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The commercial viability of fluorescent materials is critically contingent on their thermal stability. Recent interest
has converged on lead-free double perovskites (DPs), renowned for their optical properties mirroring those of
traditional lead-based counterparts and superior atmospheric stability. However, these materials encounter
significant fluorescence degradation in thermal environments, a challenging scenario given the high tem-
peratures endemic to the surfaces of optoelectronic devices during prolonged operation, detrimentally impact-
ing the fluorescent attributes of lead-free DPs. To address this challenge, in situ synthesis of lead-free DP
nanocrystals (NCs) within KIT-6 mesoporous molecular sieves is proposed, yielding Cs,Aglng ogBio 02Cle@KIT-6
NCs with enhanced optical qualities. Experimental results demonstrate a marked enhancement in the
fluorescence thermal stability of these NCs, attributed to the protective KIT-6 shell layer. Subjected to high
power operation (100 mA) for 270 minutes, the fabricated orange light-emitting diode (LED) device maintained
80% of initial luminous efficiency, despite the resultant elevated surface temperature of 326.8 K. Therefore, this
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novel in situ assembly approach significantly bolsters the operational stability of lead-free DPs, paving the way
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Introduction

Recent advancements have positioned lead-free double perovskite
(DP) nanocrystals (NCs) as a promising alternative to conventional
lead halide perovskite NCs, offering reduced toxicity and enhanced
stability under atmospheric conditions."® Applications of these
materials have extended across various domains, notably in solar
cells and photodetectors.” > Concurrently, the enhancement of the
optical properties of lead-free DP materials through ion doping has
emerged as a focal point of research,” ™ setting a foundational
platform for their integration into light-emitting diodes (LEDs)."*™"°
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for their potential commercial applications.

However, a critical challenge is the high temperatures gener-
ated on optoelectronic device surfaces during extended opera-
tion, adversely affecting the optical performance of fluorescent
materials, including lead-free DPs.?°>* To address this chal-
lenge, a comprehensive study for enhancing the fluorescence
thermal stability of lead-free DP materials becomes imperative
for their potential commercial deployment.

Recent studies have delved into the thermal stability of lead-free
DP materials.>>>* For instance, Cs,AgInCl, powder exhibited a
significant weight loss at 200 °C,*® while Cs,NaBiClg-based UV
detectors demonstrated long-term operational stability at 333 K."*
Furthermore, Cs,Ag, ;Na, ;InClg:Bi microcrystals (MCs), when sub-
jected to 398 K for 500 hours, retained nearly 86% of the initial
photoluminescence (PL) intensity.”” Concurrently, various strate-
gies to enhance thermal stability have been explored, including
employing Cu®* doping to maintain the stability of Cs,SbAgCls
MCs at 110 °C.*® Despite these advancements, comprehensive
strategies for enhancing the stability of lead-free DP materials,
particularly for their optical applications in nanocrystals (NCs),
remain limited. Therefore, addressing the challenges posed by
external thermal environments is crucial for the advancement of
lead-free DP NCs in optical applications.

In this study, a robust KIT-6 mesoporous molecular
sieve was utilized as a protective surface shell layer. An in situ
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Fig. 1 Schematic illustration of Cs,Aglin,Bi;_,Cle@KIT-6 NCs with differ-
ent In** contents fabricated using the in situ assembling method.

self-assembly process was developed for growing Cs,AgInClg
NCs within internal pores of KIT-6, resulting in the formation
of highly stable Cs,AgInCls@KIT-6 NCs. Optical absorption
enhancement was then achieved through in situ Bi** doping,
leading to the emission of bright orange light from Cs,AgIng og-
Bip.0,Cls@KIT-6 NCs (Fig. 1). A comparative analysis of the
fluorescence stability was conducted betweenCs,AgIng og-
Big.0,Cls NCs without shell layer protection and Cs,AgIngog-
Big.02Cls@KIT-6 NCs with the shell layer in a high temperature
environment. This analysis included an in-depth exploration of
the fluorescence quenching mechanism and revealed that the
Cs,AgIng ogBig 0,Cls@KIT-6  NCs exhibited markedly improved
fluorescence thermal stability, attributed to the effective thermal
isolation provided by the KIT-6 shell layer. In a practical applica-
tion, two LEDs were assembled using Cs,AgIn, ¢gBi 02Cls NCs and
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Cs,AgIng 9gBig.02Cls@KIT-6 NCs, respectively. The optoelectro-
nic parameters and surface temperatures of these devices were
monitored during high-power, long-duration operation. After
270 minutes of continuous operation, the LED comprising
Cs,AgIng 9gBig.02Cls@KIT-6 NCs retained 80% of its initial
luminous efficiency, significantly outperforming the LED with
Cs,AgIng 9gBig.02Cls NCs, which maintained only 26% of effi-
ciency at a similar surface temperature of 326.8 K. This sub-
stantial enhancement in the fluorescence thermal stability of
Cs,AgIng 9gBig.02Cls@KIT-6 NCs, afforded by KIT-6 coating, is
poised to significantly contribute to the development of opto-
electronic devices and expedite the commercialization of lead-
free DP materials.

