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Perovskite-based nanocomposites have attracted significant interest due to their potential in interfacial

engineering, optical modification, and stability enhancement. However, current understanding of the con-

struction models between perovskites and guest materials is limited, and the design concept of perovs-

kite-based nanocomposites remains unclear. Herein, we thoroughly investigated the effects of amino

bridge linkages in attapulgite@perovskite nanocomposites on the crystallization kinetics, optical pro-

perties, and stabilities of perovskites. We monitored the difference in structural, compositional, and mor-

phological characteristics. The attapulgite@perovskite nanocomposites with amino bridge linkages exhibi-

ted a smaller average size distribution of 23.8 ± 5.8 nm and demonstrated enhanced thermal stability (81%

relative PL intensity after one heating–cooling cycle) and photo-stability (84% relative PL intensity after

30 h of ultraviolet light irradiation). These improvements can be attributed to effective passivation by the

amino bridge linkages. Our work aims to deepen the understanding of perovskite-based nanocomposite

construction and inspire new approaches for modifying their optical properties and enhancing their

stability.

Introduction

Perovskites have garnered recent attention due to their remark-
able optoelectronic properties, including high light-absorption
coefficients,1 color purity,2 photo-luminescence quantum
yields (PLQYs),3 radiative recombination4,5 and compositional
direct-bandgap color tunability.6 These properties position
perovskites as potential candidates for a wide range of appli-
cations, such as light-emitting diodes (LEDs),7–9 solar
cells,10–12 lasers13–15 and photodetectors.16–18 However, the
instability issues of perovskites, including their high sensitivity
to heat and photodegradation, have hindered their practical
applications. Therefore, it is crucial to explore effective
approaches to enhance their stability.

Various strategies, such as matrix encapsulation,19–21

surface passivation22–26 and compositional engineering,27–29

have been developed to enhance the stability of perovskites.
Constructing perovskite-based nanocomposites is a popular
strategy to stabilize perovskites. This approach offers several
advantages, including the introduction of a more stable guest
material as a matrix protector layer to prevent the direct
exposure of perovskites to the environment, ensure minimal
fluorescence quenching for high-quality luminescence, and
provide interfacial engineering to explore unique properties
for a broader range of applications.30–32 For instance, Hao
et al. used rich hydroxyl groups on the surface of halloysite
nanotubes to generate surface adsorption and covalent graft-
ing to perovskite nanocrystals (NCs). This resulted in the for-
mation of a halloysite@perovskite nanocomposite with signifi-
cantly improved thermal stability and photostability.33 Li et al.
designed type II heterojunction nanocomposites, specifically
ZnSe@CsSnCl3 with enhanced photocatalytic activity for CO2

reduction. This improvement was attributed to efficient charge
separation and reduction in the free energy required for CO2

conversion.34 Fan et al. synthesized CsPbBr3@Cs4PbBr6@silica
molecular sieve nanocomposites using an advanced solid-state
synthesis method. These nanocomposites exhibited remark-
able stabilities against water, heat, and blue light irradiation.35

However, a lack of research on coupling models in perovskite-
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based nanocomposites has had a significant impact on their
interfacial properties. To comprehend the features and per-
formances of perovskite-based nanocomposites, it is crucial to
study the integration of two different parts.

Attapulgite (ATP) is a promising material for constructing
nanocomposites due to its large specific surface area,36,37 ease
of surface functionalization,38,39 and good biocompatibility.40

Herein, we utilized ATP as a template for loading perovskite
NCs and constructing highly stable perovskite-based nano-
composites. To enhance the surface properties of ATP, surface
functionalization was carried out, resulting in the construction
of the corresponding nanocomposite.

We conducted a systematic investigation of the correlation
between the bridge linkage and the performance of the nano-
composite using zeta potential, XPS, and TEM analyses. Based
on the experimental results and our hypothesis, we proposed a
bridge linkage passivation mechanism that stabilizes CsPbBr3
NCs. The as-prepared nanocomposite demonstrated great
potential for use in solid-state lighting applications. Our study
contributes to a deeper understanding of the role of bridge
linkage in perovskite-based nanocomposites and inspired us
to design high-performance perovskite-based nanocomposites.

