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Abstract
The nanocrystals (NCs) of inorganic perovskites CsPbX3 and Cs4PbX6 (X=Cl, Br, I) are
showing a great development potential due to their versatility of crystal structure. Here, we used
a microchannel reactor to synthesize both CsPbBr3 NCs (CsPbBr3 NCs) and Cs4PbBr6 NCs with
embedded CsPbBr3 (CsPbBr3/Cs4PbBr6 NCs). Via speed control of the precursor, ligands
around the surface of NCs were effectively regulated by ethyl acetate, allowing the
transformation from CsPbBr3 NCs to CsPbBr3/Cs4PbBr6 NCs in a short time, an outstanding
stability of NCs, and a better crosslinking between NCs and polymer for the application of
LEDs. Without any protection, the CsPbBr3/Cs4PbBr6 NCs, with a production rate of
28 mg min−1, retain more than 90% of the PL intensity after 84 d. Finally, the
CsPbBr3/Cs4PbBr6 NCs were used to produce an LED device, and a wide color gamut of
122.8% NTSC or 91.7% Rec 2020 was attained.

Supplementary material for this article is available online
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1. Introduction

As a new type of fluorescent material with high development
potential, lead halide perovskite nanocrystals (NCs) are
widely used in various fields, such as solar cells, lasers, light-
emitting diodes (LEDs) and displays [1–6]. To date, all-
inorganic lead halide perovskite CsPbX3 (X=Cl, Br, I) NCs
have attracted considerable attention due to their high pho-
toluminescence quantum yield (PL QY), narrow line width
and facile low-cost synthesis [7–9]. Despite these advantages,
the use of CsPbX3 NCs for photoelectronic devices still suf-
fers from a series of drawbacks. First, when extracting
CsPbX3 NCs powder from solution, their stabilities and PL

QYs will drop rapidly. The polymer encapsulation of NCs has
led to moderate improvements, but it remains a challenge to
obtain stability in the powder state [10]. core–shell structures
have been applied in conventional nanomaterials, such as
cadmium-based semiconductor NCs. However, achieving this
hetero-structure in CsPbX3 NCs has proven very difficult due
to the intermixing of halide anions between the core and the
shell, leading instead to the formation of a mixed-halide
perovskite NCs [11]. Second, most methods reported are
suitable for the preparation of CsPbX3 NCs on the laboratory
scale, restricting industrial scale-up production. Therefore,
much effort is required to make inorganic perovskites suitable
for real-world applications [10, 12].
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In view of the drawbacks of CsPbX3 NCs, the zero-
dimensional (0D) perovskite, Cs4PbX6, has gradually drawn
people’s attention. Cs4PbX6 was first reported in 1893 but
was not researched widely until 2016, corresponding to the
surge in demand for perovskite compounds [13–16].
Recently, Cs4PbBr6 was used to package CsPbBr3 NCs
because of its stability [12, 17]. In 2017, Zeng’s group syn-
thesized a CsPbBr3/Cs4PbBr6 powder of tens to hundreds of
micrometers in size, by evaporating toluene to promote
crystallization of the resting precursors [18]. Afterwards,
Zhong and coworkers adapted a seed growth method to
acquire CsPbBr3/Cs4PbBr6 crystals [19]. The millimeter-
scale crystals were obtained by rotating the seed crystal in a
subcooled precursor. However, nanoscale crystals were not
yet available. The ligands around the crystals were too much,
which hindering the crosslinking between crystals and poly-
mer, and the further application of crystals on LEDs. In
addition, the transformation from the CsPbBr3 NCs into the
CsPbBr3/Cs4PbBr6 crystals was not presented, and the
reaction times in these two methods were long; the former
took a week and the latter took a month.

Herein, we report a method for investigating the trans-
formation of CsPbBr3 NCs into CsPbBr3/Cs4PbBr6 NCs
using a microchannel reactor. The transformation of these two
crystals was achieved by simply controlling the flow speed of
the microchannel reactor. At a low or high flow speed,
CsPbBr3 NCs with an average size of ∼15.8 nm or
CsPbBr3/Cs4PbBr6 NCs with an average size of ∼228 nm
was obtained. Due to the effective regulation of ligands by
ethyl acetate, the crystal conversion was completed within a
short time, showing an outstanding stability. After being
stored for 84 d without any production, the
CsPbBr3/Cs4PbBr6 NCs maintained 92% of their PL inten-
sity. Finally, the CsPbBr3/Cs4PbBr6 NCs were used to make
an LED device, and a wide color gamut of 122.8% NTSC or
91.7% Rec 2020 was attained.