Results and discussion

The Cs,AgIn,Bi; ,Cl¢@KIT-6 NCs with different In®" contents
were synthesized using an in situ assembly method. Subse-
quently, the structure and microscopic morphology of Cs,
AgIn,Bi, ,Clg@KIT-6 NCs with different In** contents were
investigated with assistance from X-ray diffraction (XRD) and
transmission electron microscopy (TEM). In order to obtain the
actual doping ratio of In**, the elements in Cs,Agin,
Bi, ,Cls@KIT-6 NCs were quantitatively analyzed by inductively
coupled plasma emission spectrometry (ICP-OES) (Table S1).
The XRD patterns of Cs,AgIn,Bi; ,Cls@KIT-6 NCs with differ-
ent In*" contents indicated that distinct highly crystalline DP
diffraction peaks were detected in all the samples, which
corresponded perfectly to the pure bulk Cs,AgInCls (ICSD:
257115) at the bottom (Fig. 2a). Moreover, the XRD patterns
of Cs,AgIn,Bi;_,Cls@KIT-6 NCs with different In*" contents all
presented a broad diffraction peak at 20°, originating from the
amorphous KIT-6 mesoporous molecular sieve (Fig. S1, ESIf),

Fig. 2 (a) XRD patterns of Cs,AgIn,Bi;_,Cle@KIT-6 NCs with different In®* contents (the bottom corresponds to a pure bulk Cs,AgInClg (ICSD: 257115)).
Magnification of the XRD patterns is in the 23°-25° range. TEM images of (b) KIT-6 mesoporous molecular sieves, (c) Cs,AgIng 9gBig02Cle@KIT-6 NCs, (d)
CSZAg|no_918i0_09C16@K|T'6 NCs, (d) CSzAg|n0_858i0_15C16@K|T'6 NCs and (f) CSzAg|no_7GBi0_24Cl6@K|T'6 NCs.
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which indicated that the compositing of Cs,AgIn,Bi, ,Cls with
the KIT-6 molecular sieve could be achieved using the in situ
assembly method. Meanwhile, the magnified XRD patterns of
Cs,AgIn,Bi, ,Clg@KIT-6 NCs with different In** contents in the
23°-25° range displayed that the diffraction peaks shifted to a
lower 20 angle with the reduced In** content (Fig. 2a), resulting
from the fact that the ionic radius of Bi** is larger (117 pm),
which caused the lattice expansion after substituting the smal-
ler ionic radius of In** (94 pm), a similar phenomenon reported
in the previous synthesis of other lead-free DP materials.***°
The microscopic morphology of different samples was further
observed, and the TEM image of the pure KIT-6 mesoporous
molecular sieve showed that no other crystalline phases existed
within it (Fig. 2b). However, Cs,AgIn,Bi; ,Cl;@KIT-6 NCs
obtained by in situ assembly not only had the KIT-6 shell layer,
but also had some NCs inside it (yellow circles), whose average
size was maintained within 5 nm because of the confined
growth of mesoporous channels in KIT-6 (Fig. 2c-f and
Fig. S2a-d, ESIt). Furthermore, the elemental mapping spectra
of Cs,AgIn,Bi; ,Cls@KIT-6 NCs showed that the NCs in the
KIT-6 mesoporous molecular sieve belonged to Cs,AgIn,-
Bi; ,Cle (Fig. S3a and b, ESIt), indicating that Cs,AgIn,Bi; ,Cl
NCs had completed confined growth in the mesoporous chan-
nels of KIT-6 at this time. Subsequently, the surface pore
structure of the KIT-6 mesoporous molecular sieve was inves-
tigated by using Brunauer-Emmett-Teller (BET) nitrogen
adsorption-desorption isotherms, and a typical type IV adsorp-
tion isotherm with a sharp capillary coalescence step and a
Hil-type hysteresis loop appeared under higher relative
pressures.**** Monolayer adsorption and multilayer adsorp-
tion were observed sequentially as the relative pressure
increased. The adsorption isotherm steepened when capillary
condensation occurred under pressure, and surface adsorption
eventually occurred. Due to these, the adsorption capacity
increased slowly in the range of relative pressures (p/p,)
between 0.2 and 0.5, indicating the existence of mesopores.
The KIT-6 adsorption capacity increased rapidly as the relative
pressure elevated to 0.55-0.89, accompanied by an obvious H1-
type hysteresis loop, which is a typical mesoporous capillary
condensation phenomenon, indicating that it had a regular
pore size distribution and a uniform mesoporous structure.
Furthermore, the increasing trend of the adsorption capacity
gradually slowed down as the relative pressure continued to be
elevated, and the adsorption gradually reached saturation at
this time (Fig. S4a and b, ESIT). Table S2 (ESIf) presents the
structural data of KIT-6 mesoporous molecular sieves measured
using the Barrett-Joyner-Halenda method. It can be seen that
the specific surface area of pure KIT-6 was ~813.13 m* g~ ' with
a pore width of ~7.06 nm (Fig. S4c, ESIT). However, the specific
surface area of Cs,AgIngogBip 0,Clé@KIT-6 decreased to
550.59 m* g ' and the pore volume also decreased from
1.3588 cm® g~ ' to 1.0001 ecm® g7, implying that Cs,AgIn, og-
Big.0,Cl had filled into the mesopores of KIT-6. Meanwhile, the
pore size of Cs,AgIng ¢gBig.02Cle@KIT-6 still maintained a simi-
lar value to that of KIT-6 (~6.98 nm) (Fig. S4d, ESIt), which
revealed that KIT-6 molecular sieves sustained a stable void
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structure during the in situ assembly process. Combining
the above characterization results, the confined growth of
Cs,AgIn,Bi; ,Clg NCs with different In*" contents in KIT-6
mesoporous molecular sieves can be achieved by using this
convenient in situ assembly method, thereby obtaining high-
quality Cs,AgIn,Bi; ,Cl¢@KIT-6 core-shell NCs.

