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1. Introduction

Mixed-halide perovskites are promising materials for optoelectronic

applications due to their tunable bandgaps and high photoluminescence
quantum yields. However, these materials face challenges such as phase
segregation under excitation and instability when exposed to polar solvents,
especially in blue-emitting regions. In this study, a facile mechanochemical
synthesis method is developed to produce CsPb(Br,Cl, ,); - MOF
(Metal-organic framework) glass composites. By precisely controlling the
halide composition and optimizing milling conditions, glass composites
containing quantum-confined perovskite particles with significantly improved
phase stability, photoluminescence (PL), and solvent resistance are achieved.
Notably, the composite can maintain up to 77% PL efficiency after soaking in
water for a year. Structural and optical analyses revealed that the
mechanochemical process fosters interfacial bonding between the perovskite
and MOF glass, effectively regulating perovskite particle size and passivating
surface defects. To demonstrate practical applications, violet and blue
light-emitting diode (LED) devices are fabricated, achieving CIE color
coordinates of (0.152, 0.031) and (0.134, 0.045), respectively. This work offers
a scalable, eco-friendly approach to synthesizing stable, high-performance
blue-emitting perovskites, paving the way for their integration into

next-generation optoelectronic devices.

Cesium lead halide perovskites (CsPbX;,
X = Cl, Br and I) have gained significant
attention in recent years for their potential
in high-performance lighting and display
technologies. Known for their bright,
narrow-band photoluminescence, these
materials exhibit tunable emission across
the visible spectrum by varying the com-
positions of halides.'! However, stability
challenges have hindered the practical ap-
plication of cesium lead halide perovskites.
Due to their ionic nature and low formation
energy, these materials are thermodynam-
ically and chemically unstable.’) This
instability leads to significant decomposi-
tion when exposed to polar solvents, light,
heat, and oxygen, limiting their potential
applications. These situations are even
worse for blue and violet light emitting per-
ovskite due to their larger bandgap, higher
excitation binding energy, unstable mixing
halide structure (Cl/Br) and more sever
lattice strain of Cl and Br.’! Additionally,
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successful application of perovskites requires overcoming other
inherent issues, including polymorphism, trap states, the leach-
ing of toxic lead ions and phase segregation for the mixed halide
materials.[*

In the pursuit of stabilizing cesium lead halide perovskites, re-
searchers have explored a range of composite materials, includ-
ing polymers, inorganic nanoparticles and glasses, each offer-
ing unique stabilization mechanisms.l*! Polymers provide flex-
ibility and easy processability, creating encapsulating layers that
protect perovskites from moisture and oxygen degradation. Inor-
ganic glasses, often highly stable and inert, offer excellent ther-
mal and chemical stability and have been shown to encapsu-
late perovskite nanocrystals effectively, reducing their sensitiv-
ity to environmental conditions. Similarly, inorganic nanopar-
ticles serve as rigid, protective hosts, enabling a barrier effect
that prevents decomposition under exposure to light and heat.[®]
However, while these composites enhance stability, maintain-
ing high photoluminescence (PL), particularly in the blue emis-
sion region, remains particularly challenging. This spectral range
is prone to phase segregation and defect formation, which can
lead to a rapid decline in optical performance. Thus, achieving
an optimal composite structure that balances stability with high
PL efficiency, particularly in the deep blue and violet regions,
continues to be a primary goal in perovskite research, which is
essential for their practical application in display and lighting
technologies.

