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Abstract: Recently, lead halide perovskite nanocrystals have been considered as potential light-
emitting materials because of their narrow full width at half-maximum (FWHM) and high photo-
luminescence quantum yield (PLQY). In addition, they have various emission spectra because the
bandgap can be easily tuned by changing the size of the nanocrystals and their chemical composition.
However, these perovskite materials have poor long-term stability due to their sensitivity to mois-
ture. Thus far, various approaches have been attempted to enhance the stability of the perovskite
nanocrystals. However, the required level of stability in the mass production process of perovskite
nanocrystals under ambient conditions has not been secured. In this work, we developed a facile two-
step ball-milling and ethanol/water-induced phase transition method to synthesize stable CsPbBr3

perovskite materials. We obtained pure CsPbBr3 perovskite solutions with stability retention of 86%
for 30 days under ambient conditions. Our materials show a high PLQY of 35% in solid films, and
excellent thermal stability up to 80 ◦C. We believe that our new synthetic method could be applicable
for the mass production of light-emitting perovskite materials.

Keywords: CsPbBr3 perovskite nanocrystals; ball milling; phase transition; stability; mass production

1. Introduction

Recently, lead halide perovskites (LHPs) have become the ideal candidate materials for
solar cells [1–3], light-emitting diodes [2,4–7], photodetectors [8–10], X-ray imaging [11–14],
and lasers [2,15]. This is because of the remarkable photophysical properties of LHPs, such
as adjustable bandgaps, high photoluminescence quantum yield (PLQY) [16], narrow full
width at half-maximum (FWHM) [17,18], and defect tolerance. However, the ionic nature
of LHPs, along with degradation caused by moisture, polar solvents, and light, results in
poor stability.

The synthesis of CsPbX3 (X = Cl, Br, I) nanocrystals (NCs) using a hot-injection
method was first reported in 2015. Consequently, the PLQY of the solution state reached
90% [19]. Since then, researchers have increased the stability and PLQY via surface modifi-
cations [18,20–22] and encapsulation with hydrophobic polymer matrices [23,24]. The hot-
injection method requires a high reaction temperature and an inert environment [16,25,26].
Therefore, this method has high mass-production costs. In the hot-injection method, the
reaction temperature is related to the NC size. During synthesis, a precursor solution is
injected into the reaction chamber. Generally, the temperature of the precursor solution is
lower than the reaction temperature, making it difficult to control the reaction temperature.
Therefore, this hot-injection method is not suitable for mass production [27].

As an alternative, the ligand-assisted reprecipitation (LARP) method has been reported
by several researchers [27]. This method can be performed at room temperature under
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ambient conditions using polar solvents. Because LHP NCs can be decomposed in polar
solvents, the LARP method is not suitable for mass production [28].

Li et al. reported the synthesis of CsPbBr3 NCs using the supersaturated recrystalliza-
tion (SR) method [29]. This method is based on mixing solvents with different polarities.
The method is performed by transferring Cs+, Pb2+, and Br− ions from soluble solvents to
insoluble solvents. This ion transfer leads to a supersaturated state, allowing the formation
of CsPbBr3 perovskite NCs in the presence of ligands. Similar to the LARP method, the SR
method is also performed at room temperature under ambient conditions. However, this
method also uses polar solvents, which can cause the instability of perovskite NCs.

The ball-milling method is a useful method for synthesizing LHP NCs [30]. Mukasyan et al.
reported the synthesis of methylammonium lead iodide perovskite (CH3NH3PbI3) by ball
milling [31]. Zhu et al. developed a simple solvent-free system to obtain highly emissive
cesium lead halide perovskite (CsPbX3) quantum dots via ball milling [32]. Jiang et al. pro-
posed double ligands for improving the PLQY by using partially hydrolyzed poly(methyl
methacrylate) and highly branched poly(ethylenimine) via mechanochemical synthesis.
Consequently, the CsPbBr3/Cs2PbBr5 NCs exhibited good photostability and high chemical
stability [23]. Protescu et al. reported a low-cost wet ball-milling method for a mixture
of bulk APbBr3 (A = Cs, FA), solvents, and ligands [32]. These studies demonstrated that
the ball-milling method is suitable for producing stable LHP NCs in large-scale reactions.
More importantly, the ball-milling method is free from temperature control, which causes
high manufacturing costs. In addition, the ball-milling method is free from using polar
solvents; therefore, it is more suitable for the mass production of perovskite NCs than the
conventional synthetic methods.

Although the ball-milling method is suitable for the mass production of perovskite,
it has several disadvantages. For example, the reaction proceeds in air, and mechanical
grinding can cause many defects on the surface. Surface defects generated by grinding can
seriously impair luminescent properties; therefore, it is very important to find a way to
overcome these problems. Recently, Wu et al. reported that the concentration of surface
defects in CsPbBr3 NCs was significantly reduced when they were synthesized via the
water-induced phase transition method [33]. The authors synthesized Cs4PbBr6 NCs that
undergo a phase transition, via hot injection. However, we attempted to obtain CsPbBr3
with reduced surface defects through a phase transition process, after obtaining Cs4PbBr6
via ball milling for mass production.

The structure and optical properties of CsPbBr3 synthesized via the water-induced
phase transition method were studied using XRD, absorption, and photoluminescence
(PL) spectroscopy. The phase-transformed CsPbBr3 exhibited higher PL properties than
Cs4PbBr6. This study confirmed that filmed CsPbBr3 has a PLQY of 35%. The synthesized
pure CsPbBr3 perovskite solution showed a higher stability (86%) than the conventional
methods after 30 days under ambient conditions. We believe that the increased thermal sta-
bility originated from the decreased defect density achieved on the surface of the perovskite
microcrystals by introducing a polymer ligand. Because the produced LHP exhibited
high PL intensity and stability, it shows strong application potential in the lighting and
display fields.

