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Tuning the emission spectrum of highly stable
cesium lead halide perovskite nanocrystals
through poly(lactic acid)-assisted anion-exchange
reactions†

Longshi Rao, ab Yong Tang,a Caiman Yan,a Jiasheng Li,a Guisheng Zhong,a

Kairui Tang,c Binhai Yu,a Zongtao Li *a and Jin Z. Zhang *b

We demonstrate an organic macromolecule-assisted anion-exchange reaction method for tuning the

emission spectrum of cesium lead halide perovskite (CsPbX3) nanocrystals (NCs) from green to near-

ultraviolet using a microreactor. Using poly(lactic acid) (PLA), the emission peak of CsPbX3 NCs can be

tuned from 514 nm to 420 nm while maintaining high photoluminescence (PL) quantum yields (QYs) of

33–90%. By taking advantage of the microreactor, we synthesize parent CsPbBr3 NCs and complete

anion-exchange reactions at the same time, which is more efficient than most previously reported

methods. The stability of CsPbX3 NCs is improved by PLA coating, especially for CsPbCl3, which shows

long-term stability under ambient conditions for at least two weeks. The CsPbBr3 NCs are utilized with a

red phosphor on a blue light emitting-diode (LED) chip, achieving white light emission with a luminous

efficacy of 62.93 lm W�1 under a 20 mA driving current. Highly efficient white LEDs (wLEDs) demon-

strate the potential of halide perovskite NCs for optoelectronic applications, including low-cost displays,

lighting, and optical communication.

1. Introduction

In recent years, cesium lead halide perovskite (CsPbX3) nano-
crystals (NCs) have received growing interest as a result of their
novel properties, such as high charge carrier mobility, small
exciton binding energy, large absorption coefficients and long
exciton diffusion lengths.1–5 Colloidal CsPbX3 NCs have exhib-
ited a high photoluminescence (PL) quantum yield (QY) of
greater than 90% and a narrow emission bandwidth that can
be easily tuned over the entire visible spectral region by
controlling the crystal size and halide ion composition.6–9

Furthermore, CsPbX3 NCs with a narrow size distribution, high
stability and short radiative lifetimes have been developed for
green emission.10–12 The outstanding properties of CsPbX3 NCs
distinguish them from traditional semiconductor materials

and make them promising candidates for applications in
light-emitting diodes,13 solar cells,14 field-effect transistors,15

lasers,16 and photodetectors.17 Currently, the ability to precisely
regulate the emission spectrum and improve stability for CsPbX3

NCs is potentially useful for optoelectronic applications, including
displays, lighting, and optical communication.13,18,19 Therefore,
there is growing interest in developing fast and simple methods
for synthesizing CsPbX3 NCs with tunable spectrum and high
stability for practical applications.

Recently, postsynthetic ion-exchange reactions have attracted
great attention in synthesizing CsPbX3 NCs because they allow for
fine control of the NCs and enable synthesis of previously
inaccessible materials.20–22 For example, Li et al.22 reported
novel disk-shaped hexagonal Cu2Te NCs by ion-exchange from
CdTe nanodisks, maintaining an uninterrupted ionic sublattice
and preserving the pre-existing shape. Ion-exchange reactions
have also been demonstrated for producing CsPbX3 NCs with
high PL QYs as well as narrow and tunable PL emission.23–26

Previous studies have used both organic and inorganic halide
precursors, such as Grignard reagents (MeMgX), oleylammonium
halides (OAmX), PbX2, LiX, ZnX2 and tetrabutylammonium halides
(X = Cl, Br, and I), for the anion-exchange reactions.9,24,27–32