Forming hybrid glass-perovskite composites presents a
promising solution to the issues mentioned above. Among
various hybrid glasses, metal-organic framework glasses—
compounds consisting of metal ions or clusters coordinated with
organic ligands—stand out.”] Their rich coordination environ-
ment and adjustable chemical reactivity offer excellent opportu-
nities for composite formation.®! In addition, the processability
of glass and glass composites makes them an attractive matrix
for device fabrication.l”) However, most reported MOF glass-
perovskite composites are created through high-temperature
liquid phase sintering.'”] While this method effectively forms
interfacial bonds, it can lead to thermal decomposition, which
may not be suitable for all material types. Therefore, alternative
methods for integrating functional materials and MOF glasses
are necessary.
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In this study, we introduce a novel approach using a solvent-
free mechanochemical method to fabricate hybrid composites,
which offers a robust alternative to conventional liquid-phase
sintering.?] Benefits of the process include high scalability and
flexibility in controlling the reaction conditions.!*! Through sim-
ple ball milling, we successfully composited CsPbCl,Br and
CsPbCl, ;Br, ; with the MOF glass, achieving enhanced stabil-
ity and bright blue photoluminescence superior to the high-
temperature treatments. Detailed structural analysis and insights
into interfacial interactions were obtained through an array of ad-
vanced techniques, including X-ray total scattering with pair dis-
tribution function (PDF) analysis, synchrotron-based THz Far-IR
spectroscopy, X-ray absorption near-edge structure (XANES), ex-
tended X-ray absorption fine structure (EXAFS), and solid-state
nuclear magnetic resonance (SSNMR). These techniques pro-
vide a comprehensive understanding of the composite structure
and the interfacial mechanisms that enhance stability and perfor-
mance. This work highlights the potential of mechanochemical
synthesis for creating stable perovskite-MOF composites, partic-
ularly for applications that demand high blue emission photolu-
minescence and resistance to degradation. The mechanochem-
ical process promotes controlled interfacial interactions, result-
ing in robust materials that withstand high-power laser excitation
and prolonged exposure to polar solvents. We believe these find-
ings contribute valuable insights into mechanochemistry, MOF
glass stabilization, and the development of durable perovskite-
based photonic materials.

2. Results and Discussion

2.1. Fabrication of Composites via Mechanochemistry

The perovskite MOF glass composites were fabricated with
two types of precursors: 25 wt.% mixed halide cesium lead per-
ovskites (CsPbCl, Br or CsPbCl, sBr, ), synthesized directly from
stoichiometric precursors using a mechanochemical process,
and 75 wt.% a, ZIF-62 [Zn(imidazolate), o (benzimidazolate), o],
where “a,” denotes amorphization by glass transition. The
precursors were placed into a ball milling jar and sub-
jected to mechanochemical treatment for varying durations
(up to 120 min). The resultant samples were denoted as
(CsPDCl,Br) 5 (a,Z1F-62) 75 or (CsPbC, sBr 5,5 (a, Z1F-62) 5.
Detailed procedures were listed in the Supplementary In-
formation. In this work, a relatively low ratio of the ben-
zimidazolate versus imidazolate ligand was implemented
[Zn(imidazolate), s (benzimidazolate) o5, ZIF-62] to reduce the
melting temperature of the glass phase and therefore improve
the flowing capability of ZIF-62 glass.'*! The composite fab-
ricated using crystalline ZIF-62 was also implemented as a
comparison.

According to the X-ray powder diffraction (XRD) data
(Figure 1a; Figures S1 and S2, Supporting Information),
the mixed halide perovskite precursors (CsPbCl,Br) exhib-
ited a relatively high crystallinity. The peak positions aligned
well with the expected XRD patterns of perovskites as re-
ported in the literature."!! For the (CsPbCl,Br),,s(a,ZIF-
62),,5 composites, the board peak centered at ~16° could
be attributed to the amorphous a,ZIF-62 phase (Figure S1,
Supporting Information).The diffraction patterns from the
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Figure 1. a) Ex situ X-ray diffraction of (CsPbCl,Br) 55 (agZIF-62) 75 from 1 min to 120 min milling, with perovskite reference pattern.l'" b) PL spectra
of (CsPbCl;Br) 5 (agZIF-62)4 75 under different milling time. The pure CsPbCl,Br was used as a reference. c) Normalized UV-VIS absorbance spectra

of (CsPbCl,Br)g 5 (agZIF-62)q 75.