2. Materials and Methods
2.1. Materials

Cesium(I) bromide (CsBr; 99.999%), lead(II) bromide (PbBr2; 99.999%), oleylamine
(OAm; technical grade 70%), octadecene (ODE; technical grade 90%), and poly(acrylic acid)
(PAA; average Mw = 1800) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Toluene (≥99.5%) and ethanol (95%) were purchased from Samchun Chemical (Seoul,
Korea). Oleic acid (OA; ≥85%) was purchased from Tokyo Chemical Industry (Tokyo,
Japan). Hydrobromic acid (HBr; 47%) was purchased from Tokyo Chemical Industry.
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2.2. Methods
2.2.1. Preparation of Cs4PbBr6 Crystal

Bulk Cs4PbBr6 crystals were synthesized using a previously reported method [34].
First, 0.76 g of CsBr (0.2 M) and 0.32 g of PbBr2 (0.05 M) were dissolved in 18 mL of dimethyl
sulfoxide (DMSO) solvent under ultrasonication. After complete dissolution, the precursor
solution was filtered through a syringe filter, and then injected into a 20 mL glass vial. The
glass vial was sealed with aluminum foil with a small hole in it, and then was stored in a
250 mL glass container under a dichloromethane (DCM) atmosphere at room temperature.
Before closing the container, 1.5 mL of HBr was quickly injected into the precursor solution.
The suitable time to complete the crystallization process (obtain crystals) was 4 days. The
crystals were carefully washed with DMSO solution twice and, finally, washed with DCM.
After purification, the crystals were dried under ambient conditions.

2.2.2. Mechanochemical Synthesis of Cs4PbBr6 Microcrystals (MCs)

Bulk Cs4PbBr6 (0.15 g), OAm (300 µL), toluene (3 mL), and PAA (25 mg) were loaded
into ball-milling jars, and were ground for 2 h at 400 rpm (Figure S1). Next, 17 mL of
toluene was added to dilute the mixture.

2.2.3. Synthesis of Ethanol/Water-Induced CsPbBr3 MCs

The transformation process in this experiment was conducted under ambient condi-
tions. Two milliliters of the as-prepared Cs4PbBr6 MC solutions were injected into vials.
Ethanol/water (200 µL, at a ratio of 4:1) was added to the solutions sequentially. Each
vial was diluted with 6 mL of toluene to obtain MCs. After 4 days, the Cs4PbBr6 MCs
completely transformed into CsPbBr3 MCs. Finally, high-speed centrifugation at 4000 rpm
for 3 min was used to collect the supernatant for further characterization.

2.2.4. Synthesis of CsPbBr3 MCs through the Hot-Injection Method

To synthesize cesium oleate, 0.41 g of Cs2CO3 was mixed with 1.25 mL of OA and
20 mL of ODE, which were loaded into a round flask and dried at 120 ◦C, and then
annealed in a nitrogen atmosphere for 40 min before annealing at 150 ◦C for a further
40 min. Subsequently, PbBr2 (70 mg), OA (0.5 mL), OAm (0.5 mL), and ODE (5 mL) were
loaded into a 25 mL round flask. The mixture was annealed at 120 ◦C for 40 min under
vacuum, and then the temperature was increased to 170 ◦C for 30 min. Finally, the cesium
oleate (0.4 mL) was injected into the g immersed in an ice-water bath. For purification,
the crude solution containing ethyl acetate was centrifuged at 8000 rpm for 4 min. After
centrifugation, the CsPbBr3 MCs were dispersed in toluene.

2.3. Structural and Optical Characterization

The absorption and PL spectra of the colloidal solutions were recorded using a
FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon, Kyoto, Japan). X-ray diffraction
(XRD) spectra were obtained using a Rigaku, MiniFlex diffractometer (Tokyo, Japan) in the
2θ range of 10–50◦. The morphology of the perovskite thin film before and after the phase
transition process was examined via scanning electron microscopy (SEM; Apreo S HiVac,
FEI, Hillsboro, OR, USA). The PLQY of the thin film was recorded using an integrating
sphere (Figure S2) with a FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon). The film
was prepared on bare glass (15 mm × 15 mm).

3. Results and Discussion
3.1. Synthesis of CsPbBr3 MCs

Figure 1 shows the process of the phase transition from Cs4PbBr6 to CsPbBr3 MCs
through the ethanol/water treatment. The bulk Cs4PbBr6 single crystals were synthesized
and purified using previously reported methods [34]. Then, the bulk Cs4PbBr6 single
crystals were ball-milled with a ligand (PAA) and solvent (toluene) to obtain Cs4PbBr6
MCs. After adding 200 µL of an ethanol/water cosolvent to the synthesized Cs4PbBr6 MC
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solution, the crystals were allowed to undergo a phase transition process for 4 days to
obtain CsPbBr3 MCs. The Cs4PbBr6 solution exhibited a bright green PL after the phase
transition. The detailed phase transition process was further analyzed by measuring the
absorption, PL, and XRD spectra.

Figure 1. Schematic diagram of the phase transition process from Cs4PbBr6 MCs to CsPbBr3 us-
ing an ethanol/water treatment: (a) process to obtain Cs4PbBr6 MCs via the ball-milling process,
(b) photographic image of the Cs4PbBr6 and CsPbBr3 solutions under UV light (365 nm) with an
ethanol/water treatment, and (c) crystal structure of the Cs4PbBr6 and CsPbBr3 MCs.

3.2. XRD Analysis

The XRD patterns of the synthesized Cs4PbBr6 single crystals, Cs4PbBr6 MCs, and
CsPbBr3 MCs with rhombohedral Cs4PbBr6 and orthorhombic CsPbBr3 crystal structures
were observed at each step (Figure 2a). The XRD patterns of the Cs4PbBr6 single crystals
and ball-milled Cs4PbBr6 MCs were similar. The black line in Figure 2 represents the XRD
spectrum of the partially transformed Cs4PbBr6 MCs, showing a clear (012) peak. However,
the blue line in Figure 2 represents the XRD spectrum of the fully transformed CsPbBr3
MCs, which did not show a (012) peak. This indicates a complete phase transition from
Cs4PbBr6 MCs to CsPbBr3 MCs. Figure 2b shows the gradual change in the XRD patterns
due to the phase transition process caused by the ethanol/water treatment. Note that
the (012) peak of the XRD spectrum of the Cs4PbBr6 MCs disappeared with increasing
reaction time. However, the (100) peak of the XRD spectrum of the CsPbBr3 MCs appeared
as the reaction time progressed. The (012) XRD peak of the Cs4PbBr6 MCs completely
disappeared after 96 h.



