodology, and we can challenge the develop-
ment of a wider range of new synthetic methods to obtain
higher-quality perovskite NCs. Eventually, we succeeded in
synthesizing perovskite NCs with stable emission of RGB
primary colors (Figure 12). The ideal primary color of red at
approximately 650 nm was obtained by synthesizing
monodispersed CsPbl; NCs with the conventional hot
injection method, but the quality was further improved by
the combination of modified hot injection method and
centrifugation of a frozen eutectic mixture method (C2’).
During the process, a new methodology to control the reaction
by injecting cationic precursors at low temperatures was also
developed and used for the growth of CsPbBr; nanostrips
under thermodynamic control. The development of this slow
reaction process at low temperatures suggests the possibility of
large-scale batch synthesis in an industrial environment with
high reproducibility and spectral quality. The products
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obtained by the 140 °C reaction exhibited a 462 nm emission,
which meets the required color criteria for primary blue (G6).
For the study of FAPbBr; NCs, the spectral characteristics of
the product were controlled by the amount of FA-oleate
precursor. This result evidently showed the ion stoichiometric
tunability for FA perovskites, which cannot be achieved for Cs
perovskites. Through this approach, an emission wavelength of
532 nm as the primary green emission wavelength was
efficiently obtained (H4).

Throughout these studies, we have learned the way to design
a reliable synthetic route for perovskite NCs according to the
desired emission wavelength. Perovskite NCs have excellent
performance in their optoelectrical properties.”” However,
their real-world device applications are currently limited by
their stability, and this issue must be resolved completely for
the universal use of perovskite NC materials.

4. EXPERIMENTAL SECTION

4.1. Material Preparation. Detailed experimental protocol
for synthesis of Cs-oleate and FA-oleate precursors as well as
CsPbl; NCs, CsPbBry NCs, and FAPbBr; NCs (hot injection,
modified hot injection, and low-temperature mixing and heat-
up methods) are available in the Supporting Information.

4.2. Characterization and Instruments. The PL spectra
and PLQY of perovskite NCs were obtained under an
epifluorescence microscope (ECLIPSE 80i, Nikon, Japan)
with a 405 nm diode laser (100 mW (CW), Spectra-Physics,
USA) and PMA-12 photonic multichannel analyzer (Hama-
matsu, Japan). XRD spectra were obtained using a Bruker D8
Advance diffractometer with Cu K, radiation (0.15418 nm).
Small-angle measurements were taken with a knife edge to
minimize background noise. Drop-cast samples were prepared
on a silicon substrate. TEM and high-angle annular darkfield
(HAADF)—STEM images were obtained with a JEOL JEM-
ARM?200F microscope with an acceleration voltage of 200 kV.
Samples were prepared by drop-casting on a copper grid.
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(Scheme 1) A series of lead-halide perovskite NCs
synthesized in this study; detailed synthesis method-
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ology for CS-oleate and FA-oleate precursors, CsPbl;,
CbPbBr; and FAPbBr; NCs via hot injection, modified
hot injection, and low-temperature mixing and heat-up
methods; (Figure S1) influence of the reaction temper-
ature for synthesis of CsPbl; NCs; (Figure S2) influence
of the amount of ODE for synthesis of CsPbl; NCs;
(Figure S3) PL and absorption spectra of CsPbBr; and
FAPbBr, (PDF)
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