Experimental
Chemicals

Cesium carbonate (Cs2CO3, 99.5%, Acros Organics), lead(II)
bromide (PbBr2, 99.999%, Aladdin), oleic acid (OA, technical
grade 90%, Aldrich), oleylamine (OAm, 80–90%, Aladdin),
1-octadecene (ODE, >90%, Aladdin), toluene (98%, Aladdin),
hexane (analytical reagent 97%, Sinopharm Chemical Reagent
Co., Ltd, Shanghai), attapulgite (purchased from Lincang
county, Yunnan province, China), (3-Aminopropyl) trimethoxy-
silane (APTMS, 98%, Aladdin) and aminoethylamino propyltri-
methoxy silane (98%, Aladdin) were obtained for this study. All
chemicals were used without further purification.

Surface functionalization of ATP

The pristine ATP NRs were firstly calcined at 105 °C to remove
residual organic pollutants. Taking ATP-AC6 as an example,
0.6 g of ATP and 0.5 mL of APTMS were added to 10 mL of
toluene under violent stirring. The reaction temperature was
set to 45 °C and the reaction time was 2 hours. The obtained
crude solution was centrifuged at 6000 rpm for 5 min and the
precipitate was washed with deionized water three times. As
for ATP-AC8, APTMS was replaced by aminoethylamino propyl-
trimethoxy silane. The dosage of APTMS was set to 0.1, 0.2,
0.5, 1.0 and 2.0 mL to study the optimal volume.

Synthesis of Cs-oleate

In a typical experiment, Cs2CO3 (0.8140 g), OA (5.00 mL), and
ODE (50.00 mL) were loaded into a 100 mL three-necked flask
and stirred under vacuum for 1 hour at 120 °C. Then, the solu-
tion was heated at 150 °C under N2 until it became clear and
transparent, implying the complete reaction of Cs2CO3 and

OA. The Cs-oleate solution was stored under N2 and needed to
be preheated to 100 °C before further use because it precipi-
tates at room temperature.

Synthesis of ATP-AC6@CsPbBr3 nanocomposites

Typically, 0.3450 g of PbBr2 and 0.1 g of ATP-AC6 were dis-
persed in 25 mL of ODE in a three-necked flask. The mixture
was dried and stirred at 120 °C for 2 hours under vacuum to
guarantee a complete dissolution of PbBr2. Then, 2.50 mL of
OA and 2.5 mL of OAm were added and the temperature was
raised to 170 °C in an N2 atmosphere. When the temperature
reached 170 °C, Cs-oleate (2 mL) was rapidly injected into the
flask. The flask was immediately cooled down by immersing it
in an ice bath after the mixture had reacted for five seconds,
and then a crude colloidal solution was obtained. The above
solution was centrifuged at 9000 rpm for 10 min to obtain the
resulting ATP-AC6@CsPbBr3 precipitates. As for ATP@CsPbBr3
and ATP-AC8@CsPbBr3 nanocomposites, ATP-AC6 was substi-
tuted for ATP and ATP-AC8, respectively.

Fabrication of LED devices

The white LED device was constructed by using the as-pre-
pared green ATP-AC6@CsPbBr3 nanocomposite, the commer-
cial red phosphor K2SiF6:Mn4+ and a 460 nm InGaN chip.
Typically, the ATP-AC6@CsPbBr3 nanocomposite and K2SiF6:
Mn4+ were evenly blended with silicone resins A and B (A : B =
1 : 1) in an agate mortar. Then, the resulting mixture was
coated on a 460 nm InGaN chip. The packaged devices were
cured in an oven at 120 °C for 12 hours to form the resulting
white LED device.

