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Abstract
Herein, we develop a novel strategy for preparing all-inorganic cesium lead halide (CsPbX3,
X=Cl, Br, I) perovskite nanocrystals (NCs)@Zn-based metal-organic framework (MOF)
composites through interfacial synthesis. The successful embedding of fluorescent perovskite
NCs in Zn-MOFs is due to the in situ confined growth, which is attributed to the re-nucleation of
water-triggered phase transformation from Cs4PbBr6 to CsPbBr3. The controllable synthesis of
mixed-halide based composites with various emission wavelength can be achieved by adding the
desired amount of halide (Cl or I) salts in the re-nucleation process. More importantly, the anion
exchange reaction is inhibited among various composites with different halogen atoms by being
trapped in MOFs. Besides, a white light-emitting diode (WLED) is produced using a blue LED
chip with the green-emitting and red-emitting composites, which has a color coordinate of
(0.3291, 0.3272) and a wide color gamut. This work provides a novel route to achieving
perovskite NCs growth in MOFs, which also can be extended to the other NCs embedded in
frames as well.

Supplementary material for this article is available online
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1. Introduction

As is well known, all-inorganic CsPbX3 (X=Cl, Br, and I)
perovskite nanocrystals (NCs) have become an attractive candi-
date for optoelectronic applications such as solar cells [1–3],
photodetectors [4, 5], light-emitting diodes (LEDs) [6–11], and
lasers [12, 13], which were extensively concerned and studied
worldwide. In particular, CsPbX3 NCs exhibit outstanding pho-
tophysical properties, including ultrahigh photoluminescence

quantum yields (PLQYs), high color purity and tunable emission
bands over the whole visible region [14–17]. Because of these
advantages, this kind of perovskite NCs are potential candidates
for white light-emitting diodes (WLEDs) as a down-conversion
layer and electrically driven LEDs, which hold a great develop-
ment prospect in the next generation of solid-state lighting and
displays [18]. Besides, the optical properties of CsPbX3 NCs are
closely related to the morphology characteristics, NC size, and
chemical compositions (the proportion of halogen anions), which
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are dependent on various advanced synthetic strategies such as
room-temperature ligand-assisted reprecipitation, hot-injection,
anion exchange and water-triggered transformation [19–24].

Despite the broad application prospects of CsPbX3 NCs in
many fields, the critical issue of instability has seriously hin-
dered their further practical application due to the inherent
ionic nature of CsPbX3 NCs [25, 26]. The crystal structures of
CsPbX3 NCs are easily destroyed under the stimulation of
external environment (e.g. moisture, oxygen, light, and heat),
resulting from the low formation energy. To overcome this
drawback, many efforts have been made to enhance the sta-
bility of CsPbX3 NCs through many optimization strategies
such as compositional engineering (doping), surface ligand
engineering, and matrix encapsulation [27–34]. Zang et al
successfully synthesized CsPbBr3@SiO2 QDs by a one-step
in situ method under room temperature in air [34]. The com-
posites showed enhanced stability in the thermal and polar-
solvent environment, which inspired us greatly. It has been
reported that the perovskite NC powders are instable in air
since as soon as toluene volatilizes completely, the resultant
NC powder lose its fluorescence. Some porous materials (e.g.
porous alumina, metal-organic frameworks (MOFs), meso-
porous silica, and zeolites) were adopted for confined synthesis
of CsPbX3 NC powders by taking advantage of the merits of
the pore confinement effect [26, 35]. Among these porous
matrix materials, MOFs are a special family of organic-inor-
ganic hybrid materials formed by self-assembly of organic
ligands and metal ions through coordination bonds. MOFs
exhibit many unique characteristics such as high porosity,
tunable pore sizes, high specific surface area, and structural
diversity [33–40]. Given the above advantages, the hybrid
composites of CsPbX3 NCs and porous MOF crystals were
reported [41–43]. Due to the fact that the size of CsPbX3 NCs
is often larger than the pore size of MOF crystals, the suc-
cessful coating of CsPbX3 NCs in the voids of MOF crystals
can not be achieved by simple mixing. Ren and co-workers
successfully realized the encapsulation of presynthesized
∼10 nm CsPbX3 NCs in the 25 nm mesoporous MOF-5
crystals by using templating agents cetyltrimethylammonium
bromide (CTAB) and 1,3,5-trimethylbenzene (TMB). The
CsPbX3/MOF-5 composites showed the excellent optical
properties and improved stability [41]. Cha et al reported the
direct encapsulation of CsPbX3 NCs into the pores of MIL-101
crystals through a two-step solution-based method by
impregnating PbX into the MOF hole firstly without using
organic surfactants [42]. In this way, CsPbX3 NCs could be
embedded into the thermostable MOFs. Herein we supposed
that the nucleation of CsPbX3 NCs could occur through water-
triggered transformation of Cs4PbBr6 NCs [24, 44, 45], leading
to the in situ embedded growth in the pore of MOF crystals. In
this work, we present a simple and effective route to achieve
in situ formation of colorful CsPbX3 NCs in the tiny pores of
Zeolite imidazole framework material (ZIF-8) crystals at room
temperature. Despite the small size (∼4 nm) in pores of ZIF-8
crystals, CsPbX3 NCs can be successfully formed in the pores
of ZIF-8 crystals via water-triggered transformation. This
growth process benefits from the re-nucleation during the
transformation from Cs4PbBr6 NCs to CsPbBr3 NCs. The as-

