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Stability Enhancement in All-Inorganic Perovskite Light
Emitting Diodes via Dual Encapsulation

Jindou Shi, Zeyu Wang,* Nikolai V. Gaponenko, Zheyuan Da, Chen Zhang, Junnan Wang,
Yongqiang Ji, Yusong Ding, Qing Yao, Youlong Xu, and Minqiang Wang

Addressing the challenge of lighting stability in perovskite white light emitting
diodes (WLEDs) is crucial for their commercial viability. CsPbX3 (X = Cl, Br, I,
or mixed) nanocrystals (NCs) are promising for next-generation lighting due
to their superior optical and electronic properties. However, the inherent soft
material structure of CsPbX3 NCs is particularly susceptible to the elevated
temperatures associated with prolonged WLED operation. Additionally, these
NCs face stability challenges in high humidity environments, leading to
reduced lighting performance. This study introduces a two-step dual
encapsulation method, resulting in CsPbBr3@SiO2/Al2SiO5 composite fibers
(CFs) with enhanced optical stability under extreme conditions. In testing,
WLEDs incorporating these CFs, even under prolonged operation at high
power (100 mA for 9 h), maintain consistent electroluminescence (EL)
intensity and optoelectronic parameters, with surface temperatures reaching
84.2 °C. Crucially, when subjected to 85 °C and 85% relative humidity for
200 h, the WLEDs preserve 97% of their initial fluorescence efficiency. These
findings underscore the efficacy of the dual encapsulation strategy in
significantly improving perovskite material stability, marking a significant step
toward their commercial application in optoelectronic lighting.

1. Introduction

Cesium lead halide perovskite CsPbX3 (X = Cl, Br, I, or mixed)
nanocrystals (NCs) are emerging as promising candidates for
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next-generation optical lighting materials,
owing to their exceptional optoelectronic
properties including high photolumines-
cence quantum yields (PLQYs), tunable
band gaps, and narrow emission.[1–7] De-
spite these advantages, CsPbX3 NCs are
sensitive to environmental variations, par-
ticularly high temperatures, which even in
minimal increments, can significantly de-
teriorate their optical properties.[8–11] Fur-
thermore, exposure to environmental hu-
midity can lead to partial decomposition
of these NCs, negatively impacting fluo-
rescence quality.[12,13] In optoelectronic de-
vices, prolonged high-power operation gen-
erates high surface temperatures,[14–17] ad-
versely affecting the optical characteristics
of internal fluorescent materials. There-
fore, enhancing the thermal stability of
CsPbX3 NCs is a critical and increas-
ingly researched area in the field.[18,19]

Surface encapsulation with more sta-
ble materials has emerged as a prevalent
approach for enhancing the stability
of CsPbX3 NCs. Various researchers
have explored different encapsulation

techniques to ensure the reliability of optoelectronic
devices.[20–23] For instance, the use of thermoplastic polyurethane
(TPU), a low-cost flexible polymer, as an encapsulation layer re-
sulted in CsPbBr3/TPU films with green fluorescence emission.
This approach reduced the photoluminescence (PL) loss ratio
to 47% under heating and cooling cycles at 363 K.[24] Similarly,
encapsulating CsPbBr3 NCs in dual-shell hollow SiO2 spheres
produced CsPbBr3/SiO2 nanospheres, which retained 65% of
their PL intensity under a thermal environment at 100°C. The
resulting white light emitting diode (WLED) devices achieved a
wide color gamut, covering 136% of the NTSC standard.[25] Fur-
thermore, CsPbBr3@CsPb2Br5 core–shell microplates, created
via a one-step encapsulation using CsPbBr3 derivative CsPb2Br5,
demonstrated a PL loss ratio of only 40% under similar thermal
cycles and led to LED devices with a half-life of 19.4 h under
high-power operation.[26] However, despite these advancements
in thermal stability, the encapsulated CsPbBr3 NCs have yet to
achieve non-loss in PL intensity at high temperatures, which
is a critical requirement for further commercial development.
Consequently, achieving optimal optical stability of CsPbBr3
NCs under high-temperature conditions remains a significant
challenge.
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Figure 1. a) X-ray diffraction (XRD) patterns of CsPbX3 (X = Cl, Br, I or mixed) NCs. Transmission electron microscope (TEM) images of b) CsPbCl3
NCs, c) CsPbBr3 NCs and d) CsPbI3 NCs. Photographs e) of CsPbX3 (X = Cl, Br, I or mixed) NCs under daylight (top) and UV light (bottom). Normalized
photoluminescence (PL) f) and absorbance g) spectra of CsPbX3 (X = Cl, Br, I or mixed) NCs.