Ramasamy et al.9 described a simple halide anion-exchange reac-
tion method in CsPbX3 NCs, where by adjusting the halide ion
(LiX) concentration, the PL emission of these NCs can be tuned
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from 425 to 655 nm. Nedelcu et al.24 reported a feasible method for
the synthesis of CsPbX3 NCs with monodisperse colloidal nano-
cubes by anion-exchange reactions, where the halide sources
included organometallic Grignard reagents (MeMgX), oleyl-
ammonium halides (OAmX) and PbX2. Zhang et al.31 demon-
strated a facile approach to modulate the anion composition of
CsPbX3 NCs by employing ZnX2 as the halide source. However,
these methods usually need multiple steps to synthesize parent
CsPbBr3 NCs and complete the anion-exchange reactions,
which result in poor stability, especially for near UV and red
emitting CsPbX3 NCs. In addition, both the time needed for
completing the ion-exchange and the quality of the exchanged
CsPbX3 NCs are varied, depending on the type of halide sources.
Besides, the anion-exchange reactions when the inorganic salts are
halide sources are very intense and rapid during the recrystalliza-
tion process, and it is hard to control the process and tune the
properties of CsPbX3 NCs.

Microreactors have increasingly drawn our attention
because of their advantages, including their high speed mixing,
controllable flow rates and high reproducibility.33,34 In addition,
microreactors can provide better choices than conventional reac-
tors for the synthesis of products that require anaerobic anhydrous
environments to avoid the degradation of certain sensitive
compounds. These remarkable properties have allowed their
broad applications in nanoparticle synthesis and medicine
production.35,36 However, there have been few reports on the
synthesis of CsPbX3 NCs using microreactors.37–39 With this in
mind, we devote ourselves to developing a microreactor for the
highly efficient synthesis of CsPbX3 NCs with high QY and
tunable spectrum.

Among various previous reports on the anion-exchange
reactions of CsPbX3, several inorganic salts, such as LiX,
ZnX2, PbX2 and CuX2, were used as the halide source. To date,
there are few reports on the effect of organic molecules on
anion-exchange. Chen et al.5 applied 2-phenoxyethylamine
(POEA) into CH3NH3PbBr3 solution to modulate the organic–
inorganic hybrid perovskite structure from bulk to layered, and
with a PL and electroluminescence (EL) shift from green to
blue. Such an approach may be used for the PL spectral shift of
CsPbX3 NCs. In this work, we report an organic macromolecule-
assisted anion-exchange reaction method for tuning the emission
spectrum of highly stable CsPbX3 NCs with a microreactor. X-ray
diffraction (XRD), transmission electron microscopy (TEM) and
energy-dispersive X-ray spectrometry (EDX) were performed to
characterize the crystal structure and surface morphology of
CsPbX3 NCs. In addition, by optimizing the mass fractions of
PLA and the volume ratio of PLA solution to parent CsPbBr3 NC
solution, the PL emission of CsPbX3 NCs ranged from green to
near-UV. Meanwhile, by taking advantage of the microreactor, we
can synthesize colloidal solutions of parent CsPbBr3 NCs and
complete the anion-exchange reactions at the same time. The
mechanism of interaction between PLA and colloidal CsPbBr3 NCs
was also investigated using experimental and theoretical verifica-
tion. Finally, to evaluate the performance of the as-synthesized
halide perovskite NCs for light emission applications, the CsPbBr3

NCs are used with a red phosphor on a blue light-emitting diode

(LED) chip, achieving a luminous efficacy of 62.93 lm W�1 for
white light emission under a 20 mA driving current. This
demonstrated the promise of halide perovskite NCs for
potential applications, such as low-cost displays, lighting, and
optical communication.

2. Experimental
2.1 Materials and chemicals

Cesium bromide (CsBr, 99.9%), lead bromide (PbBr2, 99.9%),
oleic acid (OA, 90%), oleylamine (OAm, 70%), dimethylforma-
mide (DMF, 99.9%), n-hexane (99%), and 1,4-dioxane (99.7%)
were purchased from Shanghai Aladdin Biochemical Technology
Co. Toluene (anhydrous, 99.8%), chloroform (anhydrous, 99.8%),
poly(lactic acid) (PLA, Mw 60 000), and poly(methyl methacrylate)
(PMMA, Mw 50 000) were purchased from Sigma-Aldrich Co. Trans-
parent silicone resin (OE-6650A and B) was purchased from Dow
Corning Co., and the red phosphor (Ba, Ca, Sr)3SiO5:Eu was
purchased from Nichia Co. The chemicals used in the present work
were of analytical grade and used without further purifications.