In particular, the optical properties of Cs,Agln,-
Bi;_,Cls@KIT-6 NCs with different In®*" contents were explored
in depth, thereby effectively enhancing the competitiveness of
lead-free DP materials in the future optical lighting markets.
Firstly, the UV-vis reflectance spectrum data (Fig. S5, ESIt) of
Cs,AgIn,Bi, _,Cls@KIT-6 NCs with different In*" contents were
converted to pseudo-absorbance (Fig. 3a) using the Kubelka-
Munk (KM) function, « = (1 — R)*/2R, where « is the optical
absorption coefficient and R is the reflectance.* Obviously, no
exciton absorption peaks were observed in the absorbance
spectrum of Cs,AgInCl@KIT-6 NCs (Fig. 3a), exhibiting a weak
optical absorption coefficient around the bandgap, which is
consistent with the previously reported properties of pure
Cs,AgInClg NCs, implying that it was unable to absorb enough
energy for complete optical emission.*>*® Undoubtedly, the PL
spectrum corresponding to Cs,AgInCls@KIT-6 NCs also did not
show significant fluorescence emission peaks (Fig. 3b), further
confirming the unsuitability of Cs,AgInCl¢@KIT-6 NCs for
optoelectronic applications. In contrast, Cs,AgIn,Bi; ,Cls@
KIT-6 NCs (x = 76%, 85%, 91%, and 98%) showed an exciton
absorption peak at 370 nm after doping with Bi** (Fig. 3a),
originating from the s — p orbital leaps of Bi*", which
mainly consisted of dipole-allowed transition 'S, — 'Py,
spin-orbital-allowed transition 'S, — °P;, and forbidden
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Fig. 3 (a) Absorbance and (b) PL spectra of Cs,Agin,Bi; ,Cle@KIT-6 NCs
with different In®** contents. (c) Energy-level diagram of Cs,Agln,-
Bi;_,Cleg@KIT-6 NCs and the PL emission mechanism (CB, conduction
band; VB, valence band; STE, self-trapped exciton state). (d) Time-resolved
PL spectra and fitted curves for Cs,AgIn,Bi; 4Clg@KIT-6 NCs with different
In®* contents.
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transition 'S, — *P, (Fig. 3¢).>* Subsequently, under 365 nm UV
excitation, Cs,AgIn,Bi; ,Cls@KIT-6 NCs (x = 76%, 85%, 91%,
and 98%) exhibited a broad PL emission peak at 570 nm
(Fig. 3b), which benefited from the breaking of the forbidden
transition of Bi*" induced by In*" in the host, enabling
enhanced absorption of the transition, ensuring that large
amounts of energy were efficiently transferred to the self-
trapping exciton (STE) state, thereby emitting a bright orange
light (Fig. 3¢)."”* Interestingly, the corresponding PL intensity
decayed when the Bi** doping content gradually increased
(Fig. 3b). For a deeper understanding of the luminescence
mechanism, crystal models of pure-phase Cs,AgInClg, slightly
doped Cs,AgIn, ;5Bij 5Cls, and over-doped Cs,AgIn, 5Biy 5Clg
were constructed (Fig. 4a-c), and their electronic structures
were calculated by using Perdew-Burke-Ernzerhof (PBE)-DFT
calculations, respectively (Fig. 4d-f). Cs,AgInClg exhibited a
direct band gap, and its valence band maximum (VBM) and
conduction band minimum (CBM) were simultaneously located
at the G point (Fig. 4d). The VBM of Cs,AgInCl, consisted of In-