perovskite phase were effectively preserved after compositing,
though a gradual broadening was observed following extended
milling. This could be attributed to either partial amorphiza-
tion or size reduction for the crystalline perovskite grains. For
comparison, we also performed identical milling on pure per-
ovskites (Figure S2, Supporting Information) and the results did
not show significant peak broadening nor the loss of crystallinity,
despite a much higher mechanical stress being directly applied
to the materials. It has been reported that the Cl and Br mixed
halide perovskite featured a stable perovskite phase at ambient
conditions, and these thermodynamically favorable phases are
highly resistant to mechanical amorphization.['! Therefore, the
peak broadening should be associated with the interfacial in-
teractions between the perovskite and MOF glass phases dur-
ing the mechanochemical process. A similar trend was also ob-
served in the results of (CsPbCl, ;Br; 5),,5(a, ZIF-62), ;5 compos-
ites (Figure S3a, Supporting Information).

2.2. Photophysics of the Composites

Photoluminescence (PL) spectra was gathered on pure per-
ovskite, a,ZIF-62 and composite samples to elucidate their pho-
tophysical properties (Figure 1b; Figures S3b-S7, Supporting
Information).'%! The emission of pure perovskite was barely de-
tectable, which was not unexpected given the presence of a large
density of defects originating from the mechanochemical syn-
thesis process. The composites, in comparison, displayed sig-
nificant enhancement in the PL intensity after the ball milling.
Perovskite to glass ratios were investigated, and 25% perovskite
loading showed the strongest PL emission (Figure S4, Support-
ing Information). For (CsPbCl,Br), 55 (2,Z1F-62), 5, the samples
began to exhibit noticeable blue emission after just 1 min of
mechanochemical compositing, but with a certain degree of
halide phase segregation. Prolonging the milling time further
enhanced the PL intensity, peaking after ~30 min of treatment.
The undesirable phase segregation was also suppressed. In ad-
dition, the mechanochemical treatment could lead to a slight
blueshift in the PL peak, which was in agreement with the UV—
vis spectra in Figure 1c, indicating a possible quantum con-
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finement effect originated from milling perovskites with MOF
glass. The pronounced blueshift in UV-vis spectra with pro-
longed milling time directly corresponds to bandgap widening
driven by quantum confinement effects. This spectral shift is
significantly more prominent than the blueshift observed in the
photoluminescence (PL) emission spectra of the same samples.
The attenuated shift in PL spectra likely stems from the in-
terplay of additional factors—such as defect-state interactions,
exciton recombination dynamics, and competing non-radiative
pathways—that collectively influence emission behavior beyond
the primary bandgap modulation.['”] It should be noted that us-
ing crystalline ZIF-62, instead of the glassy agZIF-GZ, for the com-
positing led to a much weaker PL (Figure S5, Supporting Infor-
mation). It was expected that the higher entropy state (energy)
and flowing capability of the glass phase can offer more advan-
tages over the crystalline counterparts for compositing, leading to
enhanced interfacial contacting and interactions.!'] For the pure
perovskites, no clear enhancement of the PL was detected subject
to the same mechanochemical treatment. Notably, undesirable
halide phase segregation became more severe under prolonged
milling duration for the pure materials (Figure S7, Supporting
Information).

The trend in PL could be further substantiated by PL quantum
yield measurement (PLQY, Tables S1 and S2, Supporting Infor-
mation). For (CsPbCl, Br), ,5(a, ZIF-62), 55, PLQY increased from
3.6% (1 min) to 19.2% (30 min), and then decreased to ~11.8%
after 120 min milling. Similarly, for (CsPbCl, sBr, 5),,5(a,Z1F-
62),-5, PLQY increased from 6.1% (1 min) to 37.3% (20 min)
and then dropped back to 29.2% (120 min). It should be noted
that these PLQY values were significantly higher than the com-
posites fabricated through liquid phase sintering and were
also higher than the reported bulk blue emission perovskite
composites.['%1] Table S3 (Supporting Information) provides
a summary of comparable mixed halide perovskites exhibiting
emission peaks in the deep blue and violet regions (PL emis-
sion below 480 nm). Unlike many studies that focused on well-
protected films, the powder composites fabricated in this work
enable the processing into different shapes or coating onto var-
ious substrates.[?%] These PLQY results, achieved using a sim-
ple and solvent-free mechanochemical method, represented a

