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Exceptional Stability against Water, UV Light, and Heat for
CsPbBr3@Pb-MOF Composites

Chenxu Wang, Lihe Yan,* Jinhai Si,* Ning Wang, Ting Li, and Xun Hou

All-inorganic lead halide perovskite nanocrystals (NCs) have been widely
applied in optoelectronic devices owing to their excellent photoluminescence
(PL) properties. However, poor stability upon exposure to water, UV light or
heat strongly limits their practical application. Herein, CsPbBr3@Pb-MOF
composites with exceptional stability against water, UV light, and heat are
synthesized by ultrasonic processing the precursors of lead-based MOF
(Pb-MOF), oleylammonium bromide (OAmBr) and cesium oleate (Cs-OA)
solutions at room temperature. Pb-MOF can not only provide the lead source
for the in situ growth of CsPbBr3 NCs, but also the protective layer of
perovskites NCs. The formed CsPbBr3@Pb-MOF composites show a
considerable PL quantum yield (PLQY) of 67.8%, and can maintain 90% of the
initial PL intensity when immersed in water for 2 months. In addition, the
outstanding PL stability against UV light and heat is demonstrated with
CsPbBr3 NCs synthesized by the conventional method as a comparison.
Finally, a green (light-emitting diode) LED is fabricated using green-emitting
CsPbBr3@Pb-MOF composites and exhibits excellent stability without
packaging when immersed in water for 30 days. This study provides a
practical approach to improve the stability in aqueous phase, which may pave
the way for future applications for various optoelectronic devices.

1. Introduction

All-inorganic CsPbX3 (X = Cl, Br, I) perovskite nanocrystals
(NCs) have emerged as ideal semiconducting alternatives in var-
ious optoelectronic applications, such as solar cells,[1–3] light-
emitting diodes (LEDs),[4,5] photodetectors,[6,7] lasers[8,9] and so
on[10–12] owing to their high absorption coefficients, narrow
emission line width, tunable wavelength (400−700 nm), high
photoluminescence quantum yield (PLQY), and low-cost syn-
thesis processes.[13,14] Despite their giant application poten-
tial, the inherent susceptibility to extrinsically induced degrada-
tion toward polar solvents, oxygen, heat, and UV light limited
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their widespread commercialization
seriously.[15–18] Especially, they would lose
their structural integrity and emission
ability when exposed to aqueous medium
or even in humid air, which could be
due to the ionic character of CsPbX3
NCs along with their fragile surfaces
and metastable structures.[19] Therefore,
overcoming the instability of NCs has
been a top priority and enormous ef-
forts have been devoted to stabilizing
perovskite NCs by functionalizing them
with moisture-tolerance molecules,[20–24]

depositing passivation layers[25] and so
on.[26–28] Especially, various of encap-
sulation strategies including polymer
coatings,[29–31] inorganic oxides,[32–35]

solid or mesoporous silica,[36–38] shell
formation[39–42] have been explored.

Recently, metal-organic frameworks
(MOFs) have been used to protect the per-
ovskites NCs,[43–46] owing to their sim-
ple preparation process, high specific sur-
face area, and of particular interest is
the capability for tunable of structural
and coordination metal.[38,47] MOFs are

constructed from intramolecular pores self-assembled by organic
ligands and metal ions through coordination bonds.[48] Hou et
al reported a family of scalable composites fabricated through
liquid-phase sintering of perovskites and MOFs glasses. The
processable composites showed high stability against immer-
sion in water and organic solvents as well as exposure to heat,
light, air, and ambient humidity.[45] Lian et al demonstrated
a CsPbBr3/ZIF-62 composite that could exhibit high stability
against polar solvents, heat, light, and ambient humidity by sin-
tering of ZIF-62 in air at ≈300 °C to completely seal the per-
ovskite within the insulating matrix.[49] However, the prepara-
tion methods were complicated and always accompanied by high-
temperature sintering, which could induce the agglomeration of
perovskites NCs and lead to the fluorescence quenching. Hence,
it is challenging to realize the preparation of perovskites NCs in-
side MOFs through a facile synthesis and gain improved stability
against water, light, and heat.[43,50]

