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ABSTRACT: Quantum-confined CsPbBr; nanocrystals are
promising cyan/blue-emitting materials with exceptional potential
for advanced lighting and display technologies. However, their
practical application is often limited by low luminescent efficiency,
undesirable color purity and instability stemming from inadequate
size uniformity, and high surface defect density. Here, we propose
a post-synthetic chemical cutting and in-situ encapsulation
approach using 3-aminopropyltriethoxysilane (APTES) combined
with polymethylhydrosiloxane (PMHS) to synthesize and stabilize
CsPbBr; nanocrystals with significant quantum confinement.
APTES can function as a chemical scissor efficiently cutting the
green emitting CsPbBr; (9.8 nm) to smaller counterparts (3.9—
7.9 nm), while also passivating surface defects through A-site
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doping. Crosslinking between APTES and PMHS prevents phase transformation during synthesis and forms a polymeric
network that encapsulates and separates the quantum confined CsPbBr;. The resulting composites exhibit tunable
emission from 517 to 461 nm, a narrow linewidth of approximately 15 nm, and quantum yields over 80%. Moreover,
incorporating one CsPbBr; composite into a white light-emitting diode to fill the “cyan gap” significantly enhances the color
rendering index from 77.7 to 86.4. This work provides an effective strategy for developing bright and stable quantum-

confined CsPbBr; for advanced lighting applications.
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1 Introduction

In recent years, all-inorganic perovskite nanocrystals (CsPbXs, X =
Cl, Br, I) have emerged as an exciting class of colloid
semiconductors that possess many desirable features for
optoelectronic  applications, such as high photoluminescent
quantum yield (PLQY), good emission purity, broad emission
range as well as low material costs [1-4]. To date, much endeavour
has been devoted to synthesize all-inorganic nanocrystals (NCs)
with stable green or red fluorescence emission (typically CsPbBr;
and CsPbl;), successfully boosting their PLQY to near unity [5, 6].
However, the exploitation of perovskite NCs with bright and stable
cyan/blue emitting is apparently lagging behind [7, 8]. To achieve
some advanced light emitting applications like full spectrum
lighting, underwater communication, and full color display [9, 10],
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cyan/blue emitting components are indispensable. Thus, developing
cyan/blue emitting counterparts with simultaneously high PLQY
and stability is crucial for promoting extensive application of all-
inorganic perovskite NCs.

Composition engineering is the most widely employed approach
to obtain cyan/blue emitting perovskite NCs by controlling the
Cl/Br ratio in CsPbCLBr; , or through B-site doping in CsPbBr;,
[11-13]. Nevertheless, the resulting mixed ion perovskite NCs are
susceptible to phase separation under optical or electric fields,
which usually leads to undesirable spectral shift [14-17]. Tuning
photoluminescence of CsPbBr; via strong quantum confinement
effect offers another route to realize cyan/blue fluorescence
emission. Specifically, at least one dimension of the CsPbBr;
nanoparticle must be reduced to a scale below its Bohr exciton
radius [18]. Based on this, several ultrasmall CsPbBr; quantum
dots, CsPbBr; nanoplates or nanosheets with cyan/blue emission
have been reported in previous studies [19, 20]. However, preparing
strongly quantum confined CsPbBr; nanoparticles with a uniform
size distribution is challenging due to their pronounced ionicity and
low formation energy, which typically leads to multi-peak
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photoluminescence profiles [21]. Besides, these quantum confined
perovskite NCs normally suffer from low PLQY and poor stability
because of high proportion of surface defects and large surface-to-
volume ratio [22, 23]. Despite PLQY could be improved by surface
passivation or ligand engineering [24, 25], the stability issue still
persists. The strongly quantum confined CsPbBr; particles are
prone to aggregation due to their large surface energy, resulting in
unstable emission color. In order to achieve bright and stable
cyan/blue emission, proper matrices should be selected to restrict
the self-aggregation of the strongly quantum confined perovskite
NCs as well as protect them against ambient stimulus like polar
molecules, heat, and light [26, 27]. For instance, Xiao et al. designed
a polymer ligand with adjacent amide and carboxylic acid groups,
as well as double bonds, which induced a significant blue shift in
spectra of perovskite NCs. Encapsulating the NCs in polystyrene
through crosslinking produced a water-resistant composite [28].
Recently, porous materials including mesoporous silica,
molecular sieves, and mesoporous alumina were demonstrated as
suitable candidates to in-situ grow and stabilize quantum confined
CsPbBr; with cyan/blue fluorescence emission [29-31]. The
independent nano-spaces within the porous matrix serve as
templates that limit and separate the growth of perovskite
nanoparticles, ensuring consistent quantum confinement effects.
For instance, Yamauchi and coworkers reported on blue-emitting
CsPbBr; NCs with size of 3.1 nm synthesized by confined growth in
mesoporous silica [30]. The mesoporous silica matrix was also
found to protect the optical properties of CsPbBr; from
atmospheric conditions. Yu et al. proposed a high temperature
evaporation synthesis method to introduce CsPbBr; nanoparticles
into a zeolite framework, achieving accurate size regulation from 2
to 6 nm, associated with tunable fluorescence emissions from 468 to
508 nm [31]. Subsequent amino acid passivation and silane
restoration further improved the luminescent efficiency and
inhibited crystal merging triggered by water vapor. However, these
porous templates are usually acquired by high temperature
calcination (over 500 °C), which renders the preparation of
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quantum confined CsPbBr; nanocrystals costly. Moreover, the
porous structure is troublesome for long-term resisting the
penetration of polar molecules [32].