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. a) CO, gas adsorption (Fill) /desorption (No Fill) isotherm of CsPbCl,Br, a,ZIF-62 and (CsPbCl, Br) 55 (aZIF-62) 75. b) Particle size evolution
for (CsPbCl;Br)g 5 (aZIF-62) 75 under different milling time, deconvoluted from the Synchrotron SAXS patterns.

significant advancement in bulk blue and violet perovskite com-
posites and devices.

2.3. Composite Structures

A range of gas adsorption/desorption isotherm tests were per-
formed to understand the effects of ball milling on the compos-
ite microporous structure (Figure 2a). CsPbCl,Br is not porous
and matches the low gas intake in the adsorption result. When
forming (CsPbCl,Br), »5(a,ZIF-62),,5 composites, a,ZIF-62 in-
troduces porosity, and the CO, absorption increased with ex-
tended mechanochemical milling time. This contrasted with
most existing studies where ball milling could lead to porous
framework collapse and reduced porosity.?!l The results in this
work indicated that ball milling of the two materials could re-
arrange the coordination bonds within the microporous glassy
phase, introducing higher porosity with more tortuous transport
pathways, as evidenced by the stronger hysteresis effect. At the
same time, due to the relatively small pores of ZIF-62 glass, large
gas molecules, for example N,, were hard to go through and
hence showed quite a low gas uptake (Figure S8, Supporting In-
formation)

Differential scanning calorimetry (DSC) provided information
on phase transition, thermodynamics and structural relaxation.
DSC of pure a,ZIF-62 only featured the second-order phase tran-
sition (glass transition T,) at ~287.3 °C (Figure S9, Supporting
Information). Up on the milling of the pure glass, the T, experi-
enced a constant decrease from 287.3 to 256.7 °C (after 120 min
milling). This observation suggested that energy offered through
milling could effectively rearrange the metal-organic coordina-
tion bonds, thereby enhancing the internal energy of the ZIF
glass phase, beneficial for compositing with the other secondary
materials. Up on forming the composite through milling, a sim-
ilar reduction of the T, was observed (Figures S10 and S11, Sup-
porting Information) along with higher milling time, indicating
the enhanced entropy terms, possibly from the formation of in-
terfacial bonds.

One challenge associated with the mechanochemical process
was achieving a high level of homogeneity of the fabricated sam-
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ples. This was particularly important for the mixed halide per-
ovskites as the phase segregation could readily lead to the PL
peak shift and emission quenching.'% In this work, the grad-
ually reduced PL full-widths at half-maximum (FWHM) with ex-
tended milling indicated the compositing leads to a high level
of perovskite homogeneity and a reduction in defect density
(Figure S12, Supporting Information). Specifically, FWHM of
(CsPbCl,Br)g,5(a, ZIF-62), 5 was changed from 32.7 at 1 min
milling to ~19 nm at 2 h milling. It is noteworthy that the
mechanochemical process typically resulted in increased de-
fect density.">13] However, our findings suggested otherwise,
where the glassy MOF could stabilize perovskites and reduce
the surface trap states during the high energy milling. Both
high-resolution transmission microscopy (TEM) and scanning
electron microscopy (SEM) were also implemented to study the
surface morphology and phase distribution (Figures S13-S16,
Supporting Information). Extending the ball milling time led
to a smoother and more continuous surface. Additionally, ac-
cording to energy-dispersive X-ray spectroscopy (STEM-EDS) el-
emental distribution mapping in Figures S17-S19 (Supporting
Information), Zn, Cs, Pb, Cl and Br were evenly distributed
across the examined region after only 1 min mechanochemi-
cal compositing. Information about the particle size distribution
of the perovskite phase (the main scattering phase) can be re-
trieved via the synchrotron X-ray small angle scattering (SAXS)
on (CsPbCl, Br), ,5(a, ZIF-62), 55 (Figure 2b; Figure S20, Support-
ing Information). With the milling time increase, we could clearly
observe size reduction and narrower size distribution of per-
ovskite phase within the fabricated composites, consistent with
TEM (Figures S13 and S14, Supporting Information). The parti-
cle size within the composite confirms the quantum confinement
effect, contributing to the observed blue shift in PL emission and
gradual broadening of the XRD peaks.