In this study, a novel two-step encapsulation method was
proposed to enhance the stability of CsPbBr3 nanocrystals.
Initially, a highly transmittable and water-resistant SiO2 layer
was applied as the primary encapsulation.[27,28] Subsequent
encapsulation with high-temperature-resistant aluminosilicate
composite fibers (Al2SiO5 CFs)[29,30] led to the creation of
CsPbBr3@SiO2/Al2SiO5 CFs, exhibiting substantial thermal and
water stability. As can be seen from further thermal, wa-
ter and UV radiation stability tests, the optical properties of
CsPbBr3@SiO2/Al2SiO5 CFs are not attenuated under high
temperature (100°C), long-term water immersion (90 min)
as well as UV irradiation (24 h), laying a solid foundation
for subsequent applications in optoelectronic devices. Subse-
quently, the two-step encapsulation method was applied to obtain
CsPbI3@SiO2/Al2SiO5 CFs and CsPbCl3@SiO2/Al2SiO5 CFs, re-
spectively, and by adjusting the red, green, blue (RGB) ratio, the
stable WLED device was assembled, which showed no significant
variations in electroluminescence (EL) intensity as well as other
optoelectronic parameters after 9 h of continuous working at high
power (100 mA), although the surface temperature of the device
was already as high as 84.2 °C at this time. Especially, the WLED
was also exposed to more harsh environments (85 °C/85% rela-
tive humidity (RH)) for long-term stability tests, and its luminous
efficiency was maintained at the initial 97% after 200 h of stor-
age. This outstanding lighting stability perfectly meets the cur-
rent market requirements for WLED devices, dramatically boost-
ing the competitiveness of perovskite materials for the commer-
cial lighting sector in the future.

2. Results and Discussion

CsPbX3 (X = Cl, Br, I or mixed) NCs with different halide ion
contents were obtained by conventional high-temperature ther-

mal injection (specific preparation in Supporting Information).
The XRD pattern revealed that all samples matched the typical cu-
bic phase, and as the X-site ions were transitioned from Cl− to I−,
the corresponding diffraction peaks were shifted toward a smaller
2𝜃 angles (Figure 1a), which was attributed to the lattice expan-
sion induced by the increased radius of the halide ion (Cl−: 167
pm, Br−: 182 pm, I−: 206 pm).[31,32] All samples presented a typ-
ical neat cubic arrangement (Figure 1b–d), indicating excellent
mono-dispersibility, which was consistent with that previously
reported.[33] CsPbX3 (X=Cl, Br, I, or mixed) NCs exhibited bright
fluorescence emission with various colors under UV light irradi-
ation (Figure 1e), corresponding to PL spectra covering the whole
visible region (Figure 1f). Such optical behaviors resulted mainly
from the gradual transfer of the halide ions from Cl− to I−, caus-
ing a shifting in the absorption edge of CsPbX3 NCs (Figure 1g).
In summary, the whole spectral emission of CsPbX3 NCs in the
visible region can be achieved by simply adjusting the ratio of
halide ions, as well as their low production cost making them the
most promising material for optical illumination.