2. Materials and methods

2.1. Materials and chemicals

Cesium bromide (CsBr, 99.5%), lead bromide (PbBr2, 99%),
oleic acid (OA, �99.0%), oleylamine (OAm, 80%–90%), N,
N-dimethylformamide (DMF, 99%), ethyl acetate (EA, 99%),
and polydimethylsiloxane (PDMS) were purchased from
Macklin and used for the following experiments without
further purification.

2.2. Synthesis of CsPbBr3 and CsPbBr3/Cs4PbBr6 NCs

The snake-like microchannel reactor is consistent with a
serpentine and t-type channel, as shown in figure 1(a)
[20, 21]. In the synthesis of CsPbBr3 and CsPbBr3/Cs4PbBr6
NCs, PbBr2 (0.147 g) and CsBr (0.085 g) were dissolved
separately in a mixture of 10 ml DMF, 1 ml OA and 0.5 ml
OAm, so that the precursors (PbBr2/DMF and CsBr/DMF
solutions) were prepared. Then the precursors and EA were

injected into the microchannel with a syringe pump
(figure 1(a)). First of all, the PbBr2/DMF solution and CsBr/
DMF solution were mixed with an injection speed from 30 to
100 ml h−1, within 7∼21 min (figure 1(b)). Second, that
mixtures contact with EA, and the CsPbBr3 and
CsPbBr3/Cs4PbBr6 NCs were collected at the microchannel
exit. The flow speed of EA was maintained at 5 ml/min, and
the second step took 3 min When the flow speed of the pre-
cursors was lower than 40 ml h−1, CsPbBr3 NCs were
obtained, and a mixture of CsPbBr3/Cs4PbBr6 NCs and
CsPbBr3 NCs were attained at flow speed higher than
50 ml h−1.

After standing for 10 min, the turbid solution from a
precursor speed of 100 ml h−1 becomes clear, and the pre-
cipitate drops to the bottom (figures 1(c) and (d)). The liquid
contains CsPbBr3 NCs, and the precipitate is the
CsPbBr3/Cs4PbBr6 NCs. The latter are collected with filter
paper and show a green emission under UV light at 365 nm
(figures 1(e) and (f)). The entire synthetic process in the
microchannel took place in only a short time, and the average
synthesized yield of CsPbBr3/Cs4PbBr6 NCs is 28 mg min−1.

2.3. Characterization

After synthesis of the CsPbBr3 or CsPbBr3/Cs4PbBr6 NCs,
ultraviolet–visible (UV–vis) absorption spectra were collected
using a UV–vis spectrometer (UV–vis, Shimadzu, Japan).
The PL spectra and quantum yield were measured using a
fluorescence spectrophotometer (RF-6000, Shimadzu, Japan).
Using an XRD (D8-Advance, Bruker, Germany) equipped
with a Cu-Kα radiation source (λ=0.154 18 nm), the crystal
structures were determined over the scanning angle (2θ) range
of 5°–80°. The morphology of the CsPbBr3 NCs were char-
acterized via a transmission electron microscope (TEM,
JEOL-2100F, Japan). The scanning electron microscope
(SEM) images and EDX results of CsPbBr3/Cs4PbBr6 NCs
were characterized via a SEM (ZEISS Meilin, Germany),
operated at an accelerating voltage of 200 kV. The time-
resolved PL decay curves were collected by steady-state and
transient fluorescence spectrometry (FLS980, England). The
surface chemical elements and valence states of
CsPbBr3/Cs4PbBr6 NCs were analyzed by using XPS (Axis
Ultra DLD, Kratos) equipped with an Al-Kα x-ray source.