2.2 Preparation of Cs-precursor, Pb-precursor and PLA
solution

To prepare the Cs-precursor, CsBr (0.40 mmol) was dissolved in
DMF (5.0 mL) under vigorous stirring and then OA (0.50 mL)
and OAm (0.25 mL) were added to stabilize the precursor
solution.

The preparation process of the Pb-precursor was similar to
the Cs-precursor, and PbBr2 (0.40 mmol), OA (0.50 mL), and OAm
(0.25 mL) were added to DMF (5.0 mL) with vigorous stirring.

The PLA solution with a mass fraction ranging from 5% to 30%
was dissolved in chloroform at room temperature with vigorous
stirring until it was completely dissolved. Before use, the PLA
solution was stirred at low speed to prevent solidification.

2.3 Anion-exchange reactions

A schematic diagram of anion-exchange reactions using a
microreactor is shown in Fig. 1a. For the microreactor, the
most important region is the microchannel with different
channel shapes (Fig. 1b), which allows homogeneous mixing
of precursors and completing the anion-exchange reactions.
Before the precursors were injected, the microreactor system
was purged with argon gas to remove any air and heated to
remove any water. To synthesize parent CsPbBr3 NCs, 2.0 mL of
the Cs-precursor, 2.0 mL of the Pb-precursor and 20 mL of
toluene were injected into the microreactor by syringe pump
1 at a certain rate (Cs-precursor, toluene and Pb-precursor were
injected into 1, 2 and 3 inlets of the microchannel, respectively)
at the same time. When the freshly prepared parent colloidal
CsPbBr3 NCs arrived ahead of outlet 4, PLA solution was
injected by syringe pump 2 to join in anion-exchange reactions.
The volume ratio of the PLA solution to parent CsPbBr3 NCs
solution was between 1 : 30 and 1 : 1 to ensure the generation of
NCs with an emission peak ranging from the green to near UV
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region. The products were collected by a round-bottom flask
and stored in a drying cabinet.

In order to determine the stability of CsPbCl3 NCs after the
anion-exchange reactions were completed, we compared our
method with a conventional inorganic anion-exchange method
reported by Ramasamy et al.9 With the conventional method, the
parent CsPbBr3 NC solution was synthesized following the proce-
dure reported by Protesescu et al.,40 and the anion-exchange reac-
tion was carried out at room temperature by adding 20 mL of 0.64 M
LiCl to 1.0 mL of CsPbBr3 NCs n-hexane solution. Then, the mixture
was shaken vigorously, observing a color change from green to
colorless when the CsPbCl3 NCs were obtained.

2.4 Preparation of halide perovskite white light-emitting
diode (wLED) devices

The wLED devices mainly consist of a CsPbBr3 NC film, a red
phosphor film and a commercial blue LED chip. To fabricate a
green CsPbBr3 NC film, the as-synthesized CsPbBr3 NCs were
dispersed into a PMMA/chloroform solution and the mixture was
vigorously stirred with a vacuum homogenizer for 6 min to degas
bubbles. After that, the mixture was injected into a mold and heated
at 60 1C for 2 h to remove the chloroform. The red phosphor film
was prepared by adding red phosphors (Ba, Ca, Sr)3SiO5:Eu into the
silicon gel (OE-6650A and B) and vigorously stirred with a vacuum
homogenizer for 12 min to degas bubbles. Then, the mixture was
injected into a mold and solidified in a vacuum oven at 80 1C
for 30 min and at 150 1C for 2 h sequentially. Finally, the green
and red film layers were coated on the surface of a blue LED
chip (centred at 460 nm).