Unfortunately, commercial lighting devices inevitably gener-
ate high temperatures on the surface of the backlight chips un-
der prolonged energization, which can be fatal to the optical
properties of the fluorescent material, so that improving the
optical stability of commercial lighting phosphors under ther-
mal environments has been the bottleneck in their develop-
ment for a long time.[34,35] Particularly, cesium lead halide per-
ovskite CsPbX3 NCs belong to a soft matter system in struc-
ture, which will display a large response to minor changes in
the external thermal environment,[36] accompanied by a degra-
dation of their optical properties, greatly limiting their applica-
tion in the field of commercial lighting. Moreover, some light-
ing devices in practical applications will be exposed to high hu-
midity environments for long periods of time, and the ionic
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Figure 2. Schematic diagram of the highly stable CsPbBr3@SiO2/Al2SiO5 CFs were obtained by dual encapsulation treatment for CsPbBr3 NCs.

nature of CsPbX3 NCs themselves makes them susceptible to
moisture-induced decomposition,[37] so addressing their optical
stability under high-humidity environments will contribute to
their sustainable development. Here, it is proposed to accom-
plish the thermal stability enhancement of CsPbX3 NCs by ap-
plying a two-step dual encapsulation strategy (Figure 2), where
CsPbBr3 NCs will be selected as the object of study. First, CsPbBr3
NCs were dispersed in a toluene solution and encapsulated with
a highly transmissive layer of SiO2 by the hydrolysis process
of Si(OC2H5)4, thereby effectively enhancing the water stability
of CsPbBr3 NCs and partially improving their thermal stabil-
ity. Subsequently, the obtained CsPbBr3@SiO2 core-shell NCs
were composited with the thermostable Al2SiO5 CFs to pro-
duce CsPbBr3@SiO2/Al2SiO5 CFs with excellent thermal stabil-
ity, which exhibited bright green fluorescence emission under
UV light irradiation, so that the two-step dual encapsulation strat-
egy would not affect the optical properties of CsPbBr3 NCs.

The microstructure and morphology of the samples un-
der each encapsulation step were closely observed respectively,
thereby providing an insight into the preparation process. The
thermal injection method produced cubic CsPbBr3 NCs with
excellent crystallinity (Figure 3a), where the lattice spacing
of 0.41 nm corresponded exactly to the (114) crystal plane
(Figure 3b). Moreover, elemental mapping and energy disper-
sive spectroscopy (EDS) results (Figure S1, Supporting Informa-
tion) showed that Cs, Pb, and Br were uniformly distributed in
the crystal with no additional elements, which again ensured
the synthesis of high-quality CsPbBr3 NCs. After being encap-
sulated with SiO2, it can be seen that core CsPbBr3 NCs no
longer retained the initial cubic shape (Figure 3c), resulting
from the erosion of the surface of CsPbBr3 NCs during the
hydrolysis of Si(OC2H5)4, a similar phenomenon was reported
in the previous preparation of CsPbBr3@ZrO2 NCs.[38] In the
HR-TEM image of CsPbBr3@SiO2 NCs (Figure 3d), the lattice
spacing of the internal CsPbBr3 NCs can be clearly seen, cor-
responding exactly to the crystal plane of CsPbBr3. Addition-
ally, an encapsulated layer of amorphous SiO2 can also be ob-
served on the surface of CsPbBr3 NCs, therefore showing no ob-