p, Cl-p, and Ag-d orbitals, while the CBM consisted of Ag-s, Cl-p,
and In-s orbitals (Fig. S6a, ESIt). Unfortunately, the optical
transition between the band edge states at the G point was
parity forbidden, which was extremely weak, resulting in its
inability to absorb enough energy for supporting fluorescence
emission, and similar findings have been reported in previous
studies.’”*® With a small amount of Bi** doping, Cs,AgIn ;s
Biy.»5Cls also displayed a direct band gap (Fig. 4e), where the
VBM consisted of Cl-p, Ag-d, In-p, and Bi-s orbitals, while the
minimum conduction band consisted of Cl-p, In-s, Bi-p, and
Ag-s orbitals (Fig. S6b, ESIT). Optical transition of Cs,AgIn, ;5
Biy »5Clg at the G-point was also forbidden, but the s — p direct
transition introduced by high-energy Bi** doping was able to
break this parity forbidden prompting an enhanced absorption,
allowing relaxation of electrons and holes under forbidden
photoexcitation, resulting in orange light emission. However,
after the content of Bi*" was further increased, Cs,AgIngs-
Biy 5Cls showed an indirect band gap from the Q-point to the
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Fig. 4 (a)—(c) Crystal structures of Cs,AgIn,Bi;_4Cle (x = 100%, 75%, and
50%). (d)—(f) Band structures of Cs,AgIn,Bi;_,Cle (x = 100%, 75%, and 50%).
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G-point (Fig. 4f), where the VBM consisted of Cl-p, Ag-d, In-p,
and Bi-s orbitals, while the CBM consisted of Cl-p, In-s, Bi-p,
and Ag-s orbitals (Fig. Séc, ESIT). Although the orbital composi-
tion of Cs,Agln, sBiy5Cls was consistent with that of Cs,A-
¢In, 75Big »5Clg, the excess Bi*" caused the Ag and Bi frontier
orbitals in the VBM and the CBM to be mixed, thereby resulting
in the Ag-Bi DP crystals displaying an indirect band gap and
the fluorescence properties disappear.®®>° Therefore, the trace
Bi** doping expanded the absorption range of Cs,AgIn,-
Bi; ,Cl¢@KIT-6 NCs to 450 nm compared to pure Cs,A-
¢InCls@KIT-6 NCs, thereby enabling bright orange emission,
while excessive doping will decay the fluorescence of Cs,AgIn,.
Bi; ,Cl@KIT-6 NCs (x = 76%, 85%, 91%) (Fig. 3b). Subse-
quently, the time-resolved PL spectra of the samples were
recorded separately for further analysis of the influence of
Bi** doping on the carrier dynamics of Cs,Agin,.
Bi; ,Cls@KIT-6 NCs (Fig. 3d). The fitting results indicated that
the lifetime of Cs,AglIn,Bi; ,Cl¢@KIT-6 NCs decreased from
20.7981 ns to 12.5458 ns with the increased Bi*" content
(Table S3, ESIY), which mainly stemmed from the fact that
the proportion of the indirect bandgap in the sample was
elevated, so that the ratio of radiative recombination was
reduced and a similar phenomenon had been found in Cs,Ag,-
Na,_,BiClg."® In summary, the optical properties of Cs,AgIng, os-
Bi.02Cls@KIT-6 NCs are the most prominent, which will lay the
foundation for their development in the field of optoelectronic
devices, and this will be considered as the primary target in the
subsequent study.