prepared MOFs-confined CsPbX3 NCs (CsPbX3@ZIF-8
composites) possess excellent PL properties and the resistance
to anion exchange. Inspired by these, a WLED device is suc-
cessfully fabricated with the green-emitting and red-emitting
CsPbX3@ZIF-8 composites, indicating their potential appli-
cations in the field of solid-state lighting and displays.

2. Experimental

2.1. Chemicals

Oleic acid (OA, AR), Oleylamine (OAm, 80%–90%), Octa-
decene (ODE, 90%), Caesium carbonate (Cs2CO3, 99.99%),
lead bromide (PbBr2, 99.999%), ethyl acetate (ACS, �99.5%),
2-methylimidazole (2-MIM, 98%) and 1,2-Dimethylimidazole
(C5H8N2, 98%) were purchased from Aladdin Industrial Cor-
poration, China. Zinc acetate dihydrate (Zn(OAc)2·2H2O,
99%), Toluene (C7H8, AR) and chloroform (AR, 99%) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
Oleylamine chloride (OAmCl) and Oleylamine iodide (OAmI)
were obtained from Xi’an Polymer Light Technology Corp.
All the reagents were used directly without further purification.

2.2. Preparation of Cs-based precursor solution

Cs2CO3 (0.4 g), OA (2 ml), and ODE (20 ml) were added into
a 50 ml three-necked flask and dried for 1 h at 120 °C, then
the mixture was heated to 150 °C under nitrogen atmosphere
to totally dissolve the Cs2CO3 powders. Finally, the clear
solution was air-cooled and stored at room temperature. The
Cs-oleate solution had to be preheated to 140 °C just before
being injected into the reaction system of preparing NCs.

2.3. Preparation of Cs4PbBr6 NCs

In a typical process, 0.069 g PbBr2, 0.5 ml OAm, 0.5 ml OA
and 5 ml ODE were loaded into a 50 ml three-necked flask
and dried under vacuum at 120 °C for 30 min. Then the
temperature was increased to 140 °C under nitrogen atmos-
phere and hot Cs-oleate solution (4.5 ml) swiftly injected into
the PbBr2 solution [24]. Five seconds later, the reaction was
immediately terminated by immersion in an ice water bath.
The Cs4PbBr6 NCs were obtained from the crude solution by
centrifuging at 3000 rpm for 3 min to discard the precipitates.
Subsequently, 15 ml solution of ethyl acetate was added into
the supernatant and the mixed solution was centrifuged at
13000 rpm for 5 min. After centrifugation, the obtained
Cs4PbBr6 NC precipitates were re-dispersed in 10 ml
chloroform for subsequent reactions.