2.5 Measurement and characterization

The ultraviolet-visible (UV-vis) absorption spectra of CsPbX3 NCs
were measured using a UV-vis spectrometer (Shimadzu, Japan)

over the wavelength range from 300 nm to 700 nm, at 1 nm
interval. The PL spectra of the CsPbX3 NCs were recorded on a
fluorescence spectrophotometer (RF-6000, Shimadzu, Japan) using
a Xe lamp as the excitation source. The phase purity and structure
of the as-prepared NCs were measured using an X-ray diffracto-
meter (XRD, D8-Advance, Bruker, Germany) with a Cu-Ka radiation
source (l = 0.15418 nm) at a counting rate of 21 per minute in the
scanning angle (2y) range from 51 to 501. The crystal structure and
surface morphology of the CsPbX3 NCs were characterized by
transmission electron microscopy (TEM, JEM-2100F, JEOL, Japan)
at an accelerating voltage of 200 kV. The PL QY of the CsPbX3 NCs
was calculated using the following equation.41,42

Q ¼ Qst
Kx

Kst
� Zx
Zst

(1)

where Q is the QY and the subscripts x and st denote the test and
the standard, respectively. Quinine sulfate (the QY is 0.546 under
366 nm excitation) was used as the standard for blue and green
spectral regions. K represents the slope determined by the ratio of
the linear curves of the integrated fluorescence intensity to UV-vis
absorption. Z is the refractive index of the solvent. The integrated
emission intensity is the area under the PL curve in the wavelength
range of 380–600 nm.

3. Results and discussion
3.1 The crystal structure and morphology of CsPbX3 NCs

The crystal structure and morphology of anion-exchanged
CsPbX3 NCs were characterized via XRD and TEM. Fig. 2 shows
the XRD patterns of the CsPbX3 NCs before and after the anion-
exchange reactions. The diffraction patterns for the CsPbX3

NCs have six broad peaks, corresponding to the (100), (110),
(200), (102), (112), and (202) planes of the perovskite bulk counter-
parts (JCPDS No. 18-0364 and 18-0366), respectively.43,44 In addi-
tion, the main diffraction peaks of the products gradually moved
from CsPbBr3 to CsPbCl3 after PLA was added. These results
indicated that the anion-exchange reactions were successfully
completed and the basic framework of CsPbX3 NCs was not
broken, i.e., the metal cations maintained their positions, and
only the halide anions were replaced.

Fig. 1 (a) The schematic diagram of anion-exchange reactions using a
microreactor. The microreactor system mainly consists of syringe pumps,
a temperature controller, a microreactor, and a flask. (b) High-resolution
image of the microchannel. The numbers 1, 2, and 3 represent three
different inlets of the microchannel and 4 represents the outlet of the
microchannel, respectively.

Fig. 2 XRD patterns of the CsPbX3 NCs before and after anion-exchanged
reactions. The black, red, blue, and pink lines represent the CsPbBr3 NCs after
treatment with PLA at different periods of time: 0 min, 30 min, 60 min, and
120 min, respectively.
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The structure and morphology of parent CsPbBr3 NCs and
the as-prepared products were characterized using TEM, as shown
in Fig. 3a–d. Without adding PLA, the parent CsPbBr3 NCs are well
dispersed and with an obvious crystal lattice, as shown in Fig. 3a.
The high-resolution TEM (HRTEM) image of the parent CsPbBr3

NCs provided in the inset shows the NCs with a clear lattice
spacing distance of 0.58 nm. With the addition of PLA, the surface
morphology of the CsPbX3 NCs becomes amorphous because of
PLA coating the surface of the NCs, while the crystal lattice of
the NCs is still clear, as shown in Fig. 3b–d. Thus, it is obvious
to identify that the crystal structure of the products has not
been destroyed. Besides, the elemental composition of the
products was measured by using EDX, as shown in Fig. S1
(ESI†), and the results revealed that the Br� ion was successfully
replaced by the Cl� ion by adding PLA. Therefore, the XRD,
TEM, and EDX results confirmed that the existence of anion-
exchanged halide perovskite NCs.