3. Results and discussion

3.1. The crystal structure and morphology of CsPbBr3 and
CsPbBr3/Cs4PbBr6 NCs

To explore the phase composition of the CsPbBr3 and
CsPbBr3/Cs4PbBr6 NCs, x-ray powder diffraction (XRD)
patterns were obtained. The characteristic peaks in figure 2(a)
demonstrate that the CsPbBr3 NCs synthesized at the flow
speed of 30 ml h−1 coincide with PDF card #75–0412
(a=b=c=5.874 Å). However, when the flow speed of
the precursors was changed to 100 ml h−1, the XRD pattern
had peaks at 2θ=12.9, 20.1, 22.4, 25.6, 28.6 30.3, 30.9,
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34.1, 39.3, and 45.7°, corresponding to diffractions from the
(110), (113), (300), (024), (214), (223), (006), (134), (330),
and (600) planes of rhombohedral Cs4PbBr6 NCs (PDF card
#73-2478), as shown in figure 2(b). Compared with the XRD
patterns in the prior literature [22, 23], it can be clearly seen
that with precise flow speed adjustments of the precursors in

the microchannel, the transformation of CsPbBr3 NCs into
CsPbBr3/Cs4PbBr6 NCs is succinctly achieved. In addition,
the clear liquid obtained at a flow speed of 100 ml h−1

coincides with PDF card #54-0751. This indicates that with a
higher speed, the CsPbBr3 NCs change into another phase

Figure 1. (a) Schematic diagram of the microchannel. (b) Images of the collected samples under UV illumination that were collected at
different flow speed of the precursors (from left to right: 30, 40, 50, 60, 70, 80, 90, and 100 ml h−1, respectively). (c) PL image of the turbid
solution at a flow speed of 100 ml h−1. (d) PL image of the solution at a flow speed of 100 ml h−1, after standing for 10 min. (e) Optical
image of the precipitate under ambient light. (f) PL image of the precipitate under UV light at 365 nm.

Figure 2. (a) XRD patterns of the CsPbBr3 NCs at a flow speed of 30 ml h−1. (b) XRD patterns of the CsPbBr3/Cs4PbBr6 NCs at a flow
speed of 100 ml h−1. (c) TEM and HRTEM images of the CsPbBr3 NCs at a flow speed of 30 ml h−1. (d) SEM image of the
CsPbBr3/Cs4PbBr6 NCs at a flow speed of 100 ml h−1. (e) Particle size statistical chart of the TEM image in figure 2(c). (h) Particle size
statistical chart of the SEM image in figure 2(d).
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(figure S1 is available online at stacks.iop.org/NANO/30/
295603/mmedia).

The microstructure comparison between CsPbBr3 NCs at
a speed of 30 ml h−1 and CsPbBr3/Cs4PbBr6 NCs at a speed
of 100 ml h−1 was measured by TEM and SEM images
(figures 2(c), (d)). The CsPbBr3 NCs have a cubic structure,
and the shape of the CsPbBr3/Cs4PbBr6 NCs is an irregular
polygon. The crystalline interplanar spacing of the crystal in
the HRTEM images is 0.259 nm, shown at the top right
corner of figure 2(c). Compared with the interplanar spacing
of 0.262 nm obtained in the XRD pattern, the corresponding
crystal index of the crystal is (210). Moreover, from the sta-
tistical charts of particle size (figures 2(e), (f)), the average
sizes of the CsPbBr3 and CsPbBr3/Cs4PbBr6 NCs are
15.8 nm and 228 nm, respectively. These microstructure
images and statistical charts further confirm of the remarkable
change in crystal morphology. Energy dispersive x-ray
spectroscopy (EDX) spectrum was used to explore the ele-
mental composition within NCs A, B and C in the SEM
image (figure S2). Based on the EDX spectra in figure S3, S4
and S5, the elemental ratios of the CsPbBr3/Cs4PbBr6 NCs
show nearly ideal stoichiometry (Cs:Pb:Br=3:1:5, Cs:Pb:
Br=2.8:1:4.8, and Cs:Pb:Br=3.3:1:5.3). These results
convincingly indicate that the CsPbBr3 NCs were embedded
in the Cs4PbBr6 NCs. The ratios between embedded CsPbBr3
NCs and peripheral Cs4PbBr6 NCs in the three NCs are 1:2,
2:3 and 0.7:2.7 for A, B and C, respectively, after a simple
calculation.