Characterization studies

The crystal structure and phase purity were characterized by
Powder X-ray diffraction (PXRD), which was performed on a D8
Focus diffractometer at a scanning rate of 1° min−1 in the 2θ
range from 10° to 60° with Ni-filtered Cu Kα (λ = 1.540598 Å)
radiation. Fourier transform infrared (FTIR) spectra were
recorded using a Fourier transform infrared spectrometer
(Thermo Fisher Scientific, IS50). The morphologies were
inspected using a field emission scanning electron microscope
(FE-SEM, S-4800, Hitachi) and a transmission electron micro-
scope (FEI Tecnai G2 F20). The photoluminescence spectra
were recorded using a fluorescence spectrometer (Fluoromax-
4P, Horiba Jobin Yvon, New Jersey, USA) equipped with a 150
W xenon lamp as an excitation source, and both excitation and
emission slit widths were set up to be 1.0 nm with the width of
the monochromator slits adjusted to 0.50 nm. Zeta potential
quantities were measured using a Zetasizer Nano ZS system
(Malvern, UK) equipped with a standard 633 nm laser. The
spectra from X-ray photoelectron spectroscopy (XPS) were
recorded on a Thermo ESCALAB 250XI. The thermal stability
of luminescence properties was measured using a Fluoromax-
4P spectrometer connected to heating equipment (TAP-02),
which involved using a combined setup consisting of a xenon
lamp, a Hamamatsu MPCD-7000 multichannel photodetector
and a computer-controlled heater. The photoluminescence
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quantum yield (PLQY) was measured using an absolute PL
quantum yield measurement system C9920-02 (Hamamatsu
Photonics K.K., Japan). The photoluminescence decay curves
were obtained from a Lecroy Waverunner 6100 Digital
Oscilloscope (1 GHz) using a tunable laser (pulse width = 4 ns,
gate = 50 ns) as an excitation source (Continuum Sunlite OPO).

Results and discussion

ATP nanorods (NRs) are promising candidates for coupling
with perovskite NCs due to their large specific surface area
and excellent dispersity. SEM images reveal solid rod struc-
tures with average vertical and lateral lengths of 1330.0 and
37.8 nm, respectively (Fig. S1†). To investigate the impact of
bridge linkages on the interfacial features and optical perform-
ances of perovskite-based nanocomposites, we designed a
series of comparative experiments that distinguished between
the presence and absence of amino bridge linkages. The pris-
tine ATP NRs were initially calcined at 105 °C to remove
residual organic pollutants, thereby eliminating steric hin-
drance and enhancing the exposure of Si–OH bonds for
surface functionalization. For the convenience of discussion,
we designated ATP NRs with/without grafted amino bridge lin-
kages as ATP-ACX/ATP, where CX represents the carbon chain
length of amino-containing silane coupling agents. A sche-
matic diagram of the construction of ATP@CsPbBr3 and
ATP-ACX@CsPbBr3 nanocomposites is depicted in Fig. 1. The
entire synthetic process remains unchanged to investigate the
correlation between optical performances of nanocomposites
and amino bridge linkages.

Fig. 2a illustrates the nature of three favored surface lin-
kages of pristine ATP NRs obtained after surface modification
processes. The surface of calcined ATP retains –OH groups,
while the surface functionalized with silane coupling agents
retains –NH2 groups. Amino-containing silane coupling agents
used in this study include aminopropyltriethoxysilane
(APTMS) and aminoethylamino propyltrimethoxy silane, which