2.4. Preparation of ZIF-8 crystals

ZIF-8 crystals were prepared with one-step synthesis [39].
Zn(OAc)2·2H2O of 0.8 g and 2-MIM of 2.24 g was dissolved
in the deionized water of 10 ml, respectively. Then the
Zn(OAc)2·2H2O solution was slowly added into 2-MIM
solution, and stirred for 5 h at room temperature. The samples
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were obtained by centrifugation at 9000 rpm and washed with
water twice.

2.5. Preparation of CsPbX3/ZIF-8 composites

In a typical process of CsPbBr3@ZIF-8 composites, 1 ml
Cs4PbBr6 NC chloroform solution was diluted with 3 ml
chloroform in a 10 ml vial, then 50 mg ZIF-8 crystal powders
were added in NC solution and the mixtures were stirred for
2 min 2 ml deionized water were added into the vial, and the
green fluorescence could be observed immediately under
ultraviolet light. The upper aqueous solution was subse-
quently removed. After standing for a few minutes, the
CsPbBr3@ZIF-8 composite precipitates were obtained by
centrifugation at 9000 rpm. The obtained sample was washed
with chloroform twice, dried at 60 °C and then kept in the air
at room temperature. For the synthesis of other mixed halide
CsPbX3/ZIF-8 composites, the desired amount of oleamine
halide (OAmCl or OAmI) chloroform solution should be
added into the reaction system before water-triggered
transformation.

2.6. Preparation of CsPbX3

The process is the same as the above by changing chloroform
to toluene without ZIF-8 [24].

2.7. Fabrication of CsPbX3/Zn-MOF composites based WLEDs

The green-emitting and red-emitting composite powders were
used as the phosphor for WLEDs. The composite powders
were added into the mixture to get a homogeneous epoxy
material by stirring. Then the mixtures were coated on the
surface of a blue LED chip, and solidified in a vacuum oven
at 50 °C for 80 min and at 100 °C for 100 min.

2.8. Material characterizations

The morphology and structure of the obtained samples were
examined by scanning electron microscopy (SEM, FEI Nova
NanoSEM 450). Transmission electron microscopy (TEM),
scanning transmission electron microscopy (STEM) and high
resolution transmission electron microscopy (HRTEM) ima-
ges, energy dispersive x-ray (EDX) spectra, and elemental

mapping analysis were recorded by a Titan G2 60–300
transmission electron microscope with an acceleration voltage
of 300 kV. X-ray diffraction (XRD) patterns of NCs were
measured with a Empyrean powder x-ray diffractometer
(PANalytical B.V.) using Cu Kα radiation (λ = 0.15418 nm).
The related data of Brunauer–Emmet–Teller (BET) was
measured by a surface area and porosity analyzer (ASAP
2460). Absorption and photoluminescence (PL) spectra were
recorded on a Shimadzu UV-3600 ultraviolet-visible-near-
infrared (UV–vis-NIR) spectrophotometer and an Edinburgh
FLS920 fluorescence spectrometer, respectively. The elec-
troluminescent (EL) spectra of the WLEDs were determined
by a Photo Research spectroradiometer (PR655). All the tests
were performed under ambient conditions at room
temperature.

3. Results and discussion

Firstly, ZIF-8 crystals were obtained by using a typical liquid-
phase method (figure S1 (is available online at stacks.iop.org/
NANO/33/175603/mmedia)) to prepare for subsequent
preparation of MOFs-confined CsPbBr3 NCs (CsPbBr3@ZIF-8
composites). Then, the nonluminescent Cs4PbBr6 NCs were
prepared in a Cs-rich environment through a conventional
hot-injection method at 140 °C, and dispersed in chloroform
solution. The production process flow is further schemati-
cally illustrated in scheme 1 to demonstrate the synthetic
strategy of the representative green-emitting CsPbBr3@ZIF-8
composites, and the details for the synthesis process are
described in the Experimental section. Different from the
confined synthesis of CsPbX3 NCs in porous MOF materials
in the reported works [41–43], our strategy was based on a
water-triggered transformation process to achieve the in situ
confined growth of luminescent perovskite NCs in the pores
of ZIF-8 crystals in only one step. After adding the deionized
water, the strong green fluorescence was observed in the
lower part of the mixed solution (chloroform solution) under
the irradiation of 365 nm ultraviolet (UV) lamp. This indi-
cated an obvious quantum-confinement phenomenon due to
the confined growth of CsPbBr3 NCs in the pores of ZIF-8

Scheme 1. Reaction process schematic of the formation of CsPbBr3@ZIF-8 composites.
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crystals. The CsPbBr3@ZIF-8 composite powers were col-
lected by centrifugation, rinse, and drying.