Herein, CsPbBr3@Pb-MOF composites with exceptional sta-
bility underwater, UV light, and heat in water were synthesized
by ultrasonic processing the precursors of lead-based MOF (Pb-
MOF), oleylammonium bromide (OAmBr) and Cs-OA solutions
at room temperature. Pb-MOF could not only provide the lead
source for the in-situ growth of CsPbBr3 NCs, but also the

Small Methods 2024, 2400241 © 2024 Wiley-VCH GmbH2400241 (1 of 8)

http://www.small-methods.com
mailto:liheyan@mail.xjtu.edu.cn
mailto:jinhaisi@mail.xjtu.edu.cn
https://doi.org/10.1002/smtd.202400241
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmtd.202400241&domain=pdf&date_stamp=2024-04-21


www.advancedsciencenews.com www.small-methods.com

Figure 1. Schematic of the preparation of CsPbBr3@Pb-MOF composites.

protective layer of perovskites NCs. The formed CsPbBr3@Pb-
MOF composites showed a considerable PLQY of 67.8%, and
the long-term stability against water, UV light, and heat was
demonstrated with CsPbBr3 NCs synthesized by the conven-
tional method as a comparison. Finally, green LED was fabricated
using green-emitting CsPbBr3@Pb-MOF composites and exhib-
ited excellent stability in water without package.

2. Results and Discussion

2.1. Synthesis of CsPbBr3@Pb-MOF Composites

The CsPbBr3@Pb-MOF composites were synthesized by ultra-
sonic and CsPbBr3-HI NCs were synthesized using the con-
ventional hot injection(HI) method (see details in the Support-
ing Information).[51] The Pb-MOF ((Pb2(1,3,5-HBTC)2(H2O)4,
see Figure S1, Supporting Information) was prepared using
a self-assembly method by dissolving lead (II) acetate trihy-
drate and 1,3,5-H3BTC2 in the aqueous solution according to
Sadeghzadeh’s report.[52] In the specific synthesis, oily-liquid
OAmBr and Cs-OA were prefabricated and well dispersed in hex-
ane. Pb-MOF powders, Cs-OA, and OAmBr were added into hex-
ane to grow CsPbBr3 NCs in Pb-MOF, and CsPbBr3@Pb-MOF
composites were formed in situ. The synthesis process diagram
is shown in Figure 1.

Scanning electron microscopy (SEM) was used to character-
ize the morphology and elements of the products, as shown in
Figures 2a,b, and S2 (Supporting Information). The morphology
of composites showed a micron rod shape with some attached
flaky materials. Combined with the SEM of Pb-MOF (Figure
S1, Supporting Information), the micron rod was Pb-MOF and
the flaky materials might be isolated CsPbBr3 NCs distributed
outside or the broken Pb-MOF. Energy dispersive spectroscopy
(EDS) showed that not only the Pb element but also Cs and Br
elements in the composites were observed and they could corre-
spond well with the distribution of crystals. Further, transmission
electron microscopy (TEM) was characterized to test the mor-
phology, distribution and fine structure of CsPbBr3 NCs for the
composites. As shown in Figure 2c, only MOF rod structures
could be observed for the product at low magnification TEM.
By selecting and enlarging the MOF rod (Figure 2d), CsPbBr3
NCs with a size of ≈ 15 nm distributed well in Pb-MOF crystals
could be observed. The high-resolution transmission electron mi-
croscopy (HRTEM, Figure 2e) and the fast Fourier transforma-
tion (FFT) images (Figure 2f) showed that the NCs had a high
crystal quality with the lattice fringes of 0.58 and 0.41 nm, cor-
responding to the (100) and (110) crystal faces of the CsPbBr3
crystal,[51,53] respectively.