3.2 Optimization of synthetic conditions and characterization
of the optical properties of as-prepared CsPbX3 NCs

To optimize the optical properties of the as-prepared CsPbX3

NCs, the effect of PLA with 5–30% mass fractions on the PL
spectral shift was investigated, as shown in Fig. 4a–c. The PLA
solution was added to the CsPbBr3 NCs and then the mixture
was placed upon exposure to a 365 nm UV lamp in order to
observe its color change in situ. The reference sample has no
PLA added. 30 minutes after the addition of PLA, the PL spectra
shown in Fig. 4a blue shifted 18 nm, 24 nm, 29 nm, 21 nm,
13 nm, and 9 nm corresponding to 5%, 10%, 15%, 20%, 25%,
and 30% mass fractions of PLA, respectively. With longer times,
the blue-shift of the PL spectra of the samples with PLA became
more obvious, as shown in Fig. 4b and c. When the anion-
exchange reactions were finished, the PL spectra blue-shifted
35 nm, 46 nm, 59 nm, 32 nm, 24 nm, and 19 nm corresponding
to 5%, 10%, 15%, 20%, 25%, and 30% mass fractions of PLA,

respectively. When the PLA mass fraction was o15%, the larger
PLA mass fraction results in a larger PL spectral blue-shift.
However, when the mass fraction of PLA was 415%, the PLA
fraction has less impact on the PL spectral shift. This was
especially true for a mass fraction of 30%, and the spectrum
has a negligible shift. A lower mass fraction (o15%) led to the
Br� and Cl� anion-exchange reactions incompletely, while a
higher mass fraction (415%) blocked the substitution of Cl�

for Br� due to easy aggregation of PLA. Therefore, a suitable
mass fraction can improve the interaction between the Br� and
Cl�. However, the 30% fraction of PLA improves the CsPbBr3

NC stability as the high concentration PLA can rapidly solidify.
Taking all into consideration, the PLA with 15% mass fractions
has the best effect on the CsPbBr3 NCs PL spectral shift. Since
the mass fractions of 15% resulted in the stronger spectral
shift, in the following experiments, the PLA content of 15%
was used.

In addition, we investigated the effect of the volume ratio of
PLA solution to parent CsPbBr3 NCs solution on the PL spectral
shift and the time it takes for completing the anion-exchange
reactions. Fig. S2 (ESI†) shows the effect of the volume ratio of PLA
to parent CsPbBr3 NCs on the PL spectral shift. The results reveal
that the PL spectrum has the largest blue-shift when the volume
ratio is 1 : 10. However, when the volume ratio is o1 : 10, the PLA
has little effect on Br� to Cl� anion-exchange and the reaction took
longer to complete (Fig. S2b, ESI†). When the volume ratio
is 41 : 10, the PLA did not result in much PL shift as a result of
quick solidification of the PLA. Thus, the optimal volume ratio
of PLA solution to parent CsPbBr3 NCs solution is 1 : 10.

Based on the above optimized conditions, we synthesized a
series of CsPbX3 NCs with PL emission ranging from green to
near UV. The representative digital photograph in Fig. 5a shows
the bright luminescence of the solution under irradiation with
a UV lamp (365 nm excitation source), indicating the formation
of fluorescent CsPbX3 NCs. The typical PL spectra of the
as-prepared CsPbX3 NCs were also investigated, as shown in
Fig. 5b. The PL emission peaks range from 514 to 420 nm at
different periods of time after the PLA solution was injected.

Fig. 3 TEM images of the CsPbBr3 NCs after treatment with PLA at
different periods of time: (a) 0 min, (b) 30 min, (c) 60 min, and (d) 120 min.
Insets are high-resolution TEM (HRTEM) images, and red arrows with circle
and red quadrilateral represent the crystal lattice testing area and single
CsPbX3 NC, respectively.

Fig. 4 The effect of PLA with different mass fractions on the CsPbX3 PL
spectral shift at different periods of time: (a) 30 min, (b) 60 min, and (c) 90 min.
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Furthermore, we studied the representative UV-vis absorp-
tion and PL spectra of such exchanged CsPbX3 NCs, as shown
in Fig. 6. The parent CsPbBr3 NC sample shows a strong absorp-
tion at approximately 490 nm and with a tail extending to the
visible range. By adding PLA, the absorption peak gradually blue-
shifted and reached to 415 nm finally. This shift consistent with
the XRD result was a gradual shift due to the substitution of Cl�

with Br� (Fig. 2). In addition, we observed that the absorption
spectra gradually became broader as the PLA was added, which
may be related to the interaction between PLA solution and
CsPbBr3 NCs. The PL spectra of the as-prepared CsPbX3 NCs are
Stokes-shifted with respect to the optical absorption. Using our
method, the UV-vis absorption and PL spectra matched well
with those of the directly synthesized CsPbX3 NCs in previous
reports,9,25,29 indicating that the anion-exchange reaction was
successful.