To further understand the enhancement of Cs,AgIng os-
Biy.02Clg NCs with KIT-6 shell layers, pure Cs,AgIng ogBig.02Cls
NCs were obtained using a one-step anti-solvent recrystallisa-
tion method. It can be seen that without the confined growth
of the mesoporous KIT-6 molecular sieves, the size of pure
Cs,AgIng 9sBig.02Cls NCs was dramatically larger, with an aver-
age particle size of about 50 nm (Fig. 5a and Fig. S7, ESIf).
Meanwhile, the elemental mapping spectra of Cs,AgIngog-
Big.¢2Clg NCs showed a uniform distribution of all the elements
(Fig. S8, ESIY), confirming the doping into Bi*" in Cs,AgInClg
NCs. Moreover, the XRD patterns indicated that no broad peak
at 20° belonging to KIT-6 was observed in the pure Cs,AgIng og-
Bip.02Cls NCs, and the other diffraction peaks all matched
exactly with Cs,AgIng ¢gBig 0,Cl@KIT-6 NCs, which concluded
that pure Cs,AgIng ¢gBip.02Cl¢ NCs had been obtained at this
point (Fig. 5b). On the other hand, compared with the optical
properties of Cs,AgIng ogBip 02Cls@KIT-6 NCs, the exciton
absorption peak of pure Cs,AgIng ¢sBig.02Cls NCs was particu-
larly pronounced without the surface KIT-6 shell layer, and they
were both located at 370 nm (Fig. 5c¢), which also reflected from
another view that KIT-6 does not mask the optical absorption of
Cs,AgIng 9sBig.02Cls NCs. Differently, the PL emission peak of
pure Cs,AgIng ogBip 0,Cls NCs appeared weakly red-shifted,
which can be attributed to the quantum size effect, as reported
in Pb-based perovskite NCs (Fig. 5¢).** Subsequently, the time-
resolved PL spectra of pure Cs,AgIngogBig0,Cls NCs showed
that the lifetime was shorter than that of Cs,AgIngog-
Big.0,Cls@KIT-6 NCs (Fig. 5d), which suggested that their

This journal is © The Royal Society of Chemistry 2024
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non-radiative recombination ratio was higher (Table S4, ESIT).
This phenomenon can be attributed to the capability of the
KIT-6 shell layer to effectively passivate the surface defects of
Cs,AgIng 9gBig 0,Cls NCs, resulting in a higher radiative recom-
bination ratio,*"*> thereby exhibiting better luminescence
efficiency.