In order to explore the fluence of the ratio of Cs and Br precur-
sor on the morphology and PL characteristics of the sample, the
ratio of the two was changed from 1: 10 (20 μL for Cs-OA) to 9: 10
(180 μL for Cs-OA). The photoluminescence (PL) photographs
of crude solution for different ratios are shown in Figure 2g.
It could be seen that with the increase of the proportion, the
PL changed from blue to green light. To obtain the morphology
of the samples, the supernatant and precipitation with 60, 100,
and 180 μL for Cs-OA were characterized by TEM and shown in
Figure S4 (Supporting Information) and Figure 2c–f. Monodis-
persed CsPbBr3 NCs with a size less than 10 nm were shown
in the supernatant for 60 μL Cs-OA; as for 100 and 180 μL, there
were larger and more uneven rod-like materials. In the TEM anal-
ysis of the precipitation, 60 μL Cs-OA revealed intact Pb-MOF
with attached nanoplates (NPLs) and did not find CsPbBr3 NCs
within the Pb-MOF. At 100 μL, the Pb-MOF retained their shapes,
and CsPbBr3 NCs with a size of ≈ 15 nm distributed well in Pb-
MOF crystals. With 180 μL, the MOF was fragmented with re-
duced size. There were some aggregated CsPbBr3 NCs with a size
of 50 nm surrounding the Pb-MOF.

Meanwhile, PL spectra of supernatant and precipitation under
different proportions were shown in Figure S3 (Supporting Infor-
mation) and Figure 2h. From the Figure, we found that with the
increase of the proportion, the PL of the sample would redshift,
indicating the increase size of the CsPbBr3 NCs. The supernatant
of samples with 60 μL for Cs-OA had the highest PL intensity
at 508 nm, which could be attributed to the generation of small
and monodispersed CsPbBr3 NCs. As for 100 and 180 μL, owing
to the larger size of CsPbBr3 NCs shown in the TEM, they had
a weak PL intensity with red-shifted PL wavelength. In addition
to the PL peak of CsPbBr3 NCs at 509 nm, there was an addi-
tional weak PL peak at 435 nm in the precipitation for sample
with 60 μL for Cs-OA, which can be attributed to 2-layer CsPbBr3
NPLs by combining with TEM images.[54] The PL wavelength of
high proportions were redshifted to 526 nm and 100 μL showed
highest PL intensity. The highest PL intensity could be owing to
that CsPbBr3 NCs with size of 15 nm were well-distributed in Pb-
MOF crystals for 100 μL Cs-OA. While for 140 and 180 μL, the PL
property of CsPbBr3 NCs were reduced seriously owing to their
agglomeration. Furthermore, fluorescence confocal microscope
measurement was used to further demonstrated the PL origin of
the samples for 3: 10 (60 μL for Cs-OA) and 5: 10 (100 μL for Cs-
OA), as shown in Figure S5 (Supporting Information). The PL
of a sample prepared using 60 μL Cs-OA was concentrated in the
solution phase, while for 100 μL Cs-OA, the PL originated mainly
from the MOF rods. Therefore, 100 μL Cs-OA was selected as the
optimal ratio for the preparation of the sample and its further
characterizations. Notably, PLQY of the prepared CsPbBr3@Pb-
MOF composites (Figure S6, Supporting Information) were mea-
sured to be 67.8%, which was even higher than CsPbBr3-HI NCs
(55%). The outstanding PLQY for CsPbBr3@Pb-MOF compos-
ites could be attributed to the passivation of defects by the Pb-
MOF.

2.2. Water and Long-Term Stability

The prepared CsPbBr3@Pb-MOF composites in hexane were
centrifuged to obtain the powder sample (MOF-H). MOF-H
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Figure 2. a,b) SEM micrograph and EDS mapping of CsPbBr3@Pb-MOF composites; Scale bar: 2 μm. c–e) TEM and HRTEM micrographs of
CsPbBr3@Pb-MOF composites. f) The FFT image of e). g,h) The (g) photographs and PL properties of (h) precipitate for CsPbBr3@Pb-MOF com-
posites under different ratios of Cs and Br precursor.

powder was then sequentially processed by ethanol and water,
and then the powder samples, namely MOF-E and MOF-W, were
obtained by centrifugation. The optical images under ambient
and 365 nm UV light of MOF-H, MOF-E, and MOF-W pow-
ders were shown by the insets of Figure 3a. MOF-H and MOF-
E powders showed a yellow color, which is the typical color of
CsPbBr3 perovskite NCs. MOF-W powder showed a white color,
being similar with the color of Pb-MOF. The three powders could
emit strong green fluorescence under UV light. As a contrast,
the same treatment was carried out on the NCs prepared by the
HI method and the samples were named as HI-H, HI-E, and
HI-W, respectively. As shown in Figure 3a, MOF-E and MOF-W
could achieve 80% and 30% of the PL intensity of MOF-H re-
spectively, which were much stronger than those of HI-E and