2.4. Interfacial Properties within the Composites
Despite the metal halide perovskite being reported to have a

high tolerance toward bulk and surface defects, the results in
this work suggested their performance within the composite was

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. a,b) *C and ™3Cs Solid state nuclear magnetic resonance (SSNMR) of (CsPbCl,Br)q,s5(azZIF-62)q 5 under different compositing
time. ¢) Zoom in THz-FarIR spectra of (CsPbCl,Br)q s (agZIF-62)o ;5 under different compositing times. d) Atomic pair distribution function of

(CsPbCl,Br)g 5 (agZIF-62)4 75 under different compositing times.

highly related to the properties at the interface. Solid state nu-
clear magnetic resonance (SSNMR) served as a useful comple-
ment to vibrational spectroscopy in interfacial bonding studies,
as it could provide insights into the element-specific chemical en-
vironments. The broader peaks along with ball milling observed
in 3C NMR and 'H spectroscopy indicated more structure disor-
der during composite formation (Figure 3a; Figure S21 and S22,
Supporting Information). Further analysis of the **Cs spectra re-
vealed the evolution of the perovskite structure (Figure 3b). The
widening of the peak centered at ~80 ppm suggested an alter-
ation of the pristine Cs environment within the perovskite, which
aligned with the reduction of particle size and the enhanced in-
terfacial bonding. A more significant variation occurred in the
133Cs spectra, where the shoulder peak at ~150 ppm became
more prominent after milling. In our previous study, we have
investigated the formation of interfacial bonds through high-
temperature liquid phase sintering in depth, where the molten
MOF liquid could partially dissolve CsPbI;, forming a diffusion
alloying layer with Pb-halide octahedra structures.['%] This re-
sults in the formation of a Cs-imidazolate link at the interface, as
represented by a shoulder peak at ~#150 ppm region adjacent to
the main Cs peak for CsPbl, at #175 ppm. Similar features were
also identified in this work, indicating the formation of interfacial
Cs imidazolate bonds through external mechanochemical force.
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Synchrotron terahertz (THz)/Far-IR spectra utilizes far-IR ra-
diation in the millimeter wavelength range or terahertz fre-
quency region to analyze samples, proving instrumental in de-
termining the spectra of dynamic vibrational motions of metal-
organic bonding.??l In this work, ex situ THz Far-IR spectra
were collected on the composite samples with different milling
times. Results suggested coherent variations in the original bond-
ing environment following extended compositing (Figure 3c;
Figures S23a and S24a, Supporting Information). For the pris-
tine ZIF-62 glass, a peak at ~#300 cm™! could be assigned to Zn-
N stretching within the Zn-imidazolate tetrahedra.??*] In the
case of (CsPbCl, Br), 55 (a,Z1F-62), 55, the feature shifted to a lower
wavenumber with increased milling time, suggesting that the
original Zn-imidazolate dynamic behavior was altered by new
Zn-halide interfacial bonding between the perovskites and MOF
glass.'% Similar interfacial interaction could also be observed in
the (CsPbCl, sBr; 5)o,5(a,Z1F-62) from Figures S23b and S24b
(Supporting Information) and the variation of bonding environ-
ment for Cs, Zn, N, Pb, Cl and Br was further confirmed by X-ray
photoelectron spectroscopy (XPS) in Figures S25-S27 (Support-
ing Information).