Subsequently, the elemental chemical states of Cs,AgIng gg-
Big.02Cls@KIT-6 and Cs,AgIng ogBi.0.Cls were compared via
X-ray photoelectron spectroscopy (XPS), which provided new
insights into the combination of Cs,AgIng ¢gBig.02Cls NCs with
KIT-6 mesoporous molecular sieves. Noticeably, the character-
istic peaks of Cs, Ag, In, Bi and Cl signals were detected
simultaneously in Cs,AgIng ¢sBig 2Cls@KIT-6 and Cs,AgIng og-
Big.0>2Cls, which reconfirmed the feasibility of the in situ assem-
bly method for the lead-free DP material preparation. Addition-
ally, distinctive Si and O signals, which originated from KIT-6
mesoporous molecular sieves, were detected in Cs,AgIng os-
Big.02Cls@KIT-6 (Fig. 6a). The high-resolution XPS (HR-XPS)
spectra of the In signal in Cs,AgIng ogBip.02Cls were further
monitored, and a doublet corresponding to In 3ds/, (444.1 eV)
and In 3ds,, (451.7 eV) was observed clearly due to spin-orbit
splitting (Fig. 6b, red). Amusingly, although the In 3d5;, and In
3ds/, doublets can also be seen in Cs,AgIng ¢gBio 02Cls@KIT-6, their
binding energies were elevated to 445.2 €V and 452.8 eV, respec-
tively (Fig. 6b, black). This phenomenon can be attributed to the
strong interaction between In*" and the KIT-6 shell layer, and the
same phenomenon was observed in the HR-XPS spectra of the
other elemental signals (Fig. S9, ESIT). Beyond this, strong
characteristic peaks of Si 2p and O1s were detected in Cs,A-
2Ing 9gBig.02Cls@KIT-6 (Fig. 6¢, d, black), while the weaker peak
of O1s in Cs,AgIng ¢sBij ,Cls originated from In-O (Fig. 6 d,
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red), as also reported in CsPbBr;@ZrO, NCs.** Combining the
enhanced elemental binding energy of the lead-free DP NCs in
Cs,AgIng 9gBig 02 Cls@KIT-6, it can be concluded that the bind-
ing of the Cs,AgIng ogBip 02Cls NCs and the KIT-6 shell layer
should belong to strong chemical bonding rather than simple
physical adsorption.** Of these, the KIT-6 mesoporous mole-
cular sieves provided better passivation and space-confined
growth templates for the Cs,AgIngogBip02Cle NCs, so that
Cs,AgIng 9gBig.02Cls@KIT-6 NCs should possess superior PL
properties and enhanced stability.

In practical illumination applications, fluorescent materials
inevitably suffer from the disturbance created by the thermal
environment on the surface of the device, which will place more
strict demands on their optical stability. Here, the fluorescence
thermal stability of Cs,AgIng ¢gBig ¢2Cl¢ NCs and Cs,AgIng os-
Big.02Cls@KIT-6 NCs was assessed by heating-cooling cycles at
high temperatures, and the variation of the PL spectra of the
samples with the temperature increased at 373 K was observed,
respectively (Fig. 7a and e). The results revealed that Cs,AgIngog-
Big02Clg NCs and Cs,AgIng 9gBig 02Cls@KIT-6 NCs suffered from
fluorescence quenching at different levels with the increasing
temperature, especially benefiting from the protection of the robust
KIT-6 shell layer, and the loss of PL intensity in Cs,AgIngos.
Bi,02Cls@KIT-6 NCs was lower than that of Cs,AgIng ogBio 02Cle
NCs in high temperature environments. Moreover, the exciton
binding energy (E,) was often employed to estimate the thermal
stability of inorganic crystalline materials, and the relationship
between the PL intensity and the heating temperature of the
samples was fitted by the Arrhenius equation,®*' so that the E,
values corresponding to Cs,AgIng ¢sBig 0.Cls NCs and Cs,AgIng og-
Big 0Cls@KIT-6 NCs were obtained, respectively (Fig. 7b and f).
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mechanisms.

where I(T) is the PL intensity at different temperatures, I, is the
initial PL intensity, A is a constant parameter, and k is the
Boltzmann constant (8.629 x 107> eV K V). The fitting results
indicated that KIT-6 on the surface of Cs,AgIng ¢Big 02Cls@KIT-6
NCs can effectively be insulated from the external thermal environ-
ment, and its exciton binding energy was elevated to 3.12 eV under
thermal disturbance, which was much higher than that of Cs,A-
gIng 0sBip 02Cls NCs (1.68 eV) without any protection. Afterwards,
the PL spectra of the samples during the cooling process were
recorded, and it can be seen that the PL spectra of both Cs,A-
2Ing 0gBip 02Cls NCs and Cs,AgIng ogBig 02Cls@KIT-6 NCs gradually
recovered as the ambient temperature was lowered; however, they
could not be restored to their initial state (Fig. 7c and g). This
phenomenon was mainly attributed to the emergence of two
different trap states within the lead-free DP material in the thermal
environment (Fig. 7i)."> The recovery of PL intensity can be
considered as a reversible fluorescence quenching, stemming from
the thermally activated escape of carriers into existing (surface) trap
states and/or the generation of thermally activated temporary trap
states; these states relax during cooling, during which the fluores-
cence is recovered.”’ However, the PL intensity that cannot be
recovered to the initial state can be assigned to irreversible
fluorescence quenching, where changes in the crystal structure of
the lead-free DP induced by the thermal environment contribute to
the creation of irreversible permanent trap states, preventing the
recovery of fluorescence.”" Lastly, the variation of the PL intensity of