Here, we report a facile post-synthetic chemical cutting and in-
situ encapsulation (PCC-IE) strategy for the synthesis and
stabilization of strongly quantum confined CsPbBr; NCs at room
temperature, employing an amine containing siloxane, 3-
aminopropyltriethoxysilane ~ (APTES), in conjugation with
polymethylhydrosiloxane (PMHS). Where APTES serves as both a
crystal structure modifying agent, efficiently cutting the green
emitting CsPbBr; (9.8 nm) to smaller counterparts (3.9-7.9 nm)
with good size and shape uniformity, and a passivator, mitigating
surface defects through A-site doping, thus successfully achieving
pure cyan/blue emission with high luminescent efficiency (PLQY
over 80%). Furthermore, the crosslinking between APTES and
PMHS not only averts phase transformation of the quantum
confined CsPbBr; NCs during synthesis, but also in-situ establishes
a polymeric network that encapsulates and separates the NCs,
significantly enhancing their stability against polar solvents, heat,
and light. Finally, one of the quantum confined CsPbBr;
composites was applied to supplement the cyan light and alleviate
blue light overshoot of a white light-emitting diode (WLED), which
improved the color rendering index from 77.7 to 86.4, showing
promising potential in full spectrum lighting.

2 Results and discussion

The preparation and stabilization of the strongly quantum confined
CsPbBr; NCs are illustrated in Fig. 1(a). Firstly, the pristine CsPbBr;
NCs were synthesized using the traditional hot-injection method
[33]. Then, APTES and PMHS were successively added into the
pristine CsPbBr; NCs solution. Owing to its strong binding affinity
for metal halide perovskite materials, APTES quickly anchored to
the surface of the CsPbBr; NCs via ligand exchange [34, 35].
Notably, the amount of APTES added was in significant excess
(napres/hp, = 20-70). Typically, such an excess of amine-containing
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Figure1 (a) The preparation process of cyan/blue emitting CsPbBr; composites. (b) Images of the solutions of pristine CsPbBr; NCs and PCC-IE-n (n = 1-4) under
daylight and 365 nm UV light irradiation. (c) UV-Vis absorption and (d) PL spectra of the pristine CsPbBr; NCs and PCC-IE-n (n = 1-4).
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ligands would quickly decompose the structure of perovskite NCs,
leading to prominent weakening or even total disappearance of
photoluminescence [36, 37]. Surprisingly, the APTES ligands didn't
immediately destroy the crystal structure of the pristine CsPbBr;
NCs. Instead, they rapidly cut the NCs to metastable counterparts
with smaller sizes, resulting in a strong quantum confinement
effect, as discussed below. Meanwhile, the terminal ethoxylsilane
groups of APTES could go through hydrolysis reaction with the
assistance of trace water in the solvent and ambient air (Eq. S1 in
the Electronic Supplementary Material (ESM)), forming Si-OH
[38, 39]. Afterwards, the -Si-H groups of PMHS chains react with
-Si-OH units on the surface of the quantum confined CsPbBr;
NCs (Eq. S2 in the ESM) [40], in situ forming an encapsulation
layer that stabilizes the strongly quantum confined CsPbBr; NCs.
The samples prepared using the PCC-IE method, with
progressively increasing amounts of APTES added, are denoted as
PCC-IE-n (n = 1-4), respectively. Detail synthesis procedure is
provided in the ESM.