Nanomaterials 2022, 12, 920 5 of 13

Figure 2. (a) XRD spectra of the synthesized bulk Cs4PbBr6 single crystals, Cs4PbBr6 MCs obtained
through ball milling, and phase-transformed CsPbBr3 MCs. The standard XRD spectra of rhombohe-
dral Cs4PbBr6 and orthorhombic CsPbBr3 are also indicated. (b) XRD spectra indicating the phase
transition of ethanol/water-treated Cs4PbBr6 MCs to CsPbBr3 MCs with differing times.

3.3. Absorption and Emission Spectroscopy

Figure 3 shows the PL intensities of the CsPbBr3 MC solutions obtained via the phase
transition process with different ratios of ethanol/water. The maximum PL intensity was
observed at an ethanol/water ratio of 4:1. The lowest PL intensity was observed when
ethanol or water was used alone. Recently, Wu et al. reported that the phase transition
process occurs when CsBr is stripped from the Cs4PbBr6 NCs by a polar solvent such as
water [33]. Turedi et al. also reported that CsPbBr3 films undergo a phase transition to stable
two-dimensional (2D) CsPb2Br5 through water treatment [35]. The detailed mechanism of
the transition process is discussed further below.

Figure 3. Comparison of the PL intensity of the CsPbBr3 MC solutions obtained via the phase
transition process with different ratios of ethanol/water.
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The absorption and PL spectra show the phase transition process from Cs4PbBr6 MCs
to CsPbBr3 MCs through an ethanol/water treatment (Figure 4). No peaks at 520 nm were
observed in the absorption spectrum of the ball-milled Cs4PbBr6 MCs. However, a slight
peak at 520 nm emerged in the absorption spectrum of the partially transformed Cs4PbBr6–
CsPbBr3 MCs. Moreover, a pronounced absorption peak at 520 nm was observed in the
absorption spectrum of the fully transformed CsPbBr3 MCs. In the PL spectra, the Cs4PbBr6
MCs exhibited the lowest PL intensity and an FWHM of 20 nm at 511 nm. The partially
transformed Cs4PbBr6–CsPbBr3 MCs exhibited a higher PL intensity and narrower FWHM
than the Cs4PbBr6 MCs. The CsPbBr3 MCs exhibited the highest PL intensity and an
FWHM of 17 nm at 520 nm. The improvement in PL intensity and narrowing of the FWHM
was due to the decrease in the defect density on the surface of the perovskite microcrystals
caused by the ethanol/water treatment. The bandgaps for Cs4PbBr6 and CsPbBr3 were
estimated to be approximately 3.70 and 2.25 eV, respectively (Figure S3), which are in good
agreement with previously reported values [36–38]. Wu et al. reported that a nonpolar
solvent with low miscibility in water was used to prevent the decomposition of the obtained
CsPbBr3 NCs by water.

Figure 4. (a) Absorption and (b) PL spectra of the ball-milled Cs4PbBr6 MCs, partially transformed
Cs4PbBr6–CsPbBr3 MCs, and fully transformed CsPbBr3 MCs.

This study employed a polymer ligand, instead of a nonpolar solvent, which can
improve the optical properties and stability of polar solvents. Polymer ligands are known
to prevent the degradation of perovskite MCs by polar solvents [33]. Furthermore, the
polymer ligand decreases the non-radiative recombination rate of charge carriers, thereby
increasing the PLQY [39].

The absorption spectra of the CsPbBr3 MC solutions prepared with different amounts
of PAA as the polymer ligand were obtained (Figure 5a–c). When 15 and 25 mg of PAA were
used, an absorption peak of CsPbBr3 appeared at 520 nm, but did not appear when 35 mg
of PAA was used. Since the absorption of the CsPbBr3 MC solutions was related to the
amount of PAA, the PL spectra were further analyzed. Figure 5d shows the PL spectra of the
CsPbBr3 MCs with different amounts of PAA. The CsPbBr3 MCs synthesized with 35 mg
of PAA exhibited the lowest PL intensity. However, the CsPbBr3 MCs synthesized with
15 mg of PAA exhibited a higher PL intensity, and those synthesized with 25 mg of PAA
exhibited the highest PL intensity. In Figure 5e,f, the CsPbBr3 MC solutions synthesized
with 25 mg PAA showed the brightest green PL, and the solutions synthesized with 15 mg
PAA showed a slightly weaker PL. However, the solutions synthesized with 35 mg of PAA
showed the weakest PL, which was almost transparent. The PL spectra and emission from
the CsPbBr3 MC solutions under visible and ultraviolet light revealed that the CsPbBr3
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MCs synthesized with 25 mg of PAA had the best emission properties. Additionally, the
CsPbBr3 MC solution, which was not synthesized with PAA, was degraded by ethanol
and water.

Figure 5. Time-dependent absorption spectra of the CsPbBr3 MC solutions synthesized using different
amounts of PAA: (a) 15 mg, (b) 25 mg, and (c) 35 mg PAA. (d) PL spectra of the CsPbBr3 MC solutions
synthesized with different amounts of PAA obtained via the ethanol/water treatment. Photographic
images of the CsPbBr3 MC solutions (e) under room light and (f) UV light.

Generally, the chemical structure of the ligands affects the optical properties and film
morphology of the perovskite NCs [40–43]. Sichert et al. reported that the nanoplatelet
thickness could be controlled by the amount of OAm, which could affect the quantum size
effect in two-dimensional perovskite [40]. Jiang et al. reported various optical properties
depending on the amount of polymer, which improved the stability by forming a shell on
the perovskite surface [42]. It has also been reported that the optical properties of perovskite
can be significantly decreased by side reactions when polymers or monomolecular ligands
are used in excess amounts [42,43]. Inferior optical properties were also observed when
35 mg of PAA was used to make CsPbBr3 MC solutions, which could be the result of using
an excessive amount of polymer ligand.