vary in their carbon chain lengths and the activity of their
amino groups. Fourier transform infrared (FTIR) spectroscopy
tests are conducted to examine the surface characteristics of
functionalized ATP. The absorption bands between 3500 and
3750 cm−1 in ATP are ascribed to the stretching vibration
absorptions of the –OH groups (Fig. 2b). In addition, the
absence of –CH2 absorption bands implies the effective
removal of residual organic pollutants. Upon surface modifi-
cation with amino-containing silane coupling agents, the rela-
tive absorption intensities of –OH groups decrease, and
absorption bands appear at 2930 and 1620 cm−1, corres-
ponding to the stretching vibration absorptions of –CH2 and
–NH2 groups, respectively. The newly appeared absorption
bands originate from the amino-containing silane coupling
agents, indicating the occurrence of a hydrolysis reaction
between the silane and surface –OH groups and the successful
grafting of amino groups onto the surface of ATP. It should be
noted that APTMS with its shorter carbon chain length exhi-
bits higher reactivity for silane grafting, although the absorp-
tion signals of –OH and –NH2 groups are weaker. This can be
attributed to the high sensitivity of APTMS to water molecules.
The zeta potential measurement records the surface potentials
of ATP, ATP-AC6 and ATP-AC8. The results reveal that the poten-
tial value at pH = 7 changes from −10.97 to 9.27 and 4.31 mV
after silane grafting (Fig. 2c). This result is consistent with pre-
vious reports, which show that the potential value of the –OH
groups is negative, while that of the –NH2 group is
positive.41,42 Powder X-ray diffraction (PXRD) patterns show no
significant difference after silane grafting, confirming the pres-
ervation of ATP phase structure (Fig. S2†). Collectively, these
results indicate the successful grafting of silane agents onto
the surface of ATP and the engineering of interfacial surface
characteristics.

The successful functionalization endows ATPs with
different surface characteristics, and the compositional,
optical and morphological properties of their corresponding
nanocomposites are investigated. XRD patterns depict that the
characteristic and dominant diffraction peaks of the as-pre-
pared ATP@CsPbBr3, ATP-AC6@CsPbBr3 and
ATP-AC8@CsPbBr3 nanocomposites locked at 8.50°, 19.85° and
20.84° are ascribed to the (110), (040) and (121) planes of the
orthorhombic phase of ATP (PDF 31-0783), and the diffraction
peaks locked at 21.57°, 30.67° and 37.8° originate from the
(110), (200) and (211) planes of the cubic phase of CsPbBr3
(PDF 54-0752) (Fig. S3†). The coexistence of XRD patterns for
both ATP and CsPbBr3 is powerful confirmation illustrating
the successful construction of nanocomposites. Their corres-
ponding PL spectra are varied from PL intensities and PL peak
positions, where they exhibit higher PL signals and slightly
blue-shifted PL peaks (Fig. 2d). The optical differences suggest
that the surface characteristics of ATP have an impact on the
growth of CsPbBr3 NCs. Importantly, the ATP-AC6@CsPbBr3
nanocomposite exhibits higher PL intensity than the
ATP-AC8@CsPbBr3 nanocomposite, which is ascribed to the
stronger interaction between ATP-AC6 and surface Br atoms of
CsPbBr3 NCs for suppressed surface defects. In addition, PL

Fig. 1 Schematic diagram of the construction of ATP@CsPbBr3 and
ATP-A@CsPbBr3 nanocomposites.
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decay curves of the above samples demonstrate that nano-
composites with amino bridge linkages have larger pro-
portions of radiation recombination and longer average life-
times (Fig. 2e). A summary of the corresponding PL decay
characteristics is displayed in Table S1.† Photoluminescence
quantum yield (PLQY) measurements further agree with PL
decay results, which show a maximum value of 56% for the
ATP-AC6@CsPbBr3 nanocomposite and a minimum value of
18% for the ATP@CsPbBr3 nanocomposite (Fig. 2f).

To explore the working mechanism of amino bridge lin-
kages with respect to the optical performances of the above
nanocomposites, the growth crystallization kinetics of CsPbBr3
NCs and interfacial properties of nanocomposites are investi-
gated. X-ray photoelectron spectroscopy (XPS) is employed to

study the coordination environment and surface properties.
High resolution spectra corresponding to Pb 4f and Br 3d are
displayed in Fig. 2g and h, which suggest that the binding
energies of amino-functionalized nanocomposites undergo an
obvious negative shift compared to those without amino
bridge linkages. The shift of Br 3d orbitals to lower binding
energy is mainly attributed to the effective surface passivation
of amino-functionalized ATP. Self-assembled polyacrylic acid-
grafted graphene oxide NRs have been reported to be utilized
as surface ligands to stabilize perovskite NCs and achieve
improved stability toward protic solvents and heat.43 For a
comparison with a typical oleylamine ligand, amino-functiona-
lized ATP possesses a shorter chain length, which has reduced
steric hindrance and stronger binding to couple with CsPbBr3