As shown in Fig. 1(b), the solutions of pristine CsPbBr; NCs
present bright green fluorescence under 365 nm ultraviolet (UV)
light irradiation. With the addition of APTES and PMHS, the
solution color of CsPbBr; NCs under daylight gradually becomes
pale, and the corresponding luminescence turns from green to cyan
and further to blue. After centrifugation, washing, and vacuum
drying, CsPbBr; composite powders with different emission color
could be obtained (Fig. S1 in the ESM). The ultraviolet-visible
(UV-Vis) absorption and photoluminescence (PL) spectra of the
pristine CsPbBr; NCs and CsPbBr; composites are depicted in
Figs. 1(c) and 1(d). Compared to pristine CsPbBr; NCs, the
absorption onset of the CsPbBr; composites exhibits obvious blue-
shift, suggesting the formation of CsPbBr; NCs with strong
quantum constraints. Correspondingly, the PL peaks are blue-
shifted from 517 to 461 nm. Intriguingly, the full width at half
maxima (FWHM) of the emission peaks also declines from 18.3 to
around 15.0 nm (Table 1), and no shoulder peak could be detected,
indicating that the size of the CsPbBr; NCs becomes more uniform
after the chemical cutting and encapsulation process. During the
cutting step, some small fragments might be exfoliated from the
pristine CsPbBr; NCs, which could reassemble to larger grains and
finally reach a dynamic balance state. The reassembling processes
are benefit for the formation of NCs with more uniform size [28].
The PLQY values of PCC-IE-n (n = 1-4) are 83.6%, 83.2%, 82.9%,
and 80.5%, respectively. The decrease in PLQY can be attributed to
the increase in surface defects or trap states, likely introduced by
larger surface-to-volume ratio of smaller CsPbBr; NCs [3, 22].
Nevertheless, the PLQY values of PCC-IE- n (n = 1-4) are still
much superior than most of the cyan/blue emitting CsPbBr; NCs
reported in literatures [31]. However, when larger amount of
APTES were added (mupres/mp, = 80), the photoluminescence
becomes extremely weak (Fig. S2 in the ESM), which might be

Table1 The PL peak wavelength, FWHM, and PLQY values of CsPbBr; and
PCC-IE-n (n=1-4)

Sample PL peak (nm) FWHM (nm) PLQY (%)

CsPbBr; 517 18.3 86.3
PCC-IE-1 501 15.7 83.6
PCC-IE -2 488 15.4 83.2
PCC-IE -3 472 15.0 82.9
PCC-IE -4 461 15.5 80.5
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attributed to partial decomposition of the perovskite structure.
Besides, we measured the time-resolved photoluminescence (TRPL)
curves of the pristine CsPbBr; and the quantum confined CsPbBr;
composites (Fig. S3 in the ESM). The PL decay curve of pristine
CsPbBr; is well fitted with a biexponential function, yielding an
average PL lifetime (1,,.) of 9.77 ns, whereas those of the PCC-IE-n
(n = 1-4) samples are better presented by a triexponential mode
(Table S1 in the ESM), suggesting more complex relaxation
pathways. The extended tail observed in the PL decay of PCC-IE-1
is indicative of exciton trapping and de-trapping from deep trap
states [41]. With the addition of APTES, the 7, of PCC-IE-n (n =
1-4) progressively decreased to 6.33 ns, probably due to enhanced
quantum confinement effects resulting from the reduced particle
size of the CsPbBr; component [42]. The increased quantum
confinement can accelerate radiative recombination processes,
which may partly compensate for non-radiative losses induced by
surface defects.