vious lattice. Subsequently, elemental mapping and EDS results
of CsPbBr3@SiO2 NCs demonstrated that Si and O elements
were detected on the surface of CsPbBr3 NCs (Figure S2, Sup-
porting Information), indicating that the first encapsulation of
CsPbBr3 NCs was successfully completed using the hydrolysis
of Si(OC2H5)4. Subsequently, the secondary encapsulation was
completed by compositing CsPbBr3@SiO2 NCs with the high-
temperature resistant Al2SiO5 CFs. Notably, a smooth surface of
the pure phase Al2SiO5 CFs was observed, which intertwined
together to form large filling spaces, thereby facilitating a bet-
ter entry of CsPbBr3@SiO2 NCs (Figure S3, Supporting Infor-
mation). CsPbBr3@SiO2/Al2SiO5 CFs were acquired after com-
positing CsPbBr3@SiO2 NCs into Al2SiO5 CFs, the correspond-
ing SEM image revealed that the surface of Al2SiO5 CFs was no
longer smooth (Figure 3e), and a large amount of CsPbBr3@SiO2
NCs could be seen attached to each Al2SiO5 fiber on the HR-SEM
image (Figure 3f). Afterward, the compositing of CsPbBr3@SiO2
NCs in Al2SiO5 CFs was analyzed by elemental mapping and EDS
(Figure S4, Supporting Information), which indicated that the el-
ements of Al2SiO5 CFs were distributed along the fiber orienta-
tion, the elements of CsPbBr3@SiO2 NCs were uniformly dis-
tributed on their surface, and all elemental signals have been de-
tected. Moreover, the diffraction peaks of CsPbBr3 were detected
in the XRD patterns of all samples (Figure 3g), indicating that the
dual encapsulation strategy did not have a significant impact on
the crystal structure of CsPbBr3 NCs. The above characterization
results indicated that CsPbBr3@SiO2/Al2SiO5 CFs were success-
fully prepared by utilizing a convenient two-step dual encapsu-
lation strategy, which laid the foundation for subsequent optical
development.

In order to better understand the effect of the dual encapsu-
lation strategy on the fluorescence emission of CsPbBr3 NCs,
the changing optical properties of the samples before and af-
ter encapsulation were investigated closely. The fluorescence
emission peaks of all samples were located in the green re-
gion, with the slight distinction that the PL emission peaks
of CsPbBr3@SiO2 NCs (518 nm) and CsPbBr3@SiO2/Al2SiO5
CFs (518 nm) showed a small blue shift in position relative
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Figure 3. TEM and high-resolution transmission electron microscope (HR-TEM) images of a,b) CsPbBr3 NCs and c,d) CsPbBr3@SiO2 NCs. Scanning
electron microscope (SEM) and high-resolution scanning electron microscope (HR-SEM) images of e,f) CsPbBr3@SiO2/Al2SiO5 CFs. g) XRD patterns
of CsPbBr3 NCs (red), CsPbBr3@SiO2 NCs (blue) and CsPbBr3@SiO2/Al2SiO5 CFs (green). h) Normalized PL, i) absorbance, and j) time-resolved PL
spectra of samples.

to CsPbBr3 NCs (522 nm) (Figure 3h). This mainly stemmed
from the size shrinkage caused by the corrosion of core CsPbBr3
NCs during hydrolysis, which triggered a blue shift in the
PL emission peak.[39] The PLQYs of CsPbBr3 NCs (76%) af-
ter dual encapsulation were increased to 84% (CsPbBr3@SiO2
NCs) and 87% (CsPbBr3@SiO2/Al2SiO5 CFs) respectively, which
can be explained by the passivation of their surface defects
with SiO2, a similar phenomenon having been observed in
previous reports.[40] As can be seen from the corresponding
absorbance spectra of the samples, the single or dual encap-
sulation did not impact on the absorbance of CsPbBr3 NCs,
and their absorption edges remained the same (Figure 3i),
which again demonstrated that the dual encapsulation strat-
egy only enhanced their stability and not interfered with
the crucial optical properties. Finally, the carrier recombina-
tion dynamics of the samples were investigated by recording
the change in PL lifetime decay behaviors before and after

encapsulation (Figure 3j). The results indicated that the PL de-
cay curves of the samples were well fitted by the dual exponen-
tial decay function (Table S1, Supporting Information), where
the short lifetime (𝜏1) was derived from the non-radiative recom-
bination and the long lifetime (𝜏2) was attributed to the radia-
tive recombination.[41,42] The radiative recombination ratio (A2)
of samples after encapsulation was improved, indicating that the
internal defect state content was reduced, which coincided with
the increasing trend of their PLQYs. By comparing the optical be-
haviors before and after encapsulation, it can be concluded that
the dual encapsulation strategy not only did not hinder the flu-
orescence emission of CsPbBr3 NCs, but rather acted as a facil-
itator, which will pave the way for its application in the field of
optoelectronic lighting.