3.2. The optical properties of CsPbBr3 and CsPbBr3/Cs4PbBr6
NCs

The absorption and photoluminescence (PL) spectra of the
collected samples at different flow speed were measured. In
figure 3(a), the absorption peak is located at 500 nm when the
speed was lower than 40 ml h−1, but there are two absorption
peaks at velocities higher than 50 ml h−1: one at 460 nm and
another at 313 nm. The absorption peak at 460 nm is
corresponding to the smaller CsPbBr3 NCs, and that at
313 nm proves the presence of Cs4PbBr6. From the PL
spectra in figure 3(b), it can be seen that with increasing flow
speed, the emission wavelength of the collected samples
(figure 1(b)) decreases until a speed of 80 ml h−1, similar to
the ion exchange [24, 25].

The main reason for this blue shift is the crystal size
change of CsPbBr3 NCs. According to the quantum con-
finement effect, the wavelength of NCs can decrease with the
smaller NC size [25, 26]. When the speed is low, all of the
crystals are CsPbBr3 NCs, with an average size of 15.8 nm. If
the speed is high enough, the transformation from CsPbBr3
NCs to CsPbBr3/Cs4PbBr6 NCs and the recrystallization of
CsPbBr3 NCs occur. However, the amount of excess CsPbBr3
solute is less for the crystal growth stage during recrystalli-
zation, so the size of CsPbBr3 NCs become smaller [27, 28].
As the figure S6 and S7 shown, the CsPbBr3 NCs collected at
100 ml h−1 have an average size of 4.2 nm. Therefore, the
higher flow speed corresponds to the lower wavelength.

For better characterizing the CsPbBr3 and
CsPbBr3/Cs4PbBr6 NCs, we focused on the additional
properties of the CsPbBr3 NCs at a speed of 30 ml h−1 and the
CsPbBr3/Cs4PbBr6 NCs at a speed of 100 ml h−1. The dif-
ferent peak positions in the absorption and PL spectra indicate
that a red shift appears during the transformation from
CsPbBr3 NCs into CsPbBr3/Cs4PbBr6 NCs, due to the
quantum confinement effect. And several similarities still
exist, as shown in figures 3(c) and (d). First, they have
inconspicuous absorption peaks above 500 nm but an obvious
emission peak in the PL spectra. Second, the full width at half
maximum of the emissions are 24 and 27 nm, respectively.
Finally, both possess similar Stoke shifts: the former is 15 nm,
and the latter is 13 nm. Comparing the PL spectra of the
collected samples (figure 3(b)) to that of the
CsPbBr3/Cs4PbBr6 NCs (figure 3(d)), it can be seen that the
emission peak of the CsPbBr3/Cs4PbBr6 NCs is hidden when
suspended in solution.

In addition, the quantum yield of CsPbBr3 and
CsPbBr3/Cs4PbBr6 NCs are 35% and 42%, and the PL decay
curves of these are both fit well to a double exponential decay
function (figures 3(e) and (f)). After the excitation light dis-
appear, there are two methods for the electron transition from
excited state to ground state. One is the radiative transition
corresponding to the shorter lifetimes τ1, and the other is the
non-radiative transition corresponding to the longer lifetimes
τ2. In the radiative transition, the excited electrons jump from
the bottom of conduction band to the valence band directly.
But the electrons are captured by the traps and surface defects
in the non-radiative transition [29, 30]. Compard the τ1 and
τ2, the radiation recombination state can be obtained. As
shown in figures 3(e) and (f), the τ2 ratio of
CsPbBr3/Cs4PbBr6 NCs is shorter than that of CsPbBr3 NCs,
which suggests that the traps and surface defects of
CsPbBr3/Cs4PbBr6 NCs are less. And CsPbBr3 NCs show
shorter average PL lifetimes.

The plain Cs4PbBr6 NCs were then prepared based on
Manna’s report [31], and the absorption and photo-lumines-
cence excitation (PLE) spectra of the CsPbBr3, Cs4PbBr6 and
CsPbBr3/Cs4PbBr6 NCs are attained. As shown in
figures 3(g) and (h), the spectra for CsPbBr3/Cs4PbBr6 NCs
are not a simple superposition of the spectra of the two
components. In the absorption spectrum of CsPbBr3
/Cs4PbBr6 NCs, the peak above 500 nm is retained, a peak at
313 nm is added, and the part below 500 nm is weakened, as
compared with the spectra of CsPbBr3 NCs.