Figure 6 shows the phase transition process of the Cs4PbBr6 MCs with and without
PAA. Cs4PbBr6 MCs, which are not synthesized with PAA and only use OAm as a ligand,
are easily degraded by ethanol and water (Figure 6a) [39]. Cs4PbBr6 MCs synthesized
with PAA undergo a phase transition process without degradation, because PAA protects
them from polar solvents (Figure 6b). PAA is a polymer chain with a carboxyl group, and
since the carboxyl group surrounds the Cs4PbBr6 MC surface and bonds with the lead on
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the surface, it can form a stronger bond than OAm [23]. Therefore, when Cs4PbBr6 MCs
capped with PAA and OAm are treated with ethanol/water, OAm dissociates and CsBr is
stripped by ethanol and water, so it undergoes a phase transition [44].

Figure 6. Schematic illustration of the phase transition process of Cs4PbBr6 MCs obtained via
ethanol/water treatment (a) without PAA and (b) with PAA.

3.4. Phase Transformation Conditions and Mechanisms

The morphologies of Cs4PbBr6 and CsPbBr3 MCs with and without PAA were char-
acterized using SEM (Figure 7). Before the ethanol/water treatment, the grains of the
Cs4PbBr6 MCs synthesized without PAA were large. However, the grains of the Cs4PbBr6
MCs synthesized with PAA were small and regular. This is because OAm, used as a ligand,
can contribute to size control in the ball-milling process [45]. After the ethanol/water
treatment, the grains of Cs4PbBr6 MCs synthesized without PAA disappeared, and the
Cs4PbBr6 MCs synthesized with PAA had relatively small grains. This indicates that PAA
can prevent the degradation of Cs4PbBr6 MCs in ethanol and water.

Figure 7. SEM images of the Cs4PbBr6 MC films before ethanol/water treatment (a) without PAA
and (b) with PAA. SEM images of the CsPbBr3 MC films after ethanol/water treatment (c) without
PAA and (d) with PAA.
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3.5. Stability of Ethanol/Water-Induced CsPbBr3 MCs

The stability of the CsPbBr3 MCs treated with ethanol/water was compared to that
of the OAm/OA–CsPbBr3 MCs under ambient conditions and UV light. OAm/OA–
CsPbBr3 MCs were synthesized using a hot-injection method. The XRD, absorption, and
PL spectra were measured to confirm the crystal structure and optical properties of the
OAm/OA-capped CsPbBr3 MCs. (Figure S4). The PL spectra in Figure 8a show a difference
in stability between the OAm/OA-capped CsPbBr3 MCs and the CsPbBr3 MCs under
ambient conditions. The PL intensity of OAm/OA-capped CsPbBr3 MCs synthesized by
hot injection decreased to 7% of the initial PL intensity after 20 days. However, the CsPbBr3
MCs synthesized in this study only decreased to 86% of their initial PL intensity, even after
30 days. The difference in stability between the OAm/OA-capped CsPbBr3 MCs and the
CsPbBr3 MCs under UV light was further examined through the PL spectra (Figure 8b). The
PL intensity of the OAm/OA-capped CsPbBr3 MCs synthesized by hot injection decreased
to 28% of their initial PL intensity after 45 h. However, the CsPbBr3 MCs decreased to 78%
of their initial PL intensity after 45 h. The ability of the CsPbBr3 MCs to preserve their initial
PL intensity throughout the tests outperformed that of the widely used OAm/OA-CsPbBr3
MCs, regardless of ambient conditions and UV irradiation.

Figure 8. (a) Time-dependent PL spectra of the CsPbBr3 MC solution obtained via the ethanol/water
treatment and hot-injection method under ambient conditions, and (b) PL spectra of the CsPbBr3 MC so-
lution obtained via the ethanol/water treatment and high-temperature injection under UV Illumination.

3.6. Thermal Stability of the CsPbBr3 MC Thin Film

To fabricate thin films of CsPbBr3 MCs, the glass substrates were sequentially sonicated
in acetone and isopropyl alcohol for 10 min. The CsPbBr3 MC solution was drop-casted
onto the glass substrate and annealed at 70 ◦C for 5 min under ambient conditions. After
that, we annealed each film on the preheated hot plate for 10 min, and took photographic
images under UV irradiation (365 nm), as shown in Figure 9. We examined the thermal
stability of CsPbBr3 MC films in the range of 25–100 ◦C for 10 min, and found that the
green emission was maintained up to 80 ◦C, and started to decrease at 100 ◦C. This result
indicates that the phase-transformed CsPbBr3 MC films have good thermal stability up to
80 ◦C.
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Figure 9. Photographic images of CsPbBr3 MC thin films under UV light with thermal annealing.

The PLQY of the CsPbBr3 MC film was calculated from the absorption and PL
spectra of the sample and reference (Figure S5). PLQY is calculated as the ratio of the
amount of radiation emitted to the amount of radiation absorbed by the CsPbBr3 MC film
(Equation (1)) [46].

PLQY =
ESample−ERef

SRef−SSample
(1)

where SRef and ERef are the absorption and PL terms of the reference, respectively, and
SSample and ESample are the absorption and PL terms of the sample, respectively. Each term
corresponds to the integral value of the absorption and PL spectra. The PLQY of the
CsPbBr3 MC film in this study was 35%. Sousa et al. reported that perovskite MCs with
a poor size distribution had a lower PLQY [47]. To compare the size distribution of our
MCs against others, it was calculated as a percentage of the distribution of mean size to
the standard deviation. The percentage of the distribution of the mean size to the standard
deviation of CsPbBr3 MCs in this study was 22.89% (Figure S6). This result was higher than
6.7%, which is the percentage of the distribution of mean size to the standard deviation of
CsPbBr3 NCs using LARP [48].