ZIF-8 is an important metal-organic framework and
consists of inorganic metal nodes (Zn2+) and ligand linker (2-
MIM). It possesses the advantages of high porosity, large
specific surface area and good stability. In this work, ZIF-8
crystals were prepared by one step, mixing the 2-MIM
(ligand) and Zn2+ (metal ion), as shown in figure S1. The
solution containing Zn cations was slowly added into the
ligand solution to form porous ZIF-8 crystals. The transmis-
sion electron microscopy (TEM) and scanning electron
microscopy (SEM) images show polyhedral morphology with
uniform size of above 200 nm (figures 1(a) and (b)). Figure
S2 shows the elemental mapping images of ZIF-8 crystals,
which indicate the uniform spatial distribution of the indivi-
dual elements in the sample. The photograph of ZIF-8 powder
is presented in the inset of figure 1(b). The diffraction peaks
of the as-obtained ZIF-8 crystals at 7.32°, 10.35°, 12.69°,
14.66°, 16.40°, 17.98°, 22.07°, 24.43°, 27.62°, 30.50°, 34.82°
are well in accord with those of the simulated ZIF-8, as shown
in figure 1(c). The sharp x-ray diffraction (XRD) pattern also
indicates that the resulting MOF samples have good crystal-
linity [39]. Figure 1(d) presents the N2 adsorption-desorption
isothermal analysis of ZIF-8 crystals. It follows from this that
the BET surface area of the as-prepared ZIF-8 crystals are
1252.07 m2 g−1.

On the other side, the colorless Cs4PbBr6 NCs were
successfully developed in a Cs-rich environment by using a
hot-injection method at 140 °C. The high-angle annular dark
field scanning transmission electron microscopy (HAADF-
STEM) and TEM images of Cs4PbBr6 NCs present the quasi-
spherical/hexagonal morphology characteristics with excel-
lent monodispersity (figures 2(a)–(b), and figures S3(a)–(b)).
The corresponding high-resolution transmission electron
microscopy (HRTEM) image (figure 2(c)) and selected area
electron diffraction (SAED) pattern (figure 2(d)) further
suggest that the as-prepared Cs4PbBr6 NCs have good crys-
tallinity. The HRTEM image and SAED pattern display the
well-defined lattice spacings of 0.29 nm, which are in good
agreement with the (223) planes of rhombohedral Cs4PbBr6
phase (PDF#73–2478). This result is further verified by the
XRD pattern (figure 2(e)). Figure. S3(c) displays the ele-
mental mapping images of Cs4PbBr6 NCs, which show the
uniform spatial distribution of Cs, Pb, and Br in the resulting
sample. A sharp absorption band can be observed in the
absorption spectrum (figure 2(f)), which are indexed as pris-
tine. The as-prepared product could be dispersed in chloro-
form to form a colorless and transparent solution, as shown in
the inset of figure 2(f). After adding ZIF-8 powders in
Cs4PbBr6 solution, nonluminescent Cs4PbBr6 NCs are well
mixed with porous ZIF-8 (figure S4(a)). And the main peaks
of ZIF-8 crystals are clear, and the corresponding diffraction

Figure 1. Characterization of the ZIF-8 sample. (a) TEM, (b) SEM images, inset: the photograph of ZIF-8 powers. (c) XRD pattern, and
(d) Nitrogen adsorption isotherms of ZIF-8.
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peaks of Cs4PbBr6 also present. XRD pattern of the obtained
product indicates that the Cs4PbBr6 NCs could be absorbed
on the surface of MOF for further reaction (figure S4(b)).