To observe the Br� to Cl� anion-exchange reactions in situ,
the details of the typical transfer process are shown in Fig. 7a
and b. At the beginning of the anion-exchange when the PLA
was added, the PL intensity of CsPbX3 NCs gradually decreased
and the corresponding PL peak shifted slightly to blue (Fig. 7a).
As the reaction proceeded, there was a more obvious blue-shift
for the PL emission peak because of the Br� partly replaced by
Cl� with the assistance of the PLA. Importantly, when the

anion-exchange was complete, the PL peak in the near UV
region was unchanged and remained for several weeks in an
ambient atmosphere. Beyond that, the variation in the full
width at half maximum (FWHM) and the QY of the selected
samples were investigated, as shown in Fig. 7b, where the
FWHM first increases and then decreases while the QY shows
a downward trend. The FWHM increased from 20.45 nm to
25.78 nm and then dropped to 21.62 nm, with the corres-
ponding shift of the PL peak position being decreased from
514 nm to 484 nm and finally to 420 nm. The FWHM indicates
that the as-prepared CsPbX3 NCs have a narrow emission line
width. Meanwhile, the QYs (33–90%) of the CsPbX3 NCs gra-
dually decreased along with the replacement of Br� with Cl�,
which is consistent with a previous report.24 The narrow emis-
sion line width and high QY of the CsPbX3 NCs demonstrate
their promising potential for optoelectronic applications.

Besides, we have evaluated the stability of the as-prepared
CsPbX3. The perovskite NCs synthesized via an inorganic
anion-exchange method in the ambient environment exhibit
poor stability, especially for CsPbCl3 NCs. In order to determine
the stability of CsPbCl3 NCs, we compared our method with the
conventional inorganic anion-exchange method. The details
of the conventional anion-exchange method (namely direct
synthesis) were described in the Experimental section.
Compared with CsPbCl3 NCs synthesized using the conven-
tional anion-exchange method, the CsPbCl3 NCs prepared by
our method maintained a high PL QY in an ambient atmo-
sphere at 4 1C for several weeks, as shown in Fig. 8. This result
revealed that PLA not only promoted the Br� to Cl� anion-
exchange but also improved the stability of NCs. Previous
studies indicated that the stability of perovskite NCs is related
to the surface ligand binding, which helps to prevent the NCs
from aggregating.31,45 However, during purification or storage,
the surface ligands can detach from the perovskite NC surface,

Fig. 5 (a) Representative digital photograph (365 nm excitation source)
and (b) the PL spectra of anion-exchange synthesized CsPbX3 NCs when
PLA was added.

Fig. 6 UV-vis absorption (solid lines) and the corresponding PL spectra
(dashed lines) of anion-exchanged samples from CsPbBr3 to CsPbCl3. The
numbers 1, 2, 3, and 4 represent the anion-exchange reactions at different
periods of time: 0 min, 30 min, 60 min, and 120 min, respectively.

Fig. 7 (a) The details of the typical PL spectral shift process of CsPbX3 NCs
after PLA was added into CsPbBr3 NCs. (b) The variation in the FWHM and
QY of the selected samples corresponding to the typical PL spectral shift
process of CsPbX3 NCs.
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leading to NC aggregation and decreased fluorescence. PLA can
enhance the binding between the surface ligands and NCs, thereby
increasing the stability of the NCs and reducing degradation.