In addition, the PLE spectrum shape of CsPbBr3 and
Cs4PbBr6 NCs is quite different, but that of
CsPbBr3/Cs4PbBr6 NCs is roughly similar to the CsPbBr3
NCs’ one. The disappearance of Cs4PbBr6 NCs’ characteristic
peak implys that the main excitation in CsPbBr3/Cs4PbBr6
NCs is from CsPbBr3 instead of Cs4PbBr6. The red shift in
PLE spectra between CsPbBr3/Cs4PbBr6 NCs and CsPbBr3
NCs is also a result of the bigger crystal size.

The band gaps of the CsPbBr3 NCs produced at low
speed and the Cs4PbBr6 NCs based on Manna’s report are
2.38 and 3.85 eV, respectively (figure S11, S12), calculated
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by using the absorption spectra and Tauc’s plot:

h A h E , 1n
g

1a n = ´ n -( ) ( )/

where α, h, ,n A, and Eg correspond to the absorbance,
Planck’s constant, proportionality constant, frequency and
band gap, respectively. Here, n is 1/2 because they are direct
band gap materials.

To obtain the surface chemical elements and valence
states of the NCs, XPS analysis were used (figures 4(a)–(d)
and S8∼S10). The peak at Cs 3d3/2, Cs 3d5/2, Pb 4f5/2, Pb
4f7/2, Br 3d3/2 and Br 3d5/2 of CsPbBr3 NCs is 734.3, 720.4,
139.2, 134.4, 73.8 and 71.4 eV, respectively. And that of
CsPbBr3/Cs4PbBr6 NCs is 736.7, 722.8, 142.0, 137.1, 69.3
and 67.2 eV, respectively. After the change from CsPbBr3
NCs to CsPbBr3/Cs4PbBr6 NCs, a slight red shift appears at
the Cs 3d and Pb 4 f, but for Br 3d is the blue shift. These
binding energy differences indicate that the atoms at Cs 3d
and Pb 4 f become more stable, but the ones at Br 3d become
more active. In addition, the two different principal quantum

numbers of Cs reveal that there are two kinds of Cs atoms.
According to the work on Cs4PbBr6 crystal structure by Jing
Feng and colleagues, the atoms at Cs 3d are shared between
unit cells and those at Cs 4d are not [32].

Rapid degradation, mostly caused by moisture and oxy-
gen, is still a challenge for perovskite NCs. The surface shell
coating methods can be used to improve the stability of NCs,
such as polymer coatings, mesoporous silica, ionic matrices
and oxide particles [11, 33, 34]. The key to keeping stability
in coating processes is the blocking of moisture and oxygen
[35, 36]. Inspired by the discovery that a large crystal matrix
is capable of enhancing the stability of NCs [37, 38], we used
the Cs4PbBr6 matrix to protect CsPbBr3 NCs, and the
CsPbBr3/Cs4PbBr6 NCs present outstanding stability. After
being stored for 84 d in an ambient temperature environment,
the PL intensity of the CsPbBr3/Cs4PbBr6 NCs maintained
92% without any protection (figure 5). There are three main
reasons for the stability as presented. First, as a kind of 0D
perovskite, the [PbX6] octahedra in the Cs4PbBr6 matrix are

Figure 3. (a) Absorption spectra of the collected samples at different flow speed of the precursors. (b) Photoluminescence (PL) spectra of the
collected samples at different flow speed of the precursors. (c) Absorption spectra and PL spectra of the CsPbBr3 NCs at a flow speed of
30 ml h−1. (d) Absorption spectra and PL spectra of the CsPbBr3/Cs4PbBr6 NCs. (e) Time-resolved PL decay curve of the CsPbBr3 NCs at a
flow speed of 30 ml h−1. (f) Time-resolved PL decay curve of the CsPbBr3/Cs4PbBr6 NCs at a flow speed of 100 ml h−1. (g) Comparison of
the absorption spectra of CsPbBr3, Cs4PbBr6 and CsPbBr3/Cs4PbBr6 NCs. (h) Comparison of the photoluminescence excitation (PLE)
spectra of CsPbBr3, Cs4PbBr6 and CsPbBr3/Cs4PbBr6 NCs.
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isolated completely from each other, based on the regulation
of ligands oy EA. Second, the Cs4PbBr6 matrix can impede
the moisture and oxygen, as the reported coating methods
have shown. Last, the embedded CsPbBr3 NCs is distributed
in the Cs4PbBr6 matrix, so the probability of aggregation is
smaller [39, 40].