Previous studies have shown that the efficient chemical
transformation of the colorless Cs4PbBr6 NCs to highly
luminescent CsPbBr3 NCs could be initiated by stripping
CsBr through an interfacial synthesis with water [24, 44, 45].
As shown in figure S5, when the toluene solution containing
Cs4PbBr6 NCs was mixed with the deionized water, the
colorless solution immediately presented strong green fluor-
escence under the UV radiation, and a sharp emission peak at
∼510 nm emerged. This transformation process benefits
mainly from the high solubility of CsBr in pure water, and the
ionic nature and high ion diffusion property of Cs4PbBr6
NCs, and develops the luminescent CsPbBr3 NCs. Figure S6
further confirms the occurrence of phase transformation from
Cs4PbBr6 NCs to CsPbBr3 NCs.

Through water-triggered in situ confined growth of
CsPbBr3 NCs in the pores of ZIF-8 crystals, the
CsPbBr3@ZIF-8 composites were successfully obtained. The
TEM and the HAADF-STEM images of CsPbBr3@ZIF-8
composites illustrate that the CsPbBr3 NCs are well embed-
ded in the ZIF-8 crystals (figure S7(a) and figure 3(a)). The
HRTEM image further proves that CsPbBr3 NCs exist in the
pores of ZIF-8 crystals (figure 3(b)). The interplanar distance
in the higher magnification HRTEM (inset of figure 3(b)) is
0.41 nm, which belongs to the (110) plane of the cubic
CsPbBr3 perovskite phase (PDF#54–0752). Figure 3(c)
presents the XRD pattern of the CsPbBr3@ZIF-8 composite
powders. The main characteristic peaks of ZIF-8 crystals are
clear and distinguishable, and the corresponding diffraction
peaks of cubic CsPbBr3 appear. Besides, the corresponding

EDS elemental mapping images and x-ray peaks further
reveal that the CsPbBr3 NCs are evenly distributed in the ZIF-
8 matrix (figures 3(d) and figure S7(b)). The Cs, Pb, Br ele-
ments originate from CsPbBr3 NCs, and the Zn and N ele-
ments are from ZIF-8 crystals. These results indicate that the
tiny CsPbBr3 NCs are successfully formed in the pores of
ZIF-8 crystals.

Apart from the green-emitting CsPbBr3@ZIF-8 compo-
sites, the ZIF-8 based composites with other light colors could
be also produced. For the preparation of other mixed halide
CsPbX3/ZIF-8 composites, a certain amount of OAmCl or
OAmI chloroform solution was loaded into the reaction sys-
tem before adding water. In this way, the anion exchange
reaction between halide ions simultaneously underwent dur-
ing the formation process of perovskite NCs. Thus, the
composites of mixed-halide fluorescent NCs and MOF crys-
tals were successfully constructed through water-induced
transformation of Cs4PbBr6 NCs. Figure S8 shows PL and
absorption band of the colorful CsPbX3/ZIF-8 composites.
Under the irradiation of UV light, the composite solutions
present different emission peaks from cyan to red-emitting
component. Moreover, the CsPbX3/ZIF-8 composite pow-
ders and solution emit bright fluorescence from blue to red
under UV illumination, as displayed in figure S9.

To better understand the formation mechanism of
CsPbX3/ZIF-8 composites, figure 4 illustrates the integration
process of strong fluorescent perovskite NCs with ZIF-8
crystal matrix in the reaction system through water-induced
transformation. The preparation process is mainly based on
the fact that the phase transformation can be realized by
stripping CsBr from the nonluminescent Cs4PbBr6 NCs at the
interface, resulting in the formation of perovskite NCs with

Figure 2. Characterization of non-fluorescent Cs4PbBr6 NCs. (a) HAADF-STEM, (b) TEM, (c) HRTEM images, (d) SAED pattern, (e) XRD
pattern, and (f) UV–vis absorption spectrum, inset: the photograph of Cs4PbBr6 colloidal solution under the daylight.
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strong fluorescence. Furthermore, the transformation process
of Cs4PbBr6 NCs occurs along with the re-nucleation and
in situ confined growth of CsPbBr3 NCs in the pores of ZIF-8
crystals. When the water is added, there is a diversified
development in morphological characteristic of Cs4PbBr6
NCs immediately, which means the beginning of water-trig-
gered transformation (figure S10). The emerging appearances
(nanowires and nanocubes) confirms that the formation of
CsPbBr3 NCs needs to undergo the process of re-nucleation.
For this reason, strongly fluorescent perovskite NCs can be
embedded into the tiny pores of ZIF-8 crystal matrix, and
realize in situ confined growth.