3.3 The mechanism of interaction between PLA and CsPbX3

NCs

To better understand the role of PLA on the PL spectral blue-
shift, we designed and conducted four groups of experiments.
G1, G2, G3, and G4 represent the CsPbBr3 NC solution having
nothing, chloroform, chloroform with PLA, and 1,4-dioxane
with PLA added, respectively. These experiments were con-
ducted under irradiation with a UV lamp (365 nm excitation
source). The PL spectral shift at different periods of time was
obtained, as shown in Fig. 9a–c. In the beginning, as shown in
Fig. 9a, the PL intensities of all the samples decreased, but G3
has a more noticeable change in the PL intensity. As time goes
on, the difference among them became larger, as shown in
Fig. 9b and c. At 90 minutes (Fig. 9c), the G3 sample has a
significant blue-shift and retains relatively high PL intensity,

while the other three samples do not show a blue-shift.
In addition, the G4 sample easily precipitated and thus resulted
in fluorescence decay. Besides, we tried to directly add PLA into
the CsPbBr3 parent solution, but PLA cannot dissolve in
toluene, thus it has no effect on the PL spectral shift. Based
on this case, it is concluded that the Cl� of the anion-exchange
come from chloroform. Consequently, these results indicate
that PLA promoted the Br� to Cl� anion-exchange between the
chloroform and CsPbBr3 NCs.

To explain the mechanism of interaction between PLA and
CsPbX3 NCs, a schematic diagram of the Br� to Cl� anion-
exchange is shown in Fig. 10a and b. It is well known that the
carboxyl and hydroxyl groups of compounds (such as oleic acid
and benzyl alcohol) can interact with the surface of perovskite.
In the case of PLA, there are two kinds of functional groups
(–COOH: carboxyl, and –OH: hydroxyl) that can affect perovs-
kite crystallization, as shown in Fig. 10a. Previous studies have
shown that the bonding between Pb2+ and COO� is more
favorable to form than that between Pb2+ and –OH.46–48 There-
fore, when PLA was added to the CsPbBr3 NCs solution, the
carboxyl groups of PLA first attach to the surface of perovskite
and bond with Pb2+ while the –OH and H+ (from –COOH
decomposition) were at the free state temporarily, as shown
in Fig. 10b. Most polar alkyl halides are known to undergo
concerted reductive dissociation into the halide ion (X�) under
external excitation (such as light, pressure, and solvent), which
is also true for chloroform.49,50 In addition, the bond energies
of C–H (414.2 kJ mol�1) and H–Cl (431 kJ mol�1) are larger than
that of C–Cl (339 kJ mol�1), suggesting that chloroform can
easily react with H+ in solution, resulting in C–Cl bond breaking
and free Cl�. Moreover, the hydroxyl groups of PLA can modify the
surface states of the CsPbX3 NCs via hydrogen bonding with
amino groups (–NH2) and thus reduce the local concentrations
of –NH2.51–53 Hence, the Cl� can be easily absorb onto the surface
of the CsPbBr3 NCs. Therefore, it is possible that the substitution
reaction between Br� (from CsPbBr3) and Cl� (from chloroform)
can be achieved via PLA introduction. Besides, when a larger
amount of PLA was added, dehydration condensation occurred

Fig. 8 The stability contrast of the CsPbCl3 synthesized by the conven-
tional inorganic anion-exchange method (direct synthesis) and the PLA-
assistant anion-exchange method (anion-exchange) in the ambient
environment. (Inset: Digital images of the corresponding CsPbCl3 NCs
under irradiation with a UV-vis lamp, l = 365 nm).

Fig. 9 The effect of four groups of experiments on the CsPbBr3 PL
spectral shift at different periods of time: (a) 0 min, (b) 30 min, and (c)
90 min. G1, G2, G3, and G4 represent the CsPbBr3 NC solution having
nothing, chloroform, chloroform with PLA, and 1,4-dioxane added,
respectively.

Fig. 10 (a) The molecular structure of PLA. (b) Schematic diagram of the
Br� to Cl� anion-exchange at different periods of time when PLA was
added. The substitution reaction between CsPbBr3 NCs (with Br�) and
chloroform (with Cl�) was occurred via PLA induced, and the stability
CsPbX3 NCs was improved by the dehydration condensation of PLA.
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between carboxyl and hydroxyl groups, forming a coating layer on
the surface of the perovskite, which can improve CsPbX3 NC
stability. As a result, the combined action of carboxyl and hydroxyl
groups of PLA led to the Br� to Cl� anion exchange and also
improved the stability of CsPbX3 NCs.