4. Conclusions

This study proposed a method for the mass production of CsPbBr3 MCs with high ther-
mal stability under ambient conditions. A facile two-step ball-milling and ethanol/water-
induced phase transition method was developed to synthesize stable CsPbBr3 perovskite
materials. PAA was used as a ligand to protect the perovskite MCs from the ethanol/water
and ambient conditions throughout the reaction. The PL spectra revealed that 0.25 mg of
PAA imparts the best optical properties to the CsPbBr3 MC solutions. Our ball-milled MC
solutions showed 80% higher air stability than the hot-injection method after 30 days under
ambient conditions. Additionally, our solutions showed 50% higher stability than the hot-
injection method after 45 h of UV irradiation. The CsPbBr3 MC films also showed excellent
thermal stability up to 80 ◦C. The relatively high solid-state PLQY (35%) originates from
the surface passivation effect of the PAA ligand. We believe that our facile mass production
method can pioneer the industrial application of perovskite nanomaterials.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nano12060920/s1: Figure S1: XRD patterns of Cs4PbBr6 NCs as
a function of ball-milling time, Figure S2: Illustration of integrating sphere, Figure S3: Tauc plot for
determining the bandgaps of the (a) Cs4PbBr6 MCs, and (b) CsPbBr3 MCs. The band gap energy was
obtained by extrapolating the straight-line portion of the graph to zero absorption coefficients. The in-
tercept on the energy axis indicates the value of band gap energy, Figure S4: (a) Observed (black solid
line), reference (green solid line), and difference (bottom gray line) powder X-ray diffraction (XRD)
patterns for CsPbBr3, (b) absorption and PL spectra of CsPbBr3 MCs obtained through hot-injection
method comparison with ethanol/water-treated CsPbBr3 MCs, Figure S5: (a) Photoluminescence
spectrum and (b) absorption spectrum for the measurement of photoluminescence quantum yield of
CsPbBr3 MCs film, Figure S6: Scanning electron microscope (SEM) image and size distribution graph
of CsPbBr3 MCs obtained through ball milling process and ethanol/water treatment.

https://www.mdpi.com/article/10.3390/nano12060920/s1
https://www.mdpi.com/article/10.3390/nano12060920/s1


Nanomaterials 2022, 12, 920 11 of 13

Author Contributions: Conceptualization, N.C., N.T.M., S.-K.J., Y.-W.L., Y.C. (Younghyun Cho),
W.A., and J.K.; methodology, N.C., N.T.M., H.T.T., and J.K.; software, N.T.M. and J.K.; validation,
N.C. and J.K.; formal analysis, N.T.M., H.T.T., and J.K.; investigation, N.T.M. and J.K.; resources, N.C.;
data curation, N.C., N.T.M., Y.C. (Yura Choi), and J.K.; writing—original draft preparation, N.C.,
N.T.M., H.T.T., and J.K.; writing—review and editing, N.C. and J.K.; visualization, N.T.M. and J.K.;
supervision, N.C.; project administration, N.C.; funding acquisition, N.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Basic Science Research Program through the National
Research Foundation of Korea (NRF), funded by the Ministry of Science, ICT, and Future Planning
(NRF-2019R1A4A1021237). This work was also supported by the Korea Institute of Energy Technology
Evaluation and Planning (KETEP), and the Ministry of Trade, Industry, and Energy (MOTIE) of the
Republic of Korea (No.20184030202130). This work was also supported by the Soonchunhyang
University Research Fund.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shi, D.; Adinolfi, V.; Comin, R.; Yuan, M.; Alarousu, E.; Buin, A.; Chen, Y.; Hoogland, S.; Rothenberger, A.; Katsiev, K. Low trap-

state density and long carrier diffusion in organolead trihalide perovskite single crystals. Science 2015, 347, 519–522. [CrossRef]
[PubMed]

2. Cho, N.; Li, F.; Turedi, B.; Sinatra, L.; Sarmah, S.P.; Parida, M.R.; Saidaminov, M.I.; Murali, B.; Burlakov, V.M.; Goriely, A. Pure
crystal orientation and anisotropic charge transport in large-area hybrid perovskite films. Nat. Commun. 2016, 7, 1–11. [CrossRef]
[PubMed]

3. Jeon, N.J.; Noh, J.H.; Yang, W.S.; Kim, Y.C.; Ryu, S.; Seo, J.; Seok, S.I. Compositional engineering of perovskite materials for
high-performance solar cells. Nature 2015, 517, 476–480. [CrossRef] [PubMed]

4. Pan, J.; Quan, L.N.; Zhao, Y.; Peng, W.; Murali, B.; Sarmah, S.P.; Yuan, M.; Sinatra, L.; Alyami, N.M.; Liu, J. Highly efficient
perovskite-quantum-dot light-emitting diodes by surface engineering. Adv. Mater. 2016, 28, 8718–8725. [CrossRef]

5. Adhikari, G.C.; Thapa, S.; Zhu, H.; Zhu, P. Mg2+-alloyed all-inorganic halide perovskites for white light-emitting diodes by
3D-printing method. Adv. Opt. Mater. 2019, 7, 1900916. [CrossRef]

6. Song, J.; Li, J.; Li, X.; Xu, L.; Dong, Y.; Zeng, H. Quantum dot light-emitting diodes based on inorganic perovskite cesium lead
halides (CsPbX3). Adv. Mater. 2015, 27, 7162–7167. [CrossRef]

7. Yoon, H.C.; Kang, H.; Lee, S.; Oh, J.H.; Yang, H.; Do, Y.R. Study of perovskite QD down-converted LEDs and six-color white
LEDs for future displays with excellent color performance. ACS Appl. Mater. Interfaces 2016, 8, 18189–18200. [CrossRef]

8. Zhai, W.; Lin, J.; Li, C.; Hu, S.; Huang, Y.; Yu, C.; Wen, Z.; Liu, Z.; Fang, Y.; Tang, C. Solvothermal synthesis of cesium lead
halide perovskite nanowires with ultra-high aspect ratios for high-performance photodetectors. Nanoscale 2018, 10, 21451–21458.
[CrossRef]

9. Ding, J.; Du, S.; Zuo, Z.; Zhao, Y.; Cui, H.; Zhan, X. High detectivity and rapid response in perovskite CsPbBr3 single-crystal
photodetector. J. Phys. Chem. C 2017, 121, 4917–4923. [CrossRef]