HI-W (as given by Figure S7a, Supporting Information). Then,
PL (under 400 nm excitation) and photoluminescence emission
(PLE) spectra of the MOF-H and MOF-W composites were fur-
ther measured. As shown in Figure 3b, MOF-H exhibited a green
emission peak at 526 nm with 18 nm full-width-at-half maximum
(FWHM) while MOF-W showed a blue-shifted emission peak at
518 nm and narrower FWHM of 16 nm. The reason for blue-
shifted PL with narrower FWHM could be due to the degradation
of CsPbBr3 NCs on the surface of MOF. The PL originated from
the NCs inside the MOF, and the distribution of CsPbBr3 NCs
was more uniform, and aggregation of the NCs could be avoided
due to the isolation by the porous structure of Pb-MOF. Besides,
the PLE spectrum showed a wide excitation wavelength for both
samples, indicating the excellent absorption properties.[42]
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Figure 3. a) PL intensities of CsPbBr3@Pb-MOF in hexane, ethanol, and water, the inset are the optical images of their powders under ambient light and
365 nm UV light. b) PL and PLE spectra of MOF-H and MOF-W, respectively. c) Optical images of samples (From left to right, that’s in hexane, ethanol,
and water) under ambient light and 365 nm UV light (upper) and optical images of samples CsPbBr3@Pb-MOF (left) and CsPbBr3-HI (right) in water
for 0 day, 2 months and 6 months under 365 nm UV light (bottom). d) Long-term stability of CsPbBr3@Pb-MOF and CsPbBr3-HI in hexane and water.

The obtained samples were then dispersed in hexane, ethanol,
and water, as shown in Figure 3c (upper) and Figure S7b (Sup-
porting Information), respectively. The corresponding long-term
PL intensity of the sample in hexane and water were charac-
terized and shown in Figure 3d. It can be seen that whether it
was dispersed in hexane or water, CsPbBr3@Pb-MOF compos-
ites showed better long-term stability than conventional HI NCs.
Unlike conventional HI NCs which would rapidly degrade in wa-
ter and lose their PL properties, the CsPbBr3@Pb-MOF compos-
ites still achieved over 90% of their initial PL intensity after im-
mersing in water for 2 months. Optical images of CsPbBr3@Pb-
MOF and HI NCs immersed in water with long-term stability for
0 days, 2 months, and even 6 months under ambient light and
365 nm UV light were shown in Figure 3c (bottom), which indi-
cated their extremely excellent stability in water and promising
applications in aqueous phase.

2.3. Structure and Morphology Characterization

To reveal the reason for the good stability of the sample, a model
of MOF-W composites was proposed and shown in the Figure 4a.
First, the growth mechanism of the NCs was put forward by the
in-situ PL spectra, as shown in Figure S8 (Supporting Informa-
tion). Ultra-small CsPbBr3 NCs were formed immediately with
strong quantum confinement effect and showed blue PL under

UV light at the beginning. With the increase of reaction time,
the wavelength of PL redshifted with green fluorescence emit-
ting owing to the CsPbBr3 NCs became larger. This occurs due
to the reduced potential barrier for Cs and Br precursors to enter
the MOF under ultrasonic conditions and considerable CsPbBr3
NCs generated by reaction with the Pb both inside and on the
surface of Pb-MOF. The prepared sample was call CsPbBr3@Pb-
MOF-H.