3.3. The mechanism for transformation from CsPbBr3 NCs into
CsPbBr3/Cs4PbBr6 NCs

All of the above characterization and results demonstrate that
by adjustment of the precursors flow speed in a microchannel
reactor, CsPbBr3 NCs transform into CsPbBr3/Cs4PbBr6
NCs. Regarding the change between CsPbBr3 and Cs4PbBr6,
the addition or extraction of cesium and lead were commonly
used [41, 42]. For us, the basics of the transformation is the
elimination of lead from the synthesized CsPbBr3 NCs, and
the OAm plays an important role in the elimination [43–45].
Previous studies have shown that lead (II) halide salts can
form a stable complex with N- donor atom ligands, such as
OAm [46–48]. Because of the removal of lead, the synthe-
sized CsPbBr3 were decomposed and the solute recrystallized,
so that Cs4PbBr6 forms when the nucleation of CsPbBr3 is
suppressed. The entire process can be reduced to the fol-
lowing equation (figure 6):

4CsPbBr OAm Cs PbBr 3PbBr OAm. 23 4 6 2*+  + ( )

Figure 4. High resolution XPS analysis of CsPbBr3/Cs4PbBr6 NCs corresponding to (a) Cs 3d; (b) Cs 4d (c) Pb 4 f; and (d) Br 3d.

Figure 5. PL intensity of the CsPbBr3/Cs4PbBr6 NCs after being
stored for 84 d in an ambient temperature environment.

Figure 6. Schematic illustration of the transformation process from
CsPbBr3 to Cs4PbBr6.
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Note that, although partially inhibited, the crystallization
of CsPbBr3 NCs still exists. The Cs4PbBr6 generated in
reaction (2) was then gathered together with the CsPbBr3
NCs, and the final CsPbBr3/Cs4PbBr6 NCs were synthesized.

The complexing of PbBr2 and amine in reaction (2)
requires an amine-rich liquid, and the main means to provide
this is to directly add a large concentration of amine. Here, by
combining the usage of EA, we utilize the precise regulation
of precursor speed to control the concentration of OAm in the
liquid. According to the work by Haibo Zeng, EA was found
to be effective in dissolving OAm [49]. Under the intense
collisions of fluid within the microchannel, OAm contained in
the precursors can diffuse throughout the whole solution and
be dissolved by EA. Therefore, the concentration of OAm
was changed simply by using different flow speed. As a weak
polar solvent, EA can also create a supersaturated environ-
ment for crystallization. As we all know, similar polarities
result in higher inter-solubility. When added into a weak polar
solvent, a solute with strong polarity can obtain an extremely
high supersaturation, due to the sharp drop in solubility.

In the microchannel, the DMF solution containing dis-
solved CsPbBr3 and ligands are first formed, by mixing the
PbBr2 and CsBr. Second, the dissolved CsPbBr3 contact with
the EA, and the final product obtained at the outlet depends
on syringe pump setting. As mentioned before, keeping the
flow speed of EA unchanged, CsPbBr3 NCs were synthesized
at precursor velocities lower than 40 ml h−1. The low speed
means that the concentration of OAm dissolved by EA is
small, and less PbBr2 complexed with the amine. When the
flow speed is sufficiently slow, lead bromide will not be
substantially detached from the CsPbBr3 substrate, so
CsPbBr3 NCs crystallize under high supersaturation at the
second step. In contrast, if the speed of the precursor is high
enough, the dissolved OAm is sufficient to remove PbBr2,
and the conversion from CsPbBr3 to Cs4PbBr6 can proceed.

Furthermore, we increased the concentration of OAm three-
fold at a low speed of 30 ml h−1, and increased the con-
centration of lead bromide fourfold at a high speed of
100 ml h−1. As figure S13 shown, we acquired
CsPbBr3/Cs4PbBr6 NCs (PDF#75-0412 and PDF#73-2478)
and CsPbBr3 NCs (PDF#75-0412), respectively, similar to
the image in figure 2.