The structure properties of the quantum confined CsPbBrs
composites were examined by X-ray diffraction (XRD). As shown
in Fig. 2(a), the diffraction patterns of the pristine CsPbBr; NCs
match well with the cubic phase CsPbBr; (PDF#75-0412). The
diffraction peaks located at 14.97°, 21.19°, 30.08°, 33.81°, 36.96°, and
43.24° can be assigned to (100), (110), (200), (210), (211), and (220)
crystal planes, respectively [43]. These diffraction peaks are
preserved in the XRD patterns of PCC-IE-n (n = 1-4),
demonstrating that the CsPbBr; phase still exists after the PCC-IE
process. The broad bands over 15°-25° are associated with the
scattering of amorphous silica [38]. Nevertheless, in the XRD
patterns of PCC-IE-n (n = 1-4), the characteristic peaks of CsPbBr;
shifted to higher diffraction angles, suggesting the contraction of
crystal lattices [44]. Moreover, the diffraction peaks of the quantum
confined CsPbBr; composites PCC-IE-n (n = 1-4) are wider than
those of the pristine CsPbBr; NCs. Specifically, the fited FWHM
values of the (200) peaks for PCC-IE-n (n = 1-4) display a
decreasing trend (Table S2 in the ESM). This implies that the
average nanocrystalline size diminishes with increasing amounts of
APTES. Besides, the relative intensity of (100) and (200) planes
becomes weaker, whereas that of the (110) plane becomes much
stronger, implying the pristine CsPbBr; NCs undergo a chemical
cutting process [28].

The composition of the samples was also analysed by Fourier
transform infrared (FTIR) spectroscopy (Fig. S4 in the ESM). The
pristine CsPbBr; presents two characteristic peaks at 2922.7 and
2860.5 cm™, corresponding to the C-H asymmetric and symmetric
stretching vibrations of oleic acid (OA) and oleylamine (OAm)
[45]. These peaks are significantly weakened in the FTIR spectra of
typical quantum confined CsPbBr; composites due to ligand
exchange and polymer matrix encapsulation. The vibration peaks
emerged at 1262.1 and 1012.0 cm™ could be assigned to Si-CH,
and Si-O-C respectively [40], verifying the existence of APTES in
the composite samples. Moreover, the characteristic peaks related to
Si-H (21742 cm™), Si—O-Si (1116.1 and 753.0 cm™), and Si-OH
(898.2 cm™) are detected, which demonstrate that the terminal
ethoxylsilane groups of APTES undergo a hydrolysis process and
condensation with PMHS, forming a silica network [46], as is in
accordance with the XRD results.

The transmission electron microscopy (TEM) images of the
pristine CsPbBr; NCs and PCC-IE-n (n = 1-4) were shown in Fig.
S5 in the ESM and Figs. 2(b)-2(e). The pristine CsPbBr; displays a
cubic shape morphology with an average particle size of 9.8 nm. For
PCC-IE-n (n = 1-4), it can be clearly observed that the perovskite
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Figure2 (a) XRD patterns of the pristine CsPbBr; NCs and PCC-IE-n (n = 1-4). (b) TEM images of PCC-IE-n (n = 1-4).

nanocrystals (dark dots) are successfully wrapped with polymer
matrix (lighter-colored shell). In addition, the average crystal size
declined to 7.9, 5.0, 4.7, and 3.9 nm, respectively (Fig. S6 in the
ESM), in consistent with the variation of UV-Vis absorption and
PL spectra. High-resolution TEM (HRTEM) images of PCC-IE-n
(n = 1-4) show a lattice distance of 0.2967, 0.2953, 0.2944, and
0.2921 nm, respectively, corresponding to the (200) crystal planes of
cubic CsPbBr; (Fig. S7 in the ESM). The gradually decreased lattice
distance also implies the lattice contraction [47]. The energy-
dispersive X-ray spectroscopy (EDX) mapping images of the typical
composite PCC-IE-3 are shown in Fig. S8 in the ESM. The Cs, Pb,
and Br elements were concentrated in the crystalline region,
whereas Si, O, and N elements were distributed over the whole
region, which also indicates that the perovskite nanocrystals are well
encapsulated by the outer polymer shell.