Additionally, pair distribution functions (PDFs), obtained
through Fourier transform of the synchrotron X-ray total scat-
tering patterns, could reveal the short to mid-range structure of

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 4. a) Extended X-ray absorption fine structure (EXAFS) Zn K edge spectra of (CsPbCl,Br)g 5 (a,ZIF-62) 75 under different milling time. b,c) Zn
spectra full-range wavelet transform (WT) representation for (CsPbCl, Br) 55 (a5 ZIF-62) 75 under 1and 30 min milling. d) Extended X-ray absorption fine
structure (EXAFS) Pb L3 edge spectra of (CsPbCl,Br)q 55 (agZIF-62)g 75 under different milling time. e,f) Pb spectra full-range wavelet transform (WT)

representation for (CsPbCl,Br)q 55 (a5 ZIF-62) 75 under 1and 30 min milling.

the composite (Figure 3d; Figure S28, Supporting Information).
PDFs provide information about the distribution of distances be-
tween pairs of different atoms within composites.[3] Peak 1 at
~1.48 A was attributed to C—C and C—N pairs originated from
organic linkers in ZIF glass; peak 2 (~2 A) represented the metal-
organic bonds (Zn—N) bonding in ZIF framework.[?* After ball
milling, the most significant changes were observed ~3.0 A (peak
4), corresponding to lead halide atom pairs within the perovskite
phase and Zn—C within the glassy phase, and ~3.8 A, corre-
sponding to Cs halide pairs.!'%] These observations were consis-
tent with the formation of interfacial bonds.

To further investigate the bonding environment of Zn and Pb
during mechanochemical compositing, and analyze the short-
range structure of glassy composites, near edge (XANES) and ex-
tended (EXAFS) X-ray absorption fine structure analysis of Zn
and Pb were performed (Figure 4). XANES results in Figure
S29 (Supporting Information) indicate the oxidation state of Zn
in (CsPbCl,Br), »5(a,ZIF-62), ;5 initially decreases and then in-
creases during the milling process, as indicated by the slight
shift of XANES spectra.l®® This observation supported the in-
terfacial bonding rearrangement between Zn-N and Zn-halide
bonding during mechanochemical milling.?®! The Zn-EXAFS
in Figure 4a revealed that all composites exhibited dominant
Zn-N peaks at 1.5 A, attributed to the pristine Zn—N bonding
in MOFs.[?’l Following the mechanochemical compositing pro-
cess, peak alteration between 2 A and 2.5 A could be assigned
to the newly formed Zn—Br and Zn—Cl bonding.?®] These re-
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sults aligned with the observation in (THz)/Far-IR spectra and
wavelet transforms (WTs) of Zn (Figure 4b,c; Figure S30, Sup-
porting Information). Changes in Pb bonding environment were
more significant: in EXAFS and WT results of Pb, 1 min milling
composites had the main features being assigned to the Pb-Cl/Br
bonding at ~2.3 A (Figure 4d—f; Figure S$31 and S32, Supporting
Information). During mechanochemical milling, the emergence
of new peaks below 2 A could be assigned to newly formed Pb-O
bonding (1.7 A) and Pb-N bonding (1.4 A).['%] The occurrence
of Pb-O bonding could be attributed to oxidation during high-
energy mechanochemical milling, while the Pb-N pairs resulted
from coordination between Pb and imidazolate sites during the
mechanochemically induced rearrangement of Zn-N bonding
within the glassy phase.[?*]

2.5. Practical Considerations

The characterization results confirmed that the mechanochem-
ical process effectively generated interfacial bonding between
MOF glass and perovskite crystals, resulting in quantum-
confined nanocrystals with sufficient surface defect passivation,
thereby enhancing PL performance. The fabricated composite
materials exhibited excellent stability even in their powder form,
as the hydrophobic and rigid glass matrix, along with the inter-
facial interactions, played a crucial role in protecting the sensi-
tive perovskite component under various conditions, including