Due to the ionic properties of perovskite, water would induce
the dissolution of NCs and larger grains could be formed by re-
crystallization, resulting in the reduction of PL properties.[55,56]

The NCs on the surface of Pb-MOF would be degraded after the
treatment of water, while the internal NCs could be effectively re-
served owing to the encapsulation of the MOF framework(called
CsPbBr3@Pb-MOF-W). The density of the NCs would reduce
owing to the degradation of the surface NCs, which could cor-
respond to the PL of the composites blue-shifted from 526
to 518 nm, as shown by the PL spectra given in Figure 3b.
Meanwhile, the contact area between the inner NCs and wa-
ter would be reduced owing to the protection of the framework.
The confined Pb-MOF interior and the hydrophobic surface lig-
ands could effectively prevent moisture from entering and the
CsPbBr3 NCs could survive when immersing in water for a long
time.[57,58]

X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and SEM were used to further verify the structure (as given
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Figure 4. a) Schematic of MOF-H and MOF-W. b) XRD patterns of CsPbBr3-HI, Pb-MOF, MOF-H, and MOF-W. c–f) XPS spectra of the Pb-MOF, MOF-H,
and MOF-W: c) the full-range spectra; d) Cs 3d spectra; e) Pb 4f spectra; f) Br 3d spectra. g) SEM micrograph of MOF-W and h) EDS mapping images;
Scale bar: 2 μm.

in Figure 4). Compared with the CsPbBr3 NCs prepared by HI
method, MOF-H, and MOF-W composites also showed obvious
diffraction peaks of CsPbBr3 (Mark by *, Figure 4b).[53] XPS mea-
surements were performed to examine chemical elements. As
shown in the full-range XPS spectra (Figure 4c), the signals of Cs
and Br elements appeared in both MOF-H and MOF-W compos-
ites. According to the high resolved spectra for Cs 3d (Figure 4d),
two peaks centered at 738.2 and 724.3 eV owing to Cs 3d3/2 and Cs
3d5/2 were observed in MOF-H and MOF-W composites. More-
over, compared with the Pb-MOF, the Pb 4f peaks shift to lower
binding energies (from 143.9 to 143.2 eV, from 139.0 to 138.3 eV,
shown in Figure 4e) and slightly broaden for the MOF-H com-
posites, suggesting the change of coordination chemistry of Pb
atoms (the emerging Pb–Br bond from CsPbBr3 NCs).[41] The
binding energies of the Pb 4f peaks of the MOF-W were 143.7
and 138.8 eV, respectively, which were between those of Pb-MOF
and MOF-H, indicating that although part of the CsPbBr3 NCs
were degraded after water treatment, some of the NCs were still

protected by MOF and made the binding energy still lower
than Pb-MOF. By further fitting the Br 3d spectra for MOF-H
(Figure 4f), the peaks centered at 69.1 and 68.1 eV were attributed
to Br 3d3/2 and 3d5/2, respectively. Because XPS could only ob-
tain elemental information for the surface states (<10 nm) and
couldn’t detect the deeper signal, the intensity of Br 3d spec-
tra in MOF-W was very weak. SEM and EDS mapping were
used to characterize the morphology and element distribution
of the samples, as shown in Figure 4f,g. Element distribution
showed that Cs, Pb, and Br were distributed along the MOF
rod, indicating that the CsPbBr3 NCs were wrapped in the MOF
rod. The distribution and atomic ratio of elements at differ-
ent depths were characterized by changing the voltage of EDS.
When the voltage was increased from 10 to 20 kV, detection
depth was increased, and the ratio of Br: Pb elements increased
from 0.26: 15.87 to 0.33: 10.99 (Table S1, Supporting Informa-
tion), further indicating the existence of CsPbBr3 NCs inside the
MOF.
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Figure 5. UV light stability of CsPbBr3@Pb-MOF composites and CsPbBr3-HI NCs in (a) hexane and (b) water. c) The optical PL images of 0 and 600 min
radiation of UV light for CsPbBr3@Pb-MOF composites (left) and CsPbBr3-HI NCs (right) in hexane and water. d–f) Normalized PL intensity variations
of d)CsPbBr3-HI, e) MOF-H, and f) MOF-W going through 10 thermal cycles with the temperature varying between 30 and 90 °C.