To further elucidate the roles of APTES and PMHS in the
preparation of strongly quantum confined CsPbBr; composites,
each of them was individually added to the pristine CsPbBr;,
nanocrystal solution. In the absence of PMHS, a blue shift is still
observed (within 1 s), highlighting the role of APTES in fast
diminishing the size of pristine CsPbBr; NCs (Fig. S9 in the ESM).
Nevertheless, upon exposure to ambient air, the sample begins to
flocculate and settle after 30 min, and the resulting composite
material quickly degrades into a non-luminescent white powder
(Fig. S10 in the ESM). XRD analysis of the white powder reveals
that the majority of CsPbBr; has been converted to non-emissive
Cs,PbBry (Fig. S11 in the ESM), indicating that the quantum
confined CsPbBr; NCs generated through APTES mediated
chemical cutting are metastable. This instability is likely caused by
the hydrolysis and condensation of excess APTES, which produces
a large quantity of polar molecules, triggering the phase
transformation of CsPbBrs. The disappearance of PL emission in
the generated Cs;PbBrs may be attributed to the absence of defects
or impurity phases that act as emission centers [48]. Conversely,
without APTES, the PL peak position exhibits minimal shift (Fig.
S12 in the ESM), suggesting that PMHS has a negligible effect on
size reduction of the pristine CsPbBr; NCs. However, the addition
of PMHS is essential for stabilization of the strongly quantum
confined CsPbBr; NCs. This stabilization effect is due to the
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reaction between PMHS and APTES, which primarily releases
nonpolar hydrogen gas. The reaction proceeds at a faster rate than
the self-condensation of APTES, thereby minimizing the formation
of polar byproducts. Furthermore, this reaction facilitates the rapid
development of a polymeric network that effectively encapsulates
and shields the quantum-confined CsPbBr; NCs from external
stimulus, such as moisture.

Above characterizations collective demonstrate that the post-
synthetic chemical cutting and in-situ encapsulation are effective
approach for preparing strongly quantum confined CsPbBr;
composites with tunable emission as well as high color purity. In
this process, APTES acts as a crystal structure tailoring agent,
rapidly cutting the pristine CsPbBr; NCs to smaller counterparts
with good size and shape uniformity, while PMHS acts as a
protective barrier preventing phase transformation of CsPbBr.

In order to gain more insight into the chemical interaction
between APTES and the quantum confined CsPbBr; NCs, X-ray
photoelectron spectroscopy (XPS) studies were conducted. The full
scan spectra of the typical samples are shown in Fig. 3(a), which
identify the presence of Cs, Pb, Br, Si, N, and O elements on the
CsPbBr; composites. No peak related to Cl could be detected,
excluding the possibility of unintentional introduction of Cl ions
during sample preparation. This further reveal that the spectra blue
shift was induced by quantum confinement effect instead of
component engineering. In comparison to that of the pristine
CsPbBr;, the peak intensity of Cs, Pb and Br elements for PCC-IE-1
and PCC-IE-3 dramatically reduced, while the O peak intensity
prominently increased due to encapsulation of the perovskite
nanocrystals by silica shell. Figures 3(b)-3(d) depict the high-
resolution XPS spectra of Cs 3d, Pb 4f, and Br 3d. The Cs 3d;, and
Cs 3ds, peaks of the pristine CsPbBr; NCs locate at binding
energies of 724.65 and 738.58 eV, respectively, and exhibit little
change after the PCC-IE process. The slightly broadening of these
peaks are due to decreased signal intensity, which also could be
observed for Pb 4f core levels [49]. Differently, the Pb 4f core levels
of PCC-IE-1 and PCC-IE-3 both shift to higher binding energies
for about 0.21 and 0.26 eV compared to that of the pristine sample.
The Br 3d core level of the pristine sample can be deconvoluted
into two sub peaks at 68.01 and 69.03 eV, corresponding to Br 3d,,