Figure 5(a) demonstrates the PL emission spectra of
pristine ZIF-8 and CsPbX3/ZIF-8 composite powders. It can
be observed that in addition to the background emission of
ZIF-8 crystals., the composite powders mainly present the
fluorescence emission peaks of perovskite NCs formed
through water-triggered transformation. As shown in figure
S11, the colorful CsPbX3 NC powders would lose its fluor-
escence in air while the solution volatilizes completely after
one day. It has been found that CsPbX3 NC degrades in air

due to the unstable surface ligands and particle aggregation,
which may result in the loss of quantum constrains and the
formation of carrier traps [11]. In contrast, the PL emission of
CsPbX3/ZIF-8 powders maintained even after a week expo-
sure to air, which indicate that the stability of NC powders has
been greatly improved. In addition, CsPbBr3/ZIF-8 and
CsPb(Br/I)3/ZIF-8 composite powders were mixed uni-
formly. Even after preservation at room temperature in the air
for a week, there was no obvious deviation in spectral
emission, and the green and red emission peaks were
remained, as shown in figure 5(b). Thus, the as-prepared
CsPbX3/ZIF-8 composite powders have the excellent prop-
erty against anion exchange. These results indicate that the
CsPbX3/ZIF-8 composite powders present better stability
than CsPbX3 NCs.

Finally, as an instance of practical application, the
CsPbX3/ZIF-8 composite powders were used as novel phos-
phor materials to fabricate WLEDs. In the reported works, the
CsPbX3 NCs based WLEDs were always fabricated through the
combinations of CsPbX3 NCs with commercial phosphors, due
to the special property of anion exchange among the perovskite
NCs with different halide compositions [26, 46–48]. Given the
outstanding PL properties and the property against anion
exchange, a mixture of two CsPbX3/ZIF-8 composite powders
can be used as a single down conversion layer of WLEDs. In
this work, the green-emitting CsPbBr3/ZIF-8 and red-emitting
CsPb(Br/I)3/ZIF-8 composite powders were mixed with epoxy
resin, and then integrated onto a blue-emitting GaN chip. The
green-emitting and red-emitting composite powders for LED
preparation are displayed in figure S12. A WLED was suc-
cessfully obtained after curing, as shown in figure 6(a). The as-
fabricated LED device presented bright white emission. In the
dark, the patterns on the paper were clearly visible under the
radiation of the WLED device (figure 6(b)). Figure 6(c) presents
a typical electroluminescence (EL) emission spectrum and

Figure 3. Characterization of CsPbBr3@ZIF-8 composites. (a) HAADF-STEM, and (b) HRTEM images (inset: a higher magnification
HRTEM). (c) XRD pattern, and (d) EDS elemental mapping images of Cs, Pb, Br, N, Zn in CsPbBr3/ZIF-8 composites by STEM. EDS.

Figure 4. Schematic illustration of the formation of CsPbBr3/ZIF-8
composites via water-triggered in situ confined growth.
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luminescent image (inset) of the WLED device operated at
20mA. The EL spectrum obviously consists of three emission
peaks, which respectively belong to the blue GaN LED chip,
CsPbBr3/ZIF-8 and CsPb(Br/I)3/ZIF-8 composite powders. As
shown in figure 6(d), the corresponding Commission Inter-
nationale de L’Eclairage (CIE) chromaticity coordinate of the
white light emission for the device is (0.3291, 0.3272), which is
similar to that of the standard white light emission. The

correlated color temperature (CCT) is calculated to be 5647 K,
indicating the cold white light characteristics of the WLED
device. Moreover, the CIE color coordinate triangle of the
CsPbX3/ZIF-8 WLED device (white triangle) encompasses
118% of the National Television System Committee (NTSC)
standard (black triangle), as shown in figure 6(d). All the results
reveal that the as-prepared CsPbX3/ZIF-8 composites have a
good potential for optoelectronic applications.