2.4. UV Light and Heat Stability

Considering that perovskite NCs could suffer from UV light ir-
radiation and ambient temperature change in practical appli-
cation, UV light and heat stabilities of the prepared samples
were characterized.[49,58] Here, the change of PL intensity and
central wavelength of different samples were tested under con-
tinuous UV light irradiation in hexane and water, as shown in
Figure 5a–c. The PL intensities and central wavelength of
CsPbBr3@Pb-MOF composites in hexane remained constant
(Figure 5a; Figure S9a,b, Supporting Information) under 600 min
of 365 nm UV irradiation. In contrast, for conventional CsPbBr3-
HI NCs, the surface ligands were removed by UV light
and caused the agglomeration of NCs, causing the 80% re-
duction of the PL intensity as well as the redshift. Fur-
thermore, CsPbBr3@Pb-MOF composites in water showed
an outstanding resistance (Figure 5b; Figure S9c,d, Support-
ing Information) when suffering the irradiation of 365 nm
UV light. The optical PL images of the UV irradiation pro-
cess of UV light for CsPbBr3@Pb-MOF composites (left) and
CsPbBr3-HI NCs (right) in hexane and water are shown in
Figure 5c.

The samples were then prepared on quartz glass plates by
drop casting and the stability at high temperatures was tested.
As shown in Figure S10a–c (Supporting Information), the raw
PL intensity decreased with temperature rose from 30 to 90 °C.
For CsPbBr3-HI NCs, when the temperature rose to 90 °C, the PL
intensity decreased to less than 20% of 30 °C, while for MOF-H
composites, it could reach more than 30%. Surprisingly, MOF-W
composites only dropped to 45% of 30 °C, which means better
thermal stability after water treatment. Then, the cyclic stability

of samples heating and cooling were characterized, as given in
Figure 5d–f. The PL intensity of CsPbBr3-HI NCs was constantly
declining in the process of heating and cooling, which means the
degradation of CsPbBr3-HI NCs. For MOF-H and MOF-W com-
posites, the outstanding PL characteristics could be maintained
after 10 cycles, indicating that the perovskite NCs were well passi-
vated from heat damage. The UV irradiation and heat treatment
mainly destroy the surface of the CsPbBr3 NCs. The surface lig-
ands would undergo irreversible desorption and decomposition
under UV irradiation and heat treatment, leading to the aggre-
gation of CsPbBr3 NCs and reducing their PL properties.[27,59]

After the encapsulation of MOF framework, the surface ligands
would be confined inside the MOF and the desorption would be
reduced effectively with the inhibition of the of CsPbBr3 NCs’
aggregation.[60] To our knowledge, the preparation of CsPbBr3
NCs with excellent PL stability in water, UV irradiation, and heat
using such a simple method has not been reported elsewhere.
Tables S2 and S3 (Supporting Information) summarize the syn-
thesis methods and stability comparison of the reported MOF-
based and some typical stable perovskite NCs with our work, re-
spectively.

Given that the exceptional stability underwater, UV light, and
heat for CsPbBr3@Pb-MOF composites, green MOF-W@LED
was fabricated using 445 nm commercial InGaN chip as back-
light, as shown in Figure 6a respectively. The unpackaged LED
were immersed in water and examined its emitting performance
for 120 h, as shown in the Figure 6b,c. The MOF-W@LED still
maintained excellent PL characteristics after being immersed in
water for 120 h owing to the protection of the MOF framework.
As shown in the inset of Figure 6c, even after 30 days, it still main-
tained excellent luminous properties.

Small Methods 2024, 2400241 © 2024 Wiley-VCH GmbH2400241 (6 of 8)
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Figure 6. a) Green LED prepared by MOF-W composites. c) Long-term stability for MOF-W@LED immersed in water. d) Normalized PL intensity of
MOF-W@LED; inset of (d) are the optical images of MOF-W@LED immersed in water for 0 h, 120 h, and 30 days.

3. Conclusion

In summary, CsPbBr3@Pb-MOF composites with exceptional
stability against water, UV light, and heat were synthesized
by the ultrasonic method at room temperature. The formed
CsPbBr3@Pb-MOF composites showed a considerable PLQY of
67.8%, and could achieve 90% of the initial PL intensity when
immersed in water for 2 months. In addition, the outstanding
PL stability against UV light and heat were demonstrated with
CsPbBr3 NCs synthesized by the conventional method as a com-
parison. Finally, green LED was fabricated using green-emitting
CsPbBr3@Pb-MOF composites and exhibited excellent stability
without packaged when immersed in water for 30 days. This
study provides a practical approach to improve the stability of
perovskite NCs in an aqueous phase, which may pave the way
for future applications for various optoelectronic devices.
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