(8 fFA % | Sci@pen
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Figure3 (a) The full scan XPS spectra, and high-resolution XPS spectra corresponding to (b) Cs 3d, (c) Pb 4f, and (d) Br 3d of the pristine CsPbBr; and typical quantum

confined CsPbBr; composites of PCC-IE-1 and PCC-IE-3.

and Br 3ds,, respectively. Intriguingly, these peaks also shift to
higher binding energies with increasing addition amount of
APTES, in accordance with the Pb 4f peaks, indicating that APTES
has a strong interaction with the PbBr,> octahedron [50, 51]. For
both PCC-IE-1 and PCC-IE-3, the N 1s signal can be deconvoluted
into two peak components (Fig. S13 in the ESM). The peak with a
lower binding energy originates from the amine groups (-NH,) on
APTES, whereas the peaks at higher binding energy (about 401.81
eV) are assigned to protonated amine groups (-NH;). We
speculate that some APTES molecules were protonated during the
post synthetic chemical cutting process, which act as the A-site
doping agent for CsPbBr;. According to previous studies, A-site
doping of CsPbBr; nanocrystals by protonated APTES would cause
lattice contraction [47], in line with the XRD and TEM
observations discussed above. The A-site doping is also benefiting
for defect healing [52], accounting for high PLQY of these strongly
quantum confined CsPbBr; composites.

Apart from photoluminescent properties, the stability of the
CsPbBr; composites is also crucial for their practical applications.
Normally, metal halide perovskite materials are unstable towards
polar solvents due to their ionic nature [53]. To evaluate the polar
solvent tolerance of the CsPbBr; composites, we dispersed them in
dimethylformamide (DMF) and ethanol using ultrasonication. The
pristine CsPbBr; was utilized as a contrast group. After ultrasound
treatment for 5 min, the photoluminescence of the pristine CsPbBr;
NCs almost totally disappeared, implying structure degradation. In
comparison, PCC-IE-n (n = 1-4) all maintain bright cyan/blue
luminescence under UV lamp, and remain over 89% of the initial
PL intensity even after 3 months (Figs. 4(a) and 4(b)). The
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significantly improved polar solvent tolerance of CsPbBr;
composites can be attributed to the existence of outer polymer shell,
which hinders the permeation of solvent molecules to inner
CsPbBr; core [54].

Thermostability of the pristine CsPbBr; and PCC-IE-n (n = 1-4)
were compared by storing the samples at 70 °C (Fig. 4(c) and Fig.
S14 in the ESM). After 5 days, the emission intensity of the pristine
sample dropped sharply to 3% of its initial value, accompanied by
slight red shift in the PL peak. This could be explained by the highly
dynamic binding of OA and OAm to perovskite nanocrystals
surface [55]. The ligands are more labile at elevated temperature,
which leads to increased defect sites. However, during the same
aging time, the CsPbBr; composites PCC-IE-n (n = 1-4) kept 70%,
67%, 76%, and 72% of the original PL intensity, respectively, with
little change of the PL peak position. Moreover, to assess the
CsPbBr; composites' resistance to prolonged light exposure, the
samples were subjected to UV light (365 nm, 24 W), and their PL
spectra were monitored over time. As shown in Fig. 4(d) and Fig.
S15 in the ESM, the relative intensity of the pristine CsPbBr;
quickly decayed to 8% within 5 days, and the PL peak exhibits an
obvious red shift for about 12 nm, indicating aggregation of the
CsPbBr; nanocrystals due to light-induced ligand shedding [56]. In
contrast, the CsPbBr; composites PCC-IE-n (n = 1-4) still retain
57%, 61%, 70%, and 74% of their initial PL intensity, respectively,
demonstrating superior photostability. The enhanced thermal
resistance and photostability of the CsPbBr; composites relative to
the pristine CsPbBr; can be assigned to the stronger bonding of
APTES to perovskite nanocrystals than that of OA and OAm, as
well as the protective encapsulation provided by the polymer
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PCC-IE-n (n = 1-4), respectively)). (b) Temporal evolution of PL intensity under heating at 70 °C for control sample and PCC-IE-n (n = 1-4). (c) Temporal evolution of

PL intensity under UV light (365 nm) for control sample and PCC-IE-n (n = 1-4).

matrix. In these cyan/blue emitting composites, the strongly
quantum confined CsPbBr; nanocrystals are effectively separated
from each other by the polymeric networks, which are believed to
impede thermal or photo induced ligand shedding, meantime
inhibiting nanocrystal aggregation.