Next, the optical properties of CsPbBr3 NCs, CsPbBr3@SiO2
NCs, and CsPbBr3@SiO2/Al2SiO5 CFs were in situ observed
under different thermal environments in order to better evaluate
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Figure 4. a) Infrared images and fluorescence photographs of CsPbBr3 NCs, CsPbBr3@SiO2 NCs, and CsPbBr3@SiO2/Al2SiO5 CFs under different
temperature were recorded by infrared thermal camera and photo camera, respectively. Changes in the instantaneous PL spectra of b) CsPbBr3 NCs,
c) CsPbBr3@SiO2 NCs, and d) CsPbBr3@SiO2/Al2SiO5 CFs from RT to 100 °C.

the improved thermal stability of the samples before and after
encapsulation. Infrared images of CsPbBr3 NCs, CsPbBr3@SiO2
NCs, and CsPbBr3@SiO2/Al2SiO5 CFs at different temperatures
were recorded using a thermal infrared imager (Figure 4a).
As can be seen the surface temperature of the unencapsulated
CsPbBr3 NCs and single encapsulated CsPbBr3@SiO2 NCs are
consistent with the environmental temperature owing to the lack
of a more thermo-resistant encapsulation layer, which directly
resulted in the core light emitting layer (CsPbBr3) being exposed
to high-temperature environments, thereby brought about a
greater threat to their optical stability. In stark contrast, after
being encapsulated in Al2SiO5 CFs with excellent thermal insula-
tion, the temperature on the surface of CsPbBr3@SiO2/Al2SiO5
CFs was only 30 °C when the external environmental tempera-
ture reached 100°C, greatly alleviating the effect of the thermal
environment on its optical stability. Fluorescence photographs
corresponding to the samples under UV light also demonstrated
that the fluorescence emission of CsPbBr3@SiO2/Al2SiO5 CFs
after dual encapsulation did not decay under high-temperature
environments (100 °C), and the excellent optical stability will al-
low it to take advantage in the next step of lighting development.
Subsequently, the PL spectra of CsPbBr3 NCs, CsPbBr3@SiO2
NCs, and CsPbBr3@SiO2/Al2SiO5 CFs were in situ recorded at
different temperatures to provide more insight into the effect of
the thermal environment on the optical properties. Undoubtedly,
there was a decrease in PL intensity for both CsPbBr3 NCs and
CsPbBr3@SiO2 NCs (Figure 4b,c), which corresponded to the
fluorescence photographs at different temperatures (Figure 4a).
However, the PL intensity decay of CsPbBr3@SiO2 NCs was