3.4 Evaluation of wLEDs with CsPbX3 NC film performance

CsPbX3 NCs are a promising candidate for applications in LEDs
and displays because of their outstanding properties, including
high PL QY and narrow emission bandwidth. We evaluated our
synthesized CsPbX3 NCs for white LED (wLED) applications,
with the results shown in Fig. 11a–e. The wLEDs were fabri-
cated by placing the green CsPbBr3 NCs film and the red
phosphor film above a blue LED chip, as shown in the inset
of Fig. 11a. The EL spectra of Fig. 11a revealed that the CsPbBr3

NCs have a narrow EL line width, which coincides with the
white light requirement of backlight displays. The EL spectra of
the wLEDs at different driving currents are shown in Fig. 11b.
The spectral intensity increased with the increase of current
from 20 to 350 mA and the spectral shape remained almost
unchanged, indicating that the CsPbBr3 NCs were not saturated
by the blue light. The luminous efficiency and flux of the
wLEDs were determined, as shown in Fig. 11c. The highest
luminous efficiency was 62.93 lm W�1, which is much higher

than most previously reported values.54–56 The CIE chromaticity
coordinates in Fig. 11d show that the device presents warm
white light (CCT is at about 4000 and (x, y) is at around
(0.38, 0.37), respectively) at different currents. With increasing
current, the CCT value shifts to a warm white color in accordance
with the Planckian locus line. This result indicates that the device
could be useful as a next-generation candidate for lamps and
displays. Meanwhile, the performance of the wLEDs under
different working conditions was investigated, as shown in
Fig. 11e. After the wLEDs were in operation for 1 h, no evident
change in the PL spectrum was observed, demonstrating good
stability. Five hours later, the intensity of the green band slightly
decreased while the blue and red bands were essentially
unchanged. When the operation time was prolonged to 50 h,
the EL spectral intensity of the wLEDs degraded 20%. These
results indicate that the CsPbBr3 NCs could serve as alternative
candidates for the fabrication of high performance wLEDs.

4. Conclusion

In summary, we have demonstrated an anion-exchange reac-
tion method assisted by organic molecules for synthesizing
CsPbX3 NCs with tunable optical properties. Using PLA in
conjunction with a microreactor, the preparation of parent
CsPbBr3 NCs and the anion-exchange reaction can be completed
in one-step, which is much more efficient than most previously
reported methods. The XRD, TEM, and EDX results confirmed that
Br� was successfully replaced by Cl� and the crystal structure of as-
prepared CsPbX3 remained the same. By varying key synthetic
parameters (the mass fractions of PLA and the volume ratio of PLA
solution to parent CsPbBr3 NC solution), the PL spectra of CsPbX3

NCs can be tuned from 514 nm to 420 nm while maintaining high
PL QYs of 33–90%. The mechanism of the interaction between PLA
and CsPbBr3 NCs was investigated, and the results suggested that
the combined action of the carboxyl and hydroxyl groups of the
PLA promote the Br� to Cl� anion-exchange and improved the
stability of CsPbX3 NCs. Furthermore, the CsPbBr3 NCs were used
with a red phosphor on a blue LED chip, and a luminous efficacy
of 62.93 lm W�1 under a 20 mA driving current was achieved with
white light emission. The high-efficiency wLEDs demonstrate the
strong potential of halide perovskite NCs for low-cost displays,
lighting, and optical communication applications.
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Fig. 11 (a) EL spectra of the wLED devices (inset: the schematic diagram
of the device). (b) The EL spectra of the wLEDs operated with different
forward-bias currents. (c) Luminous efficiency and luminous flux of the
wLEDs. (d) The corresponding color coordinates of the wLEDs in a CIE
diagram at different forward currents. The CCT is at about 4000 and (x, y)
is at around (0.38, 0.37), respectively. (e) The EL spectra of the wLEDs
measured at different working times (0–50 h).
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