The favourable stability and high PLQY of the cyan/blue

emitting CsPbBr; composites endow them good application
potential in lighting and display fields. As a proof of concept, one of
the composites, PCC-IE-2, was integrated to WLED excited by a
blue chip (Aey = 455 nm). Another WLED without PCC-IE-2 was
also assembled as the contrast device. As shown in Fig. 5(a), the
electroluminescence (EL) spectrum of the WLED without PCC-IE-

(a) (c) 09
Blue overshoot 520 |
¥ Q * Without PCC-IE-2
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Cyan gap
0.7
560
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Figure5 (a) and (b) PL spectra of the WLED devices (inset shows the digital images of the WLED devices (a) without and (b) with PCC-IE-2). (c) The CIE colour

diagram of the WLED devices.
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2 exhibits apparent cavity in the cyan region (470-520 nm) and
excessive emission in the 440-460 nm range, namely “cyan gap”
and “blue overshoot” [57], resulting in a relatively low color
rendering index (Ra) of 77.7, a correlated color temperature (CCT)
of 3606 K, and chromaticity coordinates of (0.3906, 0.3673). When
PCC-IE-2 was incorporated, the “cyan gap” is efficiently made up,
leading to prominent improvement of the Ra value to 86.4 (Fig.
5(b)). The corresponding WLED device presents a CCT of 3550 K
and chromaticity coordinates of (0.3795, 0.3357) (Fig. 5(c)), lying in
the warm white light region. These results demonstrate that the
CsPbBr; composites have great application potential for full-
spectrum lighting. Latest researches reported that cyan light is
visually comfortable and beneficial to people’s physical and mental
health [58, 59]. Moreover, the cyan emitting CsPbBr; composites
can absorb some redundant blue light, and decrease the overshoot
from the blue chip at some extend, which is also conducive to the
protection of retina.

3 Conclusion

In summary, we have demonstrated the successful preparation and
stabilization of strongly quantum confined CsPbBr; NCs using
APTES and PMHS through a post-synthetic chemical cutting and
in-situ encapsulation method. By increasing the addition amount of
APTES, the average size of the CsPbBr; NCs was tuned from 9.8 to
3.9 nm, resulting in a blue-shifted emission from 517 to 461 nm,
along with a narrowed FWHM of approximately 15 nm. These
strongly quantum confined CsPbBr; nanocrystals exhibited a PLQY
greater than 80%, owing to defect passivation through A-site
doping by the protonated APTES. The introduction of PMHS
provided a protective barrier that prevented phase transformation
of the CsPbBr; during the preparation process, while also in situ
forming a polymeric encapsulation matrix, significantly enhancing
the nanocrystals' tolerance to polar solvents. Notably, the resulting
quantum-confined CsPbBr; compositess PCC-IE-n (n = 1-4)
retained over 70% of their initial PL intensity after aging at 70 °C or
exposure to continuous 365 nm UV light (24 W) for 5 days. In
contrast, the emission intensity of the pristine green-emitting
CsPbBr; diminished by more than 90%, accompanied by a
pronounced red shift in the PL peak under identical aging
conditions. Furthermore, one of the composites, PCC-IE-2, was
integrated to a WLED to alleviate the blue overshoot and
compensate the cyan gap, which improves the Ra from 77.7 to 86.4.
This work not only provides a facile strategy for preparation of
strongly quantum confined CsPbBr; NCs with simultaneously high
luminescent efficiency, exceptional color purity, and improved
stability, but also advances their potential for practical applications
in advanced light-emitting devices.

Electronic Supplementary Material: Supplementary material
(experimental  details, characterizations such as lifetime
measurements, TEM images, EDX mapping images, FTIR spectra,
XPS spectra, stability experiment, and XRD result) is available in
the online version of this article at
https://doi.org/10.26599/NR.2025.94907131.
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