alleviated compared to CsPbBr3 NCs, which was mainly due to
the encapsulation of the SiO2 shell on its surface, suggesting
that SiO2 was also effective to improving the thermal stability of
CsPbBr3 NCs. Moreover, the PL emission peaks of both CsPbBr3
NCs and CsPbBr3@SiO2 NCs displayed blue shift in different
degree, which was caused by the out-of-phase band-edge states
stabilized as lattice dilation at the Brillouin zone boundary, as
mentioned in previous reports on the thermal stability of halide
perovskite materials.[43–45] The most outstanding performance
was in CsPbBr3@SiO2/Al2SiO5 CFs after dual encapsulation,
which benefited from the protection of the SiO2 and Al2SiO5
shell layers, allowing the environmental temperature of the
core light-emitting layer (CsPbBr3) to be kept at 30°C, so
that its PL intensity did not show any significant decay and
the position of the emission peak did not shift (Figure 4d).
Afterward, heating-cooling cycles tests at high temperature
(100 °C) were carried to CsPbBr3 NCs, CsPbBr3@SiO2 NCs,
and CsPbBr3@SiO2/Al2SiO5 CFs, and the PL intensity of the
samples after each cycle was recorded respectively (Figure S5,
Supporting Information). The results indicated that the double
layer protected CsPbBr3@SiO2/Al2SiO5 CFs had excellent PL
cycling stability, and the PL intensity was basically maintained in
the initial state after ten sets of heating and cooling cycles, while
both CsPbBr3 NCs and CsPbBr3@SiO2 NCs suffered from severe
fluorescence loss. Comparison of the optical stability of CsPbBr3
NCs, CsPbBr3@SiO2 NCs, and CsPbBr3@SiO2/Al2SiO5
CFs demonstrated that CsPbBr3@SiO2/Al2SiO5 CFs was
able to maintain stable fluorescence emission under high-
temperature environment, which was crucial for the assembly of
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Figure 5. a) Fluorescence photographs of CsPbBr3 NCs, CsPbBr3@SiO2 NCs and CsPbBr3@SiO2/Al2SiO5 CFs stored in water for different times.
Changes in the instantaneous PL spectra of b) CsPbBr3 NCs, c) CsPbBr3@SiO2 NCs, and d) CsPbBr3@SiO2/Al2SiO5 CFs stored in water from 0 min
to 90 mins.

optoelectronic devices, as the devices would inevitably generate
heat on the surface under long-term energized conditions, and
the excellent thermal stability would greatly boost the competi-
tiveness of CsPbBr3@SiO2/Al2SiO5 CFs in the field of lighting
materials.

Subsequently, the long-term stability of CsPbBr3 NCs,
CsPbBr3@SiO2 NCs, and CsPbBr3@SiO2/Al2SiO5 CFs in water
was further investigated to understand the impact of external en-
vironmental humidity on their optical properties. The samples
were stored individually in water and the changes in their PL
spectra at different times were recorded. It is evident that the
fluorescence emission of CsPbBr3 NCs rapidly deteriorated af-
ter being stored in water for 15 min (Figure 5a,b), mainly from
the fact that direct exposure to large volumes of water caused
the decomposition of the CsPbBr3 NCs, thereby leading to a
loss of optical properties. On the other hand, after being en-
capsulated by SiO2, both CsPbBr3@SiO2 NCs (Figure 5a,c) and
CsPbBr3@SiO2/Al2SiO5 CFs (Figure 5a,d) exhibited excellent op-
tical stability in water, which was primarily attributed to the fact
that the amorphous SiO2 effectively constructed a barrier be-
tween the water molecules and CsPbBr3 NCs, thus ensuring that
the crystals did not decompose. In summary, the dual encapsu-
lation strategy not only conferred excellent thermal stability to
CsPbBr3 NCs, but also enhanced its optical stability under high
humidity environments, which further promoted the application

of perovskite optical lighting devices in a variety of harsh envi-
ronments.

Furthermore, UV irradiation stability also hindered the de-
velopment of perovskite optoelectronic devices for a long time.
Prolonged exposure to UV irradiation for CsPbX3 NCs will pro-
duce halogen vacancy-halogen interstitial pairs, allowing the
halogen to migrate to the perovskite surface, which can then
be trapped by the ionic surface, leading to ligand desorption
and crystal regeneration.[46,47] Many strategies have been pro-
posed to overcome this defect, where encapsulation can effec-
tively protect the bonded ligands on the surface of CsPbX3
NCs, avoiding the formation of emission or no-emission traps,
and preventing photo-induced regeneration and luminescence
degradation of perovskite crystals.[48,49] Here, CsPbBr3 NCs,
CsPbBr3@SiO2 NCs, and CsPbBr3@SiO2/Al2SiO5 CFs were
treated with UV irradiation for up to 24 h. It can be seen
that both single-encapsulated CsPbBr3@SiO2 NCs and double-
encapsulated CsPbBr3@SiO2/Al2SiO5 CFs exhibited excellent
fluorescence stability (Figure S6a, Supporting Information). Af-
ter long-term irradiation, they still maintained bright emission,
which again proved the effectiveness of the encapsulation strat-
egy, and laid the foundation for the subsequent assembly of
highly stable perovskite LED devices.