10. Saidaminov, M.I.; Adinolfi, V.; Comin, R.; Abdelhady, A.L.; Peng, W.; Dursun, I.; Yuan, M.; Hoogland, S.; Sargent, E.H.; Bakr, O.M.
Planar-integrated single-crystalline perovskite photodetectors. Nat. Commun. 2015, 6, 1–7. [CrossRef]

11. Nafradi, B.; Nafradi, G.; Forro, L.; Horvath, E. X-ray imaging: Perovskites target X-ray detection. Nat. Photonics 2016, 10, 288.
12. Heo, J.H.; Shin, D.H.; Park, J.K.; Kim, D.H.; Lee, S.J.; Im, S.H. High-performance next-generation perovskite nanocrystal scintillator

for nondestructive X-ray imaging. Adv. Mater. 2018, 30, 1801743. [CrossRef] [PubMed]
13. Wang, L.; Fu, K.; Sun, R.; Lian, H.; Hu, X.; Zhang, Y. Ultra-stable CsPbBr3 perovskite nanosheets for X-ray imaging screen.

Nano-Micro Lett. 2019, 11, 1–8. [CrossRef] [PubMed]
14. Zhou, Y.; Chen, J.; Bakr, O.M.; Mohammed, O.F. Metal halide perovskites for X-ray imaging scintillators and detectors. ACS

Energy Lett. 2021, 6, 739–768. [CrossRef]
15. Yakunin, S.; Protesescu, L.; Krieg, F.; Bodnarchuk, M.I.; Nedelcu, G.; Humer, M.; De Luca, G.; Fiebig, M.; Heiss, W.; Kovalenko,

M.V. Low-threshold amplified spontaneous emission and lasing from colloidal nanocrystals of caesium lead halide perovskites.
Nat. Commun. 2015, 6, 1–9.

16. Protesescu, L.; Yakunin, S.; Bodnarchuk, M.I.; Krieg, F.; Caputo, R.; Hendon, C.H.; Yang, R.X.; Walsh, A.; Kovalenko, M.V.
Nanocrystals of cesium lead halide perovskites (CsPbX3, X = Cl, Br, and I): Novel optoelectronic materials showing bright
emission with wide color gamut. Nano Lett. 2015, 15, 3692–3696. [CrossRef]

http://doi.org/10.1126/science.aaa2725
http://www.ncbi.nlm.nih.gov/pubmed/25635092
http://doi.org/10.1038/ncomms13407
http://www.ncbi.nlm.nih.gov/pubmed/27830694
http://doi.org/10.1038/nature14133
http://www.ncbi.nlm.nih.gov/pubmed/25561177
http://doi.org/10.1002/adma.201600784
http://doi.org/10.1002/adom.201900916
http://doi.org/10.1002/adma.201502567
http://doi.org/10.1021/acsami.6b05468
http://doi.org/10.1039/C8NR05683H
http://doi.org/10.1021/acs.jpcc.7b01171
http://doi.org/10.1038/ncomms9724
http://doi.org/10.1002/adma.201801743
http://www.ncbi.nlm.nih.gov/pubmed/30141200
http://doi.org/10.1007/s40820-019-0283-z
http://www.ncbi.nlm.nih.gov/pubmed/34138025
http://doi.org/10.1021/acsenergylett.0c02430
http://doi.org/10.1021/nl5048779


Nanomaterials 2022, 12, 920 12 of 13

17. Zhang, Y.; Saidaminov, M.I.; Dursun, I.; Yang, H.; Murali, B.; Alarousu, E.; Yengel, E.; Alshankiti, B.A.; Bakr, O.M.; Mohammed,
O.F. Zero-dimensional Cs4PbBr6 perovskite nanocrystals. J. Phys. Chem. Lett. 2017, 8, 961–965. [CrossRef]

18. Krieg, F.; Ochsenbein, S.T.; Yakunin, S.; Ten Brinck, S.; Aellen, P.; Suess, A.; Clerc, B.; Guggisberg, D.; Nazarenko, O.; Shynkarenko,
Y. Colloidal CsPbX3 (X = Cl, Br, I) nanocrystals 2.0: Zwitterionic capping ligands for improved durability and stability. ACS
Energy Lett. 2018, 3, 641–646. [CrossRef]

19. Nedelcu, G.; Protesescu, L.; Yakunin, S.; Bodnarchuk, M.I.; Grotevent, M.J.; Kovalenko, M.V. Fast anion-exchange in highly
luminescent nanocrystals of cesium lead halide perovskites (CsPbX3, X = Cl, Br, I). Nano Lett. 2015, 15, 5635–5640. [CrossRef]

20. Pan, J.; Shang, Y.; Yin, J.; De Bastiani, M.; Peng, W.; Dursun, I.; Sinatra, L.; El-Zohry, A.M.; Hedhili, M.N.; Emwas, A.-H. Bidentate
ligand-passivated CsPbI3 perovskite nanocrystals for stable near-unity photoluminescence quantum yield and efficient red
light-emitting diodes. J. Am. Chem. Soc. 2017, 140, 562–565. [CrossRef]

21. Wang, C.; Chesman, A.S.; Jasieniak, J.J. Stabilizing the cubic perovskite phase of CsPbI3 nanocrystals by using an alkyl phosphinic
acid. Chem. Commun. 2017, 53, 232–235. [CrossRef] [PubMed]

22. Liu, F.; Zhang, Y.; Ding, C.; Kobayashi, S.; Izuishi, T.; Nakazawa, N.; Toyoda, T.; Ohta, T.; Hayase, S.; Minemoto, T. Highly
luminescent phase-stable CsPbI3 perovskite quantum dots achieving near 100% absolute photoluminescence quantum yield.
ACS Nano 2017, 11, 10373–10383. [CrossRef] [PubMed]

23. Jiang, G.; Guhrenz, C.; Kirch, A.; Sonntag, L.; Bauer, C.; Fan, X.; Wang, J.; Reineke, S.; Gaponik, N.; Eychmuller, A. Highly
luminescent and water-resistant CsPbBr3–CsPb2Br5 perovskite nanocrystals coordinated with partially hydrolyzed poly (methyl
methacrylate) and polyethylenimine. ACS Nano 2019, 13, 10386–10396. [CrossRef] [PubMed]