Figure 5. (a) PL emission spectra of pristine ZIF-8 and CsPbX3/ZIF-8 composite powders. (b) The variation of PL emission spectra for a
mixture of green-emitting and red-emitting composite powders after a week of preservation.

Figure 6. (a) A typical image of the as-fabricated WLED device. (b) A logo of HUST illuminated by the device. (c) The typical EL spectrum
and luminescent image (inset) of WLED device operated at 20 mA. (d) The corresponding CIE chromaticity coordinate and the gamut (white
triangle) of the device.
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4. Conclusion

In summary, we have presented a novel strategy to prepare
CsPbBr3/ZIF-8 composites via water-triggered in situ con-
fined growth of CsPbBr3 NCs in the pores of ZIF-8 crystals.
A process of re-nucleation for the formation of CsPbBr3 NCs
were found during the water-triggered transformation of
colorless Cs4PbBr6 NCs, which provided a general approach
for CsPbBr3 NCs to be embedded in ZIF-8 crystals. By
introducing halide salts into the transformation process of
Cs4PbBr6 NCs, the colorful CsPbX3/ZIF-8 composites could
be successfully obtained. The resulting CsPbX3/ZIF-8 com-
posites based on water-triggered method maintained excellent
PL properties of CsPbX3 NCs. With the protective core of
MOF, CsPbX3/ZIF-8 composite powders present improved
stability in air and anti-anion exchange ability, which enable
them to be an attractive candidate in solid-state lighting
applications. The WLED device based on CsPbX3/ZIF-8
composite powders demonstrates excellent-quality cold white
light emission with a wide color gamut (118% of NTSC).
This work provides a general strategy to realize the combi-
nation of strong luminescent CsPbX3 NCs and porous MOF
materials, which is beneficial to the simultaneous use of
halide perovskite NCs/MOF composites for various func-
tional applications.
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Figure S1. Schematic diagram of the preparation process of ZIF-8. 
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Figure S2. Elemental mapping of C, N, O, Zn-L, Zn-K in ZIF-8 measured by STEM. 

EDS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S4 
 

 

Figure S3. (a, b) Low-magnification TEM images of Cs4PbBr6 NCs. (c) Elemental 

mapping of Cs, Pb and Br in Cs4PbBr6 NCs measured by STEM. EDS. 
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Figure S4. (a, b) SEM images and XRD pattern of ZIF-8 after mixed with Cs4PbBr6 

NCs.  
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Figure S5. (a) The photograph of the formation of luminescent CsPbBr3 NCs via 

water-triggered transformation under UV light. (b) PL emission spectra of Cs4PbBr6 

and CsPbBr3 NCs. 
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Figure S6. XRD patterns of Cs4PbBr6, and CsPbBr3 NCs prepared via water-triggered 

transformation. 
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Figure S7. (a) A typical TEM image and (b) X-ray peaks of CsPbBr3@ZIF-8 

composites by STEM-EDS. 
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Figure S8. (a) PL emission spectra and absorption band of colorful CsPbX3/ZIF-8 

composite solution.  
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Figure S9. The photographs of (a) CsPbX3/ZIF-8 powders under UV light and (b) 

CsPbX3/ZIF-8 solutions under the daylight and UV light. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S11 
 

 

Figure S10. (a, b) The typical TEM images of the transformation process from 

Cs4PbBr6 NCs to CsPbBr3 NCs initially. 
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Figure S11. PL emission spectra of colorful CsPbX3 and CsPbX3/ZIF-8 composite 

powders, inset: the photograph of CsPbBr3 and CsPbBr3/ZIF-8 composite powders. 
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Figure S12. The photographs of green and red composite under UV light powders 

adopted to fabricate WLEDs. 
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