For assessing the performance enhancement of perovskite op-
toelectronic lighting devices with the dual encapsulation strategy,
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CsPbCl3 NCs/CsPbCl3@SiO2 NCs/CsPbCl3@SiO2/Al2SiO5 CFs
and CsPbI3 NCs/CsPbI3@SiO2 NCs/CsPbI3@SiO2/Al2SiO5 CFs
were obtained using the same encapsulation method and
were applied as blue- and red-light sources, and three WLED
devices were subsequently assembled by adjusting the ratio
of the RGB. For easy labeling, the three types of WLED
are still denoted as CsPbBr3 NCs, CsPbBr3@SiO2 NCs, and
CsPbBr3@SiO2/Al2SiO5 CFs representing unencapsulated, sin-
gle encapsulated and dual encapsulated respectively. The EL
intensity of the three WLED devices progressively intensified
with increasing drive current (from 5 to 100 mA), and no sig-
nificant apparent saturation was observed (Figure S7a–c, Sup-
porting Information), implying that the WLEDs assembled with
the three different materials were suitable for high-power com-
mercial lighting systems. Furthermore, the corresponding cor-
related color temperature (CCT) and color rendering index (CRI)
also gradually enhanced (Figure S7d–f, Supporting Information),
with the CCT of the WLEDs assembled with CsPbBr3 NCs,
CsPbBr3@SiO2 NCs and CsPbBr3@SiO2/Al2SiO5 CFs reaching
10 344, 11 029, and 10 494 K respectively, and the CRI reaching
73, 87, and 85 respectively, when the drive current was 100 mA. At
the same time, both three WLEDs are emitting bright white light
(insets in Figure S7g–i, Supporting Information), corresponding
to the color coordinates in the International Commission on Il-
lumination (CIE) diagrams at (0.28, 0.29), (0.27, 0.30), and (0.29,
0.28) (Figure S7g–i, Supporting Information), which belong to
the standard white light region, indicating that they can be ap-
plied as excellent lighting devices.

Importantly, the UV chip in the WLED inevitably generated
high temperatures on its surface during long-term working,
which had a fatal impact on the light-emitting layer. Therefore,
the surface temperature and related optoelectronic parameters
of the WLED device as function of working time were recorded
by using thermal infrared imager and spectrometer respectively
(Figure 6a). The surface temperature of WLED devices gradually
increased with working time when operating at 100 mA high
power, and the surface temperature of WLED devices was al-
ready up to 84.2 °C after working for 9 h (Figure 6b). There is
no doubt that the EL intensity of the WLED devices assembled
by CsPbBr3 NCs and CsPbBr3@SiO2 NCs gradually reduced as
the working time extended (Figure 6c,d). The relative humidity
of the testing environment at this time was only 30%, so the
effect of environmental humidity on EL intensity was ignored.
Subsequently, the decay trends of RGB intensity in the WLED
devices were collected respectively, and it can be seen that the
decay trends of the three light sources were inconsistent, where
the fastest decay in the red-light source (Figure S8a,b, Support-
ing Information), which made it impossible to guarantee the
RGB ratio of the white light source, thereby unable to achieve a
continuous output of white light. Meanwhile, the optoelectronic
parameters of the WLED devices also showed dramatic varia-
tions, with the CsPbBr3 NCs-assembled WLED devices exhibit-
ing the most significant decay in luminous efficiency and wide
fluctuation in CCT (Figure 6f). Benefiting from the SiO2 pro-
tection layer, the variations in the optoelectronic parameters of
the CsPbBr3@SiO2 NCs-assembled WLEDs were alleviated, but
it cannot be stabilized either (Figure 6g), making it impossible
to meet the demand for commercial lighting. Contrastingly, the
CsPbBr3@SiO2/Al2SiO5 CFs-assembled WLED device displayed