24. Wu, H.; Wang, S.; Cao, F.; Zhou, J.; Wu, Q.; Wang, H.; Li, X.; Yin, L.; Yang, X. Ultrastable inorganic perovskite nanocrystals coated
with a thick long-chain polymer for efficient white light-emitting diodes. Chem. Mater. 2019, 31, 1936–1940. [CrossRef]

25. Imran, M.; Ijaz, P.; Goldoni, L.; Maggioni, D.; Petralanda, U.; Prato, M.; Almeida, G.; Infante, I.; Manna, L. Simultaneous cationic
and anionic ligand exchange for colloidally stable CsPbBr3 nanocrystals. ACS Energy Lett. 2019, 4, 819–824. [CrossRef]

26. Ashner, M.N.; Shulenberger, K.E.; Krieg, F.; Powers, E.R.; Kovalenko, M.V.; Bawendi, M.G.; Tisdale, W.A. Size-dependent
biexciton spectrum in CsPbBr3 perovskite nanocrystals. ACS Energy Lett. 2019, 4, 2639–2645. [CrossRef]

27. Wei, S.; Yang, Y.; Kang, X.; Wang, L.; Huang, L.; Pan, D. Room-temperature and gram-scale synthesis of CsPbX3 (X = Cl, Br, I)
perovskite nanocrystals with 50–85% photoluminescence quantum yields. Chem. Commun. 2016, 52, 7265–7268. [CrossRef]

28. Li, X.; Yu, D.; Cao, F.; Gu, Y.; Wei, Y.; Wu, Y.; Song, J.; Zeng, H. Healing all-inorganic perovskite films via recyclable dissolution–
recyrstallization for compact and smooth carrier channels of optoelectronic devices with high stability. Adv. Funct. Mater. 2016,
26, 5903–5912. [CrossRef]

29. Li, X.; Wu, Y.; Zhang, S.; Cai, B.; Gu, Y.; Song, J.; Zeng, H. CsPbX3 quantum dots for lighting and displays: Room-temperature
synthesis, photoluminescence superiorities, underlying origins and white light-emitting diodes. Adv. Funct. Mater. 2016, 26,
2435–2445. [CrossRef]

30. El Ajjouri, Y.; Palazon, F.; Sessolo, M.; Bolink, H.J. Single-source vacuum deposition of mechanosynthesized inorganic halide
perovskites. Chem. Mater. 2018, 30, 7423–7427. [CrossRef]

31. Manukyan, K.; Yeghishyan, A.; Moskovskikh, D.; Kapaldo, J.; Mintairov, A.; Mukasyan, A. Mechanochemical synthesis of
methylammonium lead iodide perovskite. J. Mater. Sci. 2016, 51, 9123–9130. [CrossRef]

32. Protesescu, L.; Yakunin, S.; Nazarenko, O.; Dirin, D.N.; Kovalenko, M.V. Low-cost synthesis of highly luminescent colloidal lead
halide perovskite nanocrystals by wet ball milling. ACS Appl. Nano Mater. 2018, 1, 1300–1308. [CrossRef]

33. Wu, L.; Hu, H.; Xu, Y.; Jiang, S.; Chen, M.; Zhong, Q.; Yang, D.; Liu, Q.; Zhao, Y.; Sun, B. From nonluminescent Cs4PbX6
(X = Cl, Br, I) nanocrystals to highly luminescent CsPbX3 nanocrystals: Water-triggered transformation through a CsX-stripping
mechanism. Nano Lett. 2017, 17, 5799–5804. [CrossRef] [PubMed]

34. Cha, J.-H.; Han, J.H.; Yin, W.; Park, C.; Park, Y.; Ahn, T.K.; Cho, J.H.; Jung, D.-Y. Photoresponse of CsPbBr3 and Cs4PbBr6
perovskite single crystals. J. Phys. Chem. Lett. 2017, 8, 565–570. [CrossRef]

35. Turedi, B.; Lee, K.J.; Dursun, I.; Alamer, B.; Wu, Z.; Alarousu, E.; Mohammed, O.F.; Cho, N.; Bakr, O.M. Water-induced
dimensionality reduction in metal-halide perovskites. J. Phys. Chem. C 2018, 122, 14128–14134. [CrossRef]

36. Akkerman, Q.A.; Park, S.; Radicchi, E.; Nunzi, F.; Mosconi, E.; De Angelis, F.; Brescia, R.; Rastogi, P.; Prato, M.; Manna, L. Nearly
monodisperse insulator Cs4PbX6 (X = Cl, Br, I) nanocrystals, their mixed halide compositions, and their transformation into
CsPbX3 nanocrystals. Nano Lett. 2017, 17, 1924–1930. [CrossRef] [PubMed]

37. Liu, M.; Zhao, J.; Luo, Z.; Sun, Z.; Pan, N.; Ding, H.; Wang, X. Unveiling solvent-related effect on phase transformations in
CsBr–PbBr2 system: Coordination and ratio of precursors. Chem. Mater. 2018, 30, 5846–5852. [CrossRef]

38. Yang, L.; Wang, T.; Min, Q.; Liu, B.; Liu, Z.; Fan, X.; Qiu, J.; Xu, X.; Yu, J.; Yu, X. High water resistance of monoclinic CsPbBr3
nanocrystals derived from zero-dimensional cesium lead halide perovskites. ACS Omega 2019, 4, 6084–6091. [CrossRef]

39. Liu, X.-K.; Xu, W.; Bai, S.; Jin, Y.; Wang, J.; Friend, R.H.; Gao, F. Metal halide perovskites for light-emitting diodes. Nat. Mater.
2021, 20, 10–21. [CrossRef]

40. Sichert, J.A.; Tong, Y.; Mutz, N.; Vollmer, M.; Fischer, S.; Milowska, K.Z.; García Cortadella, R.; Nickel, B.; Cardenas-Daw, C.;
Stolarczyk, J.K. Quantum size effect in organometal halide perovskite nanoplatelets. Nano Lett. 2015, 15, 6521–6527. [CrossRef]