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 5. Photoluminescence stability of a) (CsPbCl,Br)q 5 (a
min under 500 mW cm~2 laser intensity. c) CIE ordinations o?
right. Samples were excited with 365 nm commercial LED chips.

exposure to polar solvents and laser irradiation. Remarkably, sta-
ble PL emissions were observed for composites after enduring
rigorous conditions, such as over 1 year of soaking in water and
ethanol, storage under ambient conditions for over 500 days, ex-
posure to continuous laser excitation (500 mW c¢cm™2) for over
300 s, see Figure 5a,b and Figures S33-S37 (Supporting Infor-
mation). It should be noted that soaking in polar solvent can lead
to almost immediate decomposition of pure perovskites, whereas
the composite still maintained ~77% and 35% of the PL intensity
after 1 year of soaking in water and ethanol, respectively. ICP-
OES analysis further indicated that the lead concentration in the
soaking solutions was only 0.058 ppm for water and 0.055 ppm
for ethanol, corresponding to less than 0.003 wt.% Pb decomposi-
tion of 20 mg composites pellets. Additionally, the highly undesir-
able phase separation could also be effectively mitigated through
milling.
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Regarding the practicality for device utilization, the
mechanochemically synthesized composites in their fine
powder form could be readily coated using various coating
techniques, including the direct mechanochemical coating we
reported previously.?”) Our mechanochemically synthesized
devices exhibit robust blue and violet light emission, with the
fabricated PeLEDs aligning with the chromaticity coordinates of
the RGB primaries as defined in Rec. 2020 (Figure 5c; Figure
S38, Supporting Information).[?”]

3. Conclusion

In this study, we have demonstrated the effective use of
mechanochemical compositing to create stable blue and vio-
let light-emitting CsPbCl,Br and CsPbCl, ;Br; ; composites with
ZIF-62 glass. Our findings reveal that the mechanochemical

© 2025 The Author(s). Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

approach not only enhances photoluminescence but also miti-
gates the common stability issues faced by cesium lead halide
perovskites, particularly in the challenging blue-violet spectral
range. This advancement arises from the formation of strong
interfacial bonds between the perovskite and ZIF-62 glass com-
ponents, which confine exciton recombination, enhance overall
stability, and reduce surface trap states. The optimal PL perfor-
mance results from a well-balanced composite configuration, in-
fluenced by factors such as size reduction, heat-induced aggrega-
tion, quantum confinement, interfacial bonding, and morphol-
ogy. However, extended milling time increases the formation of
amorphous perovskites, particularly at interfaces, creating addi-
tional defect sites that enhance non-radiative recombination and
ultimately reduce PL efficiency.3%!

Detailed characterization through X-ray diffraction, NMR, and
synchrotron-based spectroscopies confirmed the role of interfa-
cial interactions in enhancing photoluminescence and prevent-
ing halide phase segregation. Mechanochemical milling yielded
a composite structure with a well-dispersed perovskite phase, en-
abling resistance to degradation under polar solvents and light.
Our findings indicate that these interfacial bonds, along with the
protective properties of ZIF-62 glass, contribute significantly to
the prolonged stability of the composites, retaining up to 77% PL
after one year of water immersion in the powder form.

The potential applications of these composites extend to var-
ious LED technologies due to their flexible, powder-based form
and compatibility with different substrate coating techniques. By
achieving stable violet and blue emissions that align closely with
the Rec. 2020 color gamut, this work marks an important step
toward practical, stable, and efficient lighting materials.

Overall, this study highlights mechanochemical synthesis as
a scalable, solvent-free, and environmentally friendly strategy for
fabricating perovskite-MOF glass composites, offering promis-
ing pathways for the development of next-generation photonic
devices. Additionally, we have reported two types of perovskites
with different Br/Cl ratios, and both series showed very similar
behavior under mechanochemical treatment. It is reasonable to
expect this technology will be applicable to other lead halide per-
ovskite as well.
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