excellent lighting stability (Figure 6e), with the dual-layer encap-
sulation allowing its RGB intensity to be essentially unchanged,
maintaining a stable white light output. Corresponding optoelec-
tronic parameters were very stable, the luminous efficiency of
the device being maintained ≈32 lm W−1, and the CCT being
stabilized at ≈10 000 K (Figure 6h), which again suggested that
after the dual encapsulation, CsPbBr3@SiO2/Al2SiO5 CFs had
overcome the thermal effect on the surface of the optoelectronic
device, thereby ensuring an efficient white light output. Subse-
quently, the operational stability of the WLED was recorded by
exposing it under 85 °C and 85% RH (Figure S9a, Supporting
Information), thereby ensuring that it could be adapted to a va-
riety of extreme practical application environments. The lumi-
nous efficiency of the WLED device was 31.2 lm W−1 after be-
ing stored in a harsh environment for 200 h (Figure S9b, Sup-
porting Information), which was ≈97% of the initial intensity
(32 lm W−1). Compared with the perovskite LED devices obtained
from other stability enhancement strategies (Table S2, Support-
ing Information), the device performance obtained from this
dual-encapsulation treatment was most outstanding, and the de-
vice lifetime was greatly extended, which will provide a new op-
tion for subsequent commercial development. From the above
practical optoelectronic applications, the CsPbX3@SiO2/Al2SiO5
(X = Cl, Br, I) CFs obtained from the dual encapsulation strategy
have been the perfect choice for assembling perovskite lighting
devices, and the excellent long-term working stability under high
power will bring a new gospel for efficient and stable perovskite
WLED devices.

3. Conclusion

In summary, this study presents a straightforward two-step
dual encapsulation strategy, employing highly transmittable
and water-stable SiO2 along with high-temperature-resistant
Al2SiO5 composite fibers (CFs) as encapsulation layers, to
achieve highly stable CsPbBr3@SiO2/Al2SiO5 CFs. Subse-
quently, the optical stability of unencapsulated CsPbBr3 NCs,
single encapsulated CsPbBr3@SiO2 NCs and dual encapsu-
lated CsPbBr3@SiO2/Al2SiO5 CFs was compared under high
temperature, long-term water immersion as well as UV irra-
diation, and the results showed that CsPbBr3@SiO2/Al2SiO5
CFs after dual encapsulation exhibited excellent thermal, wa-
ter and UV irradiation stability. Conversely, employing the dual
encapsulation strategy yielded CsPbCl3@SiO2/Al2SiO5 CFs and
CsPbI3@SiO2/Al2SiO5 CFs. A WLED device, demonstrating a lu-
minous efficiency of 32 lm W−1, was assembled by finely tun-
ing the RGB ratio. Operated at a high power of 100 mA for 9 h,
the device maintained stable electroluminescence (EL) intensity,
and other related optoelectronic parameters remained constant.
Notably, the surface temperature of the device reached 84.2 °C,
as detected by a thermal infrared imager, without significantly
impacting performance. Moreover, the WLED was exposed to a
harsh environment of 85 °C/85%RH for long-term stability test-
ing, and its luminous efficiency was maintained at the initial 97%
after being stored for 200 h. We believe that this two-step dual
encapsulation strategy could significantly facilitate the develop-
ment of highly stable WLED devices, consequently expanding the
scope of commercial applications for perovskite materials.
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Figure 6. a) Schematic of WLED devices surface temperature and EL spectra collection during operation. Infrared images and surface temperature
b) of WLED devices driven by 100 mA current with extended working time. Changes in the EL spectra, luminous efficiency (blue dot), and CCT (red dot)
of the WLEDs assembled by c,f) CsPbBr3 NCs, d,g) CsPbBr3@SiO2 NCs and e,h) CsPbBr3@SiO2/Al2SiO5 CFs with extended working time.
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