41. Shang, Y.; Liao, Y.; Wei, Q.; Wang, Z.; Xiang, B.; Ke, Y.; Liu, W.; Ning, Z. Highly stable hybrid perovskite light-emitting diodes
based on Dion-Jacobson structure. Sci. Adv. 2019, 5, eaaw8072. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.jpclett.7b00105
http://doi.org/10.1021/acsenergylett.8b00035
http://doi.org/10.1021/acs.nanolett.5b02404
http://doi.org/10.1021/jacs.7b10647
http://doi.org/10.1039/C6CC08282C
http://www.ncbi.nlm.nih.gov/pubmed/27921097
http://doi.org/10.1021/acsnano.7b05442
http://www.ncbi.nlm.nih.gov/pubmed/28910074
http://doi.org/10.1021/acsnano.9b04179
http://www.ncbi.nlm.nih.gov/pubmed/31430122
http://doi.org/10.1021/acs.chemmater.8b04634
http://doi.org/10.1021/acsenergylett.9b00140
http://doi.org/10.1021/acsenergylett.9b02041
http://doi.org/10.1039/C6CC01500J
http://doi.org/10.1002/adfm.201601571
http://doi.org/10.1002/adfm.201600109
http://doi.org/10.1021/acs.chemmater.8b03352
http://doi.org/10.1007/s10853-016-0165-4
http://doi.org/10.1021/acsanm.8b00038
http://doi.org/10.1021/acs.nanolett.7b02896
http://www.ncbi.nlm.nih.gov/pubmed/28806517
http://doi.org/10.1021/acs.jpclett.6b02763
http://doi.org/10.1021/acs.jpcc.8b01343
http://doi.org/10.1021/acs.nanolett.6b05262
http://www.ncbi.nlm.nih.gov/pubmed/28196323
http://doi.org/10.1021/acs.chemmater.8b00537
http://doi.org/10.1021/acsomega.9b00370
http://doi.org/10.1038/s41563-020-0784-7
http://doi.org/10.1021/acs.nanolett.5b02985
http://doi.org/10.1126/sciadv.aaw8072
http://www.ncbi.nlm.nih.gov/pubmed/31453330


Nanomaterials 2022, 12, 920 13 of 13

42. Jiang, G.; Erdem, O.; Hübner, R.; Georgi, M.; Wei, W.; Fan, X.; Wang, J.; Demir, H.V.; Gaponik, N. Mechanosynthesis of polymer-
stabilized lead bromide perovskites: Insight into the formation and phase conversion of nanoparticles. Nano Res. 2021, 14,
1078–1086. [CrossRef]

43. Zhang, M.; Li, Y.; Du, K.; Gao, X.; Lu, Y.; Wen, D.; Yao, S.; Feng, J.; Zhang, H. One-step conversion of CsPbBr3 into
Cs4PbBr6/CsPbBr3@ Ta2O5 core–shell microcrystals with enhanced stability and photoluminescence. J. Mater. Chem. C 2021, 9,
1228–1234. [CrossRef]

44. Hu, H.; Wu, L.; Tan, Y.; Zhong, Q.; Chen, M.; Qiu, Y.; Yang, D.; Sun, B.; Zhang, Q.; Yin, Y. Interfacial synthesis of highly stable
CsPbX3/oxide Janus nanoparticles. J. Am. Chem. Soc. 2018, 140, 406–412. [CrossRef] [PubMed]

45. Wang, L.; Ma, D.; Guo, C.; Jiang, X.; Li, M.; Xu, T.; Zhu, J.; Fan, B.; Liu, W.; Shao, G. CsPbBr3 nanocrystals prepared by high energy
ball milling in one-step and structural transformation from CsPbBr3 to CsPb2Br5. Appl. Surf. Sci. 2021, 543, 148782. [CrossRef]

46. Saidaminov, M.I.; Almutlaq, J.; Sarmah, S.; Dursun, I.; Zhumekenov, A.A.; Begum, R.; Pan, J.; Cho, N.; Mohammed, O.F.; Bakr,
O.M. Pure Cs4PbBr6: Highly luminescent zero-dimensional perovskite solids. ACS Energy Lett. 2016, 1, 840–845. [CrossRef]

47. Sousa, J.; Vivas, M.; Ferrari, J.; Mendonca, C.; Schiavon, M. Determination of particle size distribution of water-soluble CdTe
quantum dots by optical spectroscopy. RSC Adv. 2014, 4, 36024–36030. [CrossRef]

48. Du, X.; Wu, G.; Cheng, J.; Dang, H.; Ma, K.; Zhang, Y.-W.; Tan, P.-F.; Chen, S. High-quality CsPbBr3 perovskite nanocrystals for
quantum dot light-emitting diodes. RSC Adv. 2017, 7, 10391–10396. [CrossRef]

http://doi.org/10.1007/s12274-020-3152-7
http://doi.org/10.1039/D0TC05039C
http://doi.org/10.1021/jacs.7b11003
http://www.ncbi.nlm.nih.gov/pubmed/29228773
http://doi.org/10.1016/j.apsusc.2020.148782
http://doi.org/10.1021/acsenergylett.6b00396
http://doi.org/10.1039/C4RA05979D
http://doi.org/10.1039/C6RA27665B

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Preparation of Cs4PbBr6 Crystal 
	Mechanochemical Synthesis of Cs4PbBr6 Microcrystals (MCs) 
	Synthesis of Ethanol/Water-Induced CsPbBr3 MCs 
	Synthesis of CsPbBr3 MCs through the Hot-Injection Method 

	Structural and Optical Characterization 

	Results and Discussion 
	Synthesis of CsPbBr3 MCs 
	XRD Analysis 
	Absorption and Emission Spectroscopy 
	Phase Transformation Conditions and Mechanisms 
	Stability of Ethanol/Water-Induced CsPbBr3 MCs 
	Thermal Stability of the CsPbBr3 MC Thin Film 

	Conclusions 
	References