Fig. 2 (a) Representation of three types of functional groups present on the surface of ATP. (b) FTIR spectra and (c) zeta potentials of ATP, ATP-AC6
and ATP-AC8. (d) PL spectra, (e) decay curves and (f ) PLQY of ATP@CsPbBr3, ATP-AC6@CsPbBr3 and ATP-AC8@CsPbBr3. High-resolution XPS spectra
of (g) Pb 4f, (h) Br 3d and (i) C/Si (Br/Pb) ratios of ATP@CsPbBr3, ATP-AC6@CsPbBr3 and ATP-AC8@CsPbBr3. ( j) Schematic diagram of the growth
mechanism of CsPbBr3 NCs on the surface of ATP without or with amino modification.
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NCs. In addition, passivation of amino-functionalized ATP has
the advantage of eliminating surface halogen defects, and thus
reduces the possibility of exposing inner lead atoms. The less
chance of lead exposure on the surface weakens binding with
surface ligands. To further prove the passivation effect of
amino bridge linkages, elemental compositions and pro-
portions were studied. The ratios of elemental proportions of
C/Si in ATP@CsPbBr3, ATP-AC6@CsPbBr3 and
ATP-AC8@CsPbBr3 nanocomposites are 2.5, 2.1 and 2.8,
respectively (Fig. 2i). The amino-containing silane coupling
agents grafted on ATP have shorter carbon chain lengths than
oleylamine, so the value of the C/Si ratio would be reduced for
amino-functionalized nanocomposites. However, an unusually
high value is noticed for the ATP-AC8@CsPbBr3 nano-
composite, which mainly results from insufficient surface
ligand passivation for the ATP@CsPbBr3 nanocomposite. The
ratios of elemental proportions of Br/Pb in ATP@CsPbBr3,
ATP-AC6@CsPbBr3 and ATP-AC8@CsPbBr3 nanocomposites are
3.0, 5.3 and 4.3, respectively. The higher values of the Br/Pb
ratios for amino-functionalized nanocomposites imply the
effective elimination of surface halogen defects.

Combining our design anticipations and experimental
results, we proposed an amino-functionalized ATP passivated
mechanism to control the crystallization kinetics of CsPbBr3

NCs (Fig. 2j). For nanocomposites without amino bridge lin-
kages, the surface of the ATP features negatively charged –OH
groups. Positively charged lead ions are gathered on the
surface of the ATP due to electrostatic adsorption, and serve as
the crystal nucleus for the growth of CsPbBr3 NCs. The ripen-
ing of CsPbBr3 NCs is rapid because of the direct contact with
ATP nanorods with weak steric hindrance. For nanocomposites
with amino bridge linkages, the surface of the ATP features
positively charged –NH2 groups. Negatively charged bromide
ions are coupled with the –NH2 groups via hydrogen bonds,
and CsPbBr3 NCs are grown rich with halide. The richness of
halide on the surface has been proved advantageous to elimin-
ate surface defects and promote radiative recombination.

The morphological and compositional properties are
further studied to verify the hypothesis of the ripening mecha-
nism of CsPbBr3 NCs. For the ATP@CsPbBr3 nanocomposite,
ATP NRs are severely aggregated because of the weak steric hin-
drance of –OH groups, where CsPbBr3 NCs are directly
attached on the surface (Fig. 3a). It could be observed that
CsPbBr3 NCs possess an inconsistent size distribution. Their
average size is found to be 30.5 nm with an error of ±8.5 nm
(Fig. 3d). As for ATP-AC6@CsPbBr3 and ATP-AC8@CsPbBr3
nanocomposites, ATP NRs exhibit better dispersibility due to
the strong steric hindrance of amino-containing silica coup-