1056 | J Mater. Chem. C, 2024, 12, 11051-11059

CSZAgInQ.ggBiO.chls NCs and CSzAgIno'gsBi0'02C16®KIT'6 NCs at
different temperatures was registered statistically (Fig. 7d, h), and
the PL quenching ratio of the samples under different quench-

ing mechanisms was calculated using the following equations.*>*?
. . . I — I,
Irreversible PL quenching ratio = ()
i — Iy
Reversible PL quenching ratio
=1 — irreversible PL quenching ratio (3)

where I is the PL intensity at the initial room temperature, I, is
the PL intensity recovered to room temperature after cycling,
and I, is the PL intensity heated to the highest temperature
(373 K). The calculation results indicated an irreversible PL
quenching ratio of 61% for Cs,AgIn, ¢gBig 0,Cl¢ NCs without
any coating protection (Fig. 7d), which suggested that only 39%
of the initial fluorescence for Cs,AgIng ¢gBip0,Cls NCs was
retained after undergoing a high-temperature cooling cycle,
greatly detrimental to its subsequent further application in
optical devices. In contrast, the irreversible quenching ratio
of Cs,AgIng ogBig ,Cls@KIT-6 NCs was reduced to 19%
(Fig. 7h), and the enhanced thermal stability was attributed
to the fact that the robust KIT-6 mesoporous molecular sieves
on the surface effectively prevented the heat transmission
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between the external heat source and B, making it more
suitable for optoelectronic lighting applications.

For the simulation of the working stability between
Cs,AgIng 9gBig 0,Cls NCs and Cs,AgIng ogBig.02Cls@KIT-6 NCs
under actual optoelectronic device application, they were
assembled with UV chips as two LEDs, respectively, but the
surface of the optoelectronic device inevitably warmed up
during long-time energized operation, which was fatal to the
optical emission of Cs,AgIng ogBip.02Cl¢ NCs and Cs,AgIng os-
Bip02Cls@KIT-6 NCs. Here, a thermal infrared imager was
utilized to record the temperature variations on the surface of
the LED device in real time, thus providing insight into the
functional relationship between the energization time and the
surface temperature of the device. Additionally, variations in
the spectra and associated optoelectronic parameters of the two
LEDs were monitored by using a highly sensitive spectrometer,
so that the device performance could be further evaluated
(Fig. 8a). The electroluminescence intensity of the Cs,AgIn, os.
Big.02Cls NC and Cs,AgIng 9gBig.0,Cls@KIT-6 NC assembled LED
devices was gradually enhanced with the driving current, and
no noticeable apparent saturation phenomenon was found
(Fig. 8c, f), which implies that they are more suitable for
subsequent development in high-power commercial lighting

View Article Online
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systems. Correspondingly, the correlated color temperature
(CCT) of the two LEDs was also boosted, the CCT values of
the devices assembled by Cs,AgIngogBig0,Cls NCs and
Cs,AgIng 9gBig.02Cls@KIT-6 NCs reached 2829 K and 2972 K,
and the color rendering indexes (CRIs) were 81 and 86, respec-
tively, when the driving current was 100 mA (Fig. S10a, c).
Under power-on conditions, the LED devices assembled with
Cs,AgIng 9gBig.02Cls NCs and Cs,AgIng ogBig 02Cls@KIT-6 NCs
both emitted bright yellow lights (insets of Fig. S10b and d,
ESIY), corresponding to the color coordinates in the Interna-
tional Commission on Illumination (CIE) charts as (0.46, 0.45)
and (0.46, 0.46) respectively, belonging to the standard yellow
light region (Fig. S10b and d, ESIt). Subsequently, the thermal
infrared imager recorded the surface temperatures of the LED
devices assembled with Cs,AgIngogBi0,Cls NCs and
Cs,AgIn, 9Bij 0,Cl@KIT-6 NCs during high power (100 mA)
operation as a function for the operating time (Fig. 8b). Unsur-
prisingly, the surface temperature of the LED devices gradually
increased with the prolongation of the energization time, and
the surface temperature of the devices reached 326.8 K after
270 min of continuous working. At the same time, the EL
intensities of the two LEDs showed different degrees
of degradation with power-on time (Fig. 8d, g), which was