Although CsPbBr3 or CsPbBr3/Cs4PbBr6 NCs are gen-
erally synthesized in a flask, we used the microchannel rather
than a traditional flask because of the superior performance of
the former. As a relatively mature reaction vessel with a long
history, the flask can be seen in most laboratories, but it has
some limitations that cannot be ignored [50, 51]. Generally, a
certain reagent is gradually injected into a flask, which means
that the contact ratio between the reagent and solution in the
flask will vary greatly as time passes. This uneven contact
leads to inhomogeneity of the product, especially with short
reaction-times. Besides, when stirring two liquids with a large
difference in concentration, it is typical to increase the reac-
tion scale to reduce the error of the mixing ratio. Unfortu-
nately, the mixing effect inside the flask will be weakened
with increasing reaction scale. In the case of mass production,
longer agitating times are required to guarantee an adequate
reaction, and the yield of the product is reduced. In terms of
our experiments, it was difficult to achieve a transformation
from CsPbBr3 NCs to CsPbBr3/Cs4PbBr6 NCs when using
a flask.

Different from the flask, the microchannel plays an
important role in the reaction due to its two functions. The
first is to precisely regulate the ratio of reagents, and the
second is to ensure adequate mixing of lead bromide and
anime [52, 53]. By setting the syringe pump, the controlled
speed results in high accuracy of the reagent ratio. The pre-
cision is also improved by the contact of the two solutions at a
certain ratio at any given time. Meanwhile, the ultrahigh

Figure 7. (a) Schematic diagram of the LED device containing the blue chip, green NCs and red KSF powder. (b) Electroluminescence
spectra of the LED device. (c) Optical images of the LED device with different concentrations of KSF powder, including 1.25%, 2.5%, 5%,
10% and 20%. (d) CIE color coordinates of the LED device (the black points refer to the blue chip, green NCs and red KSF powder).
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specific surface area of a microchannel results in efficient
mixing over a short time. After repeatedly synthesis, 0.28 g of
CsPbBr3/Cs4PbBr6 NCs powder can be averagely synthe-
sized in 10 min, equivalent to a synthetic yield of
28 mg min−1.

3.4. Evaluation of LED device with CsPbBr3/Cs4PbBr6 NCs

For proving that the CsPbBr3/Cs4PbBr6 NCs are suitable for
application in display backlighting, an LED device was made
by combining a blue chip and PDMS films, in which the
green CsPbBr3/Cs4PbBr6 NCs and red KSF powder are
disperse (figure 7(a)). The electroluminescence (EL) spectra
of the LED device was then measured (figure 7(b)). The
images and color coordinates of LED devices at 15 mA were
obtained with different concentrations of KSF powder
including 1.25%, 2.5%, 5%, 10% and 20% (figures 7(c) and
(d)). The color temperature of the devices decreases with
increasing concentration of KSF powder, and a concentration
of 2.5%, with a color coordinate (0.312, 0.309), is the most
suitable for use in backlighing. The LED device also covers a
large color space of 122.8% NTSC or 91.7% Rec 2020 at
15 mA, indicating that the CsPbBr3/Cs4PbBr6 NCs can be
well applied to the LED displays.

4. Conclusion

In summary, we presented a simple and rapid method for
changing CsPbBr3 NCs into CsPbBr3/Cs4PbBr6 NCs with
green emission using a microchannel. The XRD patterns,
TEM images and EDX spectra clearly indicate that CsPbBr3
NCs were transformed into CsPbBr3/Cs4PbBr6 NCs, with a
shape and wavelength change in the absorption, PLE and PL
spectra. The XPS analysis show that the valence states of
CsPbBr3/Cs4PbBr6 NCs is a bit different from the reported
CsPbBr3 NCs. In addition, based on the regulation of ligands
by ethyl acetate, the Cs4PbBr6 matrix provided good protec-
tion from the degradation of embedded CsPbBr3 NCs, so that
the NCs kept up to 92% of the original PL intensity after 12
weeks at ambient temperature. The mechanism for conversion
from CsPbBr3 NCs to CsPbBr3/Cs4PbBr6 NCs by adjusting
the flow speed is also explained. Because a high speed
increases the concentration of OAm that will be dissolved by
the ethyl acetate, lead bromide is removed and the Cs4PbBr6
matrix crystallizes, under the intense mixture of solutions in
the microchannel. Finally, the CsPbBr3/Cs4PbBr6 NCs
powder is applied to an LED device and a wide color gamut
of 122.8% NTSC or 91.7% Rec 2020 is attained, showing a
high potential for use as the backlight in LEDs.
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