Fig. 3 TEM images of (a) ATP@CsPbBr3, (b) ATP-AC6@CsPbBr3 and (c) ATP-AC8@CsPbBr3 nanocomposites. Inset: Schematic diagram illustrating the
structures with or without amino bridge linkages. Scale bars: 200 nm. Size distributions of (d) ATP@CsPbBr3, (e) ATP-AC6@CsPbBr3 and (f )
ATP-AC8@CsPbBr3 nanocomposites. (g) EDS mapping of the ATP-AC6@CsPbBr3 nanocomposite, along with corresponding STEM-HAADF image and
elemental maps of Si, Mg, Cs, Pb, and Br. Scale bars: 100 nm. (h) Elemental spectrum of the ATP-AC6@CsPbBr3 nanocomposite.
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ling agents (Fig. 3b and c). The size distributions of CsPbBr3
NCs are well matched with Gaussian fitting, demonstrating an
average size of 23.8 ± 5.8 and 24.3 ± 5.5 nm, respectively (Fig. 3e
and f). The smaller size distributions of CsPbBr3 NCs in amino-
functionalized nanocomposites may be the root for the effective
passivation of amino-containing silica coupling agents.
However, pure CsPbBr3 NCs possess an average size of 12.4 ±
5.5 nm (Fig. S4†). The overripening of CsPbBr3 NCs in nano-
composites is mainly triggered by the incorporation of ATP,
which works as the crystal nucleus for the heterogeneous
growth of CsPbBr3 NCs.44,45 The high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
images and the corresponding energy-dispersive X-ray spec-
troscopy (EDS) elemental mapping images of ATP-AC6@CsPbBr3
nanocomposite reveal the distributions of Si, Mg, Cs, Pb and Br
elements, suggesting the uniform decoration of CsPbBr3 NCs
on ATP NRs (Fig. 3g). The EDS spectrum further proves the
appearance of the corresponding elements at different energy
levels (Fig. 3h). These results directly confirm the successful
combination of ATP NRs and CsPbBr3 NCs.

The working mechanism of the amino bridge linkages to
perovskite-based nanocomposites has been systematically
investigated, and the dosage of APTMS is further optimized.

The dosage of APTMS is varied from 0.1 to 2.0 mL to explore
the surface differences of ATP-AC6. FTIR spectra reveal that the
intensities of the νSi–O–Si band at (980, 1032) cm−1, νN–H band
at 1560 cm−1 and νC–H band at (2877, 2930) cm−1 are increased
until the APTMS dosage reaches 0.5 mL, and then drop at
higher APTMS dosages (Fig. 4a). The intensity variation of the
vibration band demonstrates that the grafting of APTMS on
the ATP surface does not increase when accompanied by
increasing APTMS volume. Their corresponding zeta potential
values are further recorded, which show a transfer from nega-
tive to positive and reach a maximum of 4.75 mV at 0.5 mL
(Fig. 4b). The trend of the potential values is in accordance
with FTIR results, demonstrating that the surface property of
ATP is closely associated with the dosage of APTMS. In order
to quantitatively analyze the proportion of APTMS, thermo-
gravimetric (TG) analysis is carried out to calculate the weight
ratio of APTMS. As shown in Fig. 4c, the residual weight of
pristine ATP remains at 84.8% after calcination at 800 °C,
while it remains at 75.8%, 71.9%, 68.0%, 69.2 and 75.1% with
APTMS dosages of 0.1, 0.2, 0.5, 1.0 and 2.0 mL, respectively.
The maximum grafting weight ratio of APTMS to ATP is calcu-
lated to be 24.7%. The PL spectra of their corresponding nano-
composites are depicted in Fig. 4d, implying positive corre-