g
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Fig. 8 (a) Schematic of the surface temperature and EL spectra of LED devices recorded at different operating times. (b) Infrared images and surface
temperature of LED devices driven by a 100 mA current with extended working time. (c) and (f) EL spectra of the devices assembled using
Cs2AgINg0gBin.02Cle NCs and Cs,Aglng ggBin.02Cle@KIT-6 NCs with increased driving current. (d) and (g) EL spectra changes of two LED devices
operating at 100 mA for 270 min, and their corresponding (e) and (h) luminous efficacy (blue dot) and CCT values (red dot).
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inextricably linked to the elevated surface temperature of the
devices. It can be observed from the corresponding optoelec-
tronic parameters of the LED devices that the luminous effi-
ciency and CCT values of the LED devices do not float
drastically during the initial 90 minutes (Fig. 8e and h), the
surface temperature of the devices was not higher at this time,
and the impact on the optical performance of Cs,AgIngog-
Big.02Cls NCs and Cs,AgIng 9gBig 02Cls@KIT-6 NCs was relatively
weaker. As the working time was further extended, the
photoelectric parameters of the LED devices assembled with
Cs,AgIng 9gBig 0,Cls@KIT-6 NCs changed drastically, and after
270 min of continuous operation, the luminous efficiency
decreased from the initial 262.6 cd m ™2 to 69.8 cd m™?, and
the CCT value also sharply decayed to 2664 K (Fig. 8e). In
contrast, benefiting from the robust KIT-6 protection, the LED
assembled with Cs,AgIng ogBip.02Cls@KIT-6 NCs maintained
80% of its initial luminous efficiency (283.6 cd m™?) after
operating for 270 min (227.2 cd m~?), and the corresponding
CCT values did not fluctuate much (from 2972 K to 2894 K)
(Fig. 8h), indicating that Cs,AgIng ¢gBij 0,Cl@KIT-6 NCs were
more suitable for the development of stable high-power illumi-
nation devices. In conclusion, the Cs,AgIng ¢gBip.02Cl@KIT-6
NCs obtained by the in situ assembly method exhibited
excellent performance in practical display device applications.
The stable KIT-6 shell layer on their surface can effec-
tively protect Cs,AgIn, 9sBig.02Cls NCs, so that the fluorescence
intensity degradation can be alleviated under long-time
energization conditions, which greatly enhanced the competi-
tiveness of the lead-free DP NCs in the future optoelectronic
market.

Conclusions

In summary, Cs,AgIn,Bi; ,Clg NCs were successfully synthe-
sized within the pores of KIT-6 mesoporous molecular sieves
using an in situ assembly method. The fine-tuning of the In/Bi
ratio led to the formation of Cs,AgIng ¢gBig 02Cls@XKIT-6 NCs,
characterized by their superior optical properties. Thermal
stability assessments indicated that these core-shell NCs
demonstrate enhanced fluorescence stability during high-
temperature thermal cycling, in contrast to pure Cs,AgInggg-
Big 02Cls NCs. This improvement is attributed to the reduction
in internal permanent defect states post-heating. Subsequently,
the orange LED assembled using Cs,AgIng ogBip.02Cle@KIT-6
NCs maintained 80% of its initial luminous efficiency after
270 min of operation at high power, while Cs,AgIng ogBip.02Cls
NCs sharply decreased to 26%, and the infrared camera
recorded that the surface temperature of the device reached
326.8 K at this time. These findings underscore the efficacy of
the in situ assembly process in enhancing the optical stability of
lead-free DP materials. This advancement is a crucial step
toward the development of highly stable, lead-free LED devices,
paving the way for broader applications of lead-free DP materi-
als in optoelectronic screen displays.
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