Fig. 4 (a) FTIR spectra, (b) zeta potentials and (c) TG curves of ATP with varying APTMS modification contents. (d) PL spectra and (e) the corres-
ponding XRD patterns of the ATP-AC6@CsPbBr3 nanocomposite with different APTMS modification contents. (f ) Schematic diagram of the relation-
ship between reactive sites and APTMS content.
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lation between the PL intensity and APTMS grafting volume.
The red shift of the PL peak at low APTMS volume is attributed
to insufficient passivation and overgrowth of CsPbBr3 NCs.
XRD patterns demonstrate that the ATP-AC6@CsPbBr3 nano-
composite with APTMS dosage of 0.5 mL possesses a higher
crystallinity (Fig. 4e). The minimum full width at half
maximum (FWHM) value of 0.37135° at 2θ = 21.57° further
verifies this result (Fig. S5†). In addition, the XRD diffraction
peak at 2θ = 37.8° is ascribed to the (211) plane of the cubic
CsPbBr3 phase, which matches well with the standard card of
PDF 54-0572, as shown in Fig. 4e. The optical differences of
nanocomposites suggest that the higher the grafting ratio of
APTMS on the surface of ATP, the better the crystallinity and
brighter the luminescence of CsPbBr3 NCs. It is well known
that the greater the exposure of –OH groups on the surface of
ATP the easier it is to trigger a hydrolysis reaction with
APTMS.46 With increasing APTMS dosage, the number of –OH
group active sites on the surface of the ATP decreases sharply.
However, excess APTMS in solution has more chance of self-
aggregation, which is a great barrier to effective coupling with
–OH groups (Fig. 4f). This is the reason for the low grafting
content on the surface of ATP at high APTMS concentrations.

The excellent optical properties of the ATP-AC6@CsPbBr3
composite have been studied, and its stabilities are further

investigated to evaluate its potential for practical utilization.
Thermal stability involving a heating–cooling cycle is carried
out using a controlled temperature system ranging from 20 to
120 °C. Fig. 5a and b displays pseudo-color images of the
temperature-dependent PL for ATP@CsPbBr3 and
ATP-AC6@CsPbBr3 nanocomposites. It is observed that the
ATP-AC6@CsPbBr3 nanocomposite possesses a more stable
fluorescence intensity at high temperature. Their corres-
ponding PL spectra during the heating–cooling process are
shown in Fig. S6.† Normalized PL intensities are subsequently
provided to directly compare the relative PL values at different
temperatures (Fig. 5c). These two samples both exhibit a
decrease of PL intensity during the heating process, while the
PL intensity is recovered during the cooling process.
Differently, the fluorescence recovers to its initial intensity of
54% for ATP@CsPbBr3 and 81% for ATP-AC6@CsPbBr3. XRD
patterns demonstrate that diffraction peaks belonging to
CsPbBr3 NCs vanished for ATP@CsPbBr3, while they are trans-
formed to a monoclinic phase (PDF 18-0364) for
ATP-AC6@CsPbBr3 (Fig. 5d). The PL quenching with thermal
excitation in perovskites is mainly attributed to lattice
vibrations, which accelerate the rate of nonradiative
recombination.47,48 The thermal test indicates that CsPbBr3
NCs combined with the ATP-AC6 template undergo a weaker

Fig. 5 Pseudo-color images of the temperature-dependent PL for (a) ATP@CsPbBr3 and (b) ATP-AC6@CsPbBr3 nanocomposites, during a heating
and cooling process. The corresponding (c) normalized PL intensities and (d) XRD patterns after the heating/cooling cycle. (e) Normalized PL intensi-
ties and (f ) XRD patterns of ATP@CsPbBr3 and ATP-AC6@CsPbBr3 nanocomposites after continuous irradiation with UV light. Schematic diagram
illustrating the degradation mechanism of CsPbBr3 NCs (g) without or (h) with amino bridge linkages.
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lattice vibration during the heating process, and a quicker
lattice vibration recovery to the initial state is triggered during
the cooling process. This result proves the comprehensive pro-
tection of ATP-AC6 for the suppressed lattice vibrations of
CsPbBr3 NCs.

Furthermore, their photo-oxidation stabilities are also
tested to evaluate their long-term performance against ultra-
violet (UV) light. The as-prepared ATP@CsPbBr3 and
ATP-AC6@CsPbBr3 nanocomposites are continuously radiated
under a 365 nm UV lamp with light intensity of 9 mW cm−2 at
a distance of 0.1 m. Normalized PL intensities reveal that the
relative fluorescence intensity of ATP@CsPbBr3 drops to 13%
after 4 hours of UV light exposure, while that of
ATP-AC6@CsPbBr3 remains at 84% after 30 hours of UV light
exposure (Fig. 5e). Interestingly, the PL intensity of the
ATP-AC6@CsPbBr3 nanocomposite is enhanced at early
irradiation times, which is mainly triggered by a photo-acti-
vated process.49,50 Their corresponding PL spectra during con-
tinuous UV irradiation are depicted in Fig. S7.† XRD patterns
suggest the absence of the perovskite phase in ATP@CsPbBr3,
and the coexistence of cubic (PDF 54-0752) and monoclinic
(PDF 18-0364) phases of CsPbBr3 NCs in the ATP-AC6@CsPbBr3
(Fig. 5f). Taking the above results into consideration, we pro-
posed an amino bridge linkage passivation mechanism to
stabilize CsPbBr3 NCs. As for nanocomposites without amino
bridge linkages, ATP and CsPbBr3 NCs are in direct contact.
Owing to the heat accumulation of external environments,
adjacent CsPbBr3 NCs would spontaneously merge, triggering
an increase in grain size and decrease in PL properties. The
integration of CsPbBr3 NCs is not reversible even when the
heat source is removed. In addition, free electrons caused by
UV light are easy to transfer to the ATP, which generate more
halogen defects and lead to collapse of the crystal structure. As
for nanocomposites with amino bridge linkages, ATP and
CsPbBr3 NCs are connected via APTMS. Their good dispersion
endows CsPbBr3 NCs with stable size distribution when
exposed to heat, and any fluorescence decay induced by
thermal lattice vibrations would be recovered. Besides, the
comprehensive passivation of amino bridge linkages confines
free electrons to CsPbBr3 NCs and suppresses the formation of
surface defects when exposed to UV light.

Finally, the potential application of the green
ATP-AC6@CsPbBr3 nanocomposite in a white LED device is
evaluated by mixing it with the commercial red phosphor
K2SiF6:Mn4+ on a blue InGaN chip. Fig. 6a presents the electro-
luminescence (EL) spectra of the white LED device under a
current of 100 mA, and a photograph of the operating device is
given in the inset. The device displays a luminous efficiency of
39 lm W−1, and the corresponding value of the color rendering
index (CRI) is 78. As shown in Fig. 6b, the Commission
Internationale de L’Eclairage (CIE) color coordinate is (0.37,
0.36) with a white light correlated color temperature (CCT) of
3981 K, which is close to the standard white emission coordi-
nate (0.33, 0.33). As a comparison, the core parameters of the
white LED device fabricated from pure CsPbBr3 NCs are also
provided; this LED exhibited a luminous efficiency of 34 lm

W−1, and a CRI of 54, while the CIE color coordinate is (0.30,
0.34), and the CCT is 6967 K. The detailed performance para-
meters of LED devices are shown in Table S2.†

Conclusions

In summary, we investigated the influence of amino bridge lin-
kages on crystallization control, optical property improvement,
and stability enhancement in ATP@CsPbBr3 nanocomposites.
Our results demonstrate that amino bridged linkages not only
regulate the crystallization kinetics of perovskites but also act
as surface ligands for passivating perovskites. The strong coup-
ling between amino bridge linkages and perovskites results in
minimized surface defects and excellent optical properties.
Furthermore, we discovered that amino bridge linkages with
shorter carbon chain lengths exhibit a more pronounced coup-
ling effect, leading to enhanced and brighter luminescence
and improved stability. The ATP-AC6@CsPbBr3 nanocomposite
demonstrated significant potential as a light source for appli-
cations in the lighting field. This study holds crucial impli-
cations for comprehending the relationship between bridge
linkages and the construction mechanism of perovskite-based
nanocomposites, offering valuable insights for the design of
high-performance materials.
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