Lawrence Berkeley National Laboratory

LBL Publications

Title

Stable Luminous Nanocomposites of Confined Mn2+-Doped Lead Halide Perovskite Nanocrystals

in Mesoporous Silica Nanospheres as Orange Fluorophores

Permalink

|https://escholarship.or&c/item/6z3798gﬁ

Journal

Inorganic Chemistry, 58(6)

ISSN
0020-1669

Authors

Pan, Aizhao
Wu, Youshen
Yan, Ke

Publication Date
2019-03-18

DOI
10.1021 /acs.inorgchem.9b00010

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/6z3798gt
https://escholarship.org/uc/item/6z3798gt#author
https://escholarship.org
http://www.cdlib.org/

Stable Luminous Nanocomposites of Confined Mn**
Doped Lead Halide Perovskite Nanocrystals in

Mesoporous Silica Nanospheres as Orange Fluorophores

Aizhao Pan,”" Youshen Wu,” Ke Yan,® Yun Yu,” Matthew J. Jurow,*” Baoyi Ren,*® Cong Zhang, *

Shujiang Ding,” Ling He,"" and Yi Liu"**

"Department of Chemistry, School of Science, Xi’an Jiaotong University, Xianning West Road,
28, Xi’an, 710049, China.

¥ Key Laboratory of Education Ministry for Modern Design and Rotor-Bearing System, Xi’an
Jiaotong University, Xi’an 710049, China.

“The Molecular Foundry and * Materials Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, California 94720, United States.

“ Key Laboratory of Inorganic Molecule-Based Chemistry of Liaoning Province, College of

Applied Chemistry, Shenyang University of Chemical Technology, Shenyang, 110142, China.



ABSTRACT

Creating highly stable inorganic perovskite nanocrystals (CsPbXj;, X=Cl, Br and I) with excellent
optical performance is challenging because their optical properties depend on their ionic
structure and its inherent defects. Here, we present a facile and effective synthesis using a nano-
confinement strategy to grow Mn**-doped CsPbCl; nanocrystals embedded in dendritic
mesoporous silica nanospheres (MSNs). The resulting nanocomposite is abbreviated as
Cs(Pby/Mn, ) Cl;@MSNs and can serve as the orange emitter for white light-emitting diodes
(WLED). The MSN matrix was prepared via a templated sol-gel technique as monodispersed
center-radial dendritic porous particles, with a diamater of around 105 nm and an inner pore size
of around 13 nm. The MSN was then utilized as the matrix to initiate the growth of Mn-doped
perovskite nanocrystals (NCs). The NCs in the resulting composite have an average diameter of
8 nm and a photoluminescence quantum yield (PLQY) exceeding 30%. In addition, the optical
properties of the Cs(Pb,/Mn,.)Cl;@MSNs composite can be tuned by varying the Mn** doping
level. The resulting composites presented a significantly improved resistance to UV light,
temperature, and moisture compared to the bare Cs(Pby;/Mng2)Cl;. Finally, we fabricated
down-converting white light emitting diodes (WLEDs) by using Cs(Pb,/Mn;)Cl;@MSNs
composite as the orange-emitting phosphor deposited onto UV emitting chips, demonstrating
their promising applications in solid-state lighting. This work provides a valuable approach to

fabricate stable orange luminophores as replacements for traditional emitters in LED devices.

KEYWORDS: mesoporous  silica nanospheres, Mn**-doped CsPbCl; nanocrystals,

photostability, orange emitter, WLED.

Introduction



Recently, colloidal caesium lead halide-based perovskite nanocrystals (CsPbX; NCs, X = Cl, Br
or I) have been shown to possess exceptional optical properties, including bright
photoluminescence (PL) with quantum yields []90%, a wide gamut of colours, narrow full width
at half maximum (FWHM), and bandgaps adjustable by tuning the halide composition and the
crystal morphology.'” Overall, these remarkable features make perovskite nanocrystals (NCs)
excellent candidates as the next generation of illumination sources for a wide range of
optoelectronic applications, including light-emitting diodes (LEDs), anti-counterfeit inks, lasers,
photodetectors, and display backlights.”

However, their instability in ambient environment, heat, and UV light, as well as the facile
anion exchange reaction and phase transformation, limits their practical applications. These
issues arise from the low formation energy and the considerable ionic character of the perovskite
NCs." > "5 Progress to correct the inherent vulnerability of perovskite NCs has already been
demonstrated. Embedding CsPbX; NCs into inorganic (SiO,, metal-organic frameworks, or

)16—20

zeolite-Y or polymer matrices (polystyrene, polymethyl methacrylate, block copolymer

) 21-25
s

micelles, or polyvinylidene fluoride can preserve the bright emission while improving

627 polydentate chelating,*®

stability. Regulating the surface capping by introducing long-chain,
branched # or sterically-hindered surfactants® as ligands to create surface passivation layers is
also effective. Beyond those, doping with other cations has been shown to stabilize the material,
with Mn** identified as an effective option.*'** Mn?* and Pb** possess the same valence state and

similar ionic radii with a higher bond dissociation energy (Mn-Cl relative to Pb-CI), which

allows for the partial replacement of Pb in CsPbCl; with Mn.*'***



While such efforts can enhance the stability of the NCs,'”'*222* 28 the ability to obtain stable
nano-scale perovskites remains a challenge.?" ***” Some of the attempts resulted in materials only

suitable to prepare bulk luminescent materials'® %

and offered a limited improvement in
resistance to water and UV light.*" *® Therefore, in order to obtain high stability without
significant loss of the unique electrical and optical properties in ambient air and under UV light,
it is essential to develop a facile and efficient synthetic method to produce monodispersed and
stable nanocrystal composites.

To date, a wide variety of porous materials have been used to host inorganic crystals and
improve their stability.'® **' Mesoporous silica nanospheres (MSNs) are a fascinating class of
porous materials and have been extensively studied because of their tuneable pore sizes, large
internal pore volume and extensive pore connectivity, conferring them with a high specific area,

excellent stability, easier surface functionalization, and non-toxicity.*** These outstanding

features make MSNs a promising platform for confined growth of nanoparticles within the pores.
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Scheme 1. Schematic illustration of the in-sifu formation and crystallization strategy of the

Cs(Pby/Mn,,)Cl;@MSNs composites.

In this study, we present a synthetic strategy to grow Cs(Pb,/Mn,.)Cl; (x denotes the Pb

composition out of the total Pb/Mn) NCs within the pores of MSNs (Scheme 1). This facile and



effective strategy can not only yield large scale of ligand-free NCs with controllable size and
diversified component, but also confine and separate spatially for inhibiting NCs sintering by
dendritic templates. Mn** has good compatibility with the cations in CsPbCl; and provides a new
exciton transition pathway offering control of emission color (Table S1).*'** The Mn**-doped
perovskite in porous silica has improved resistance to elevated temperatures and UV irradiation,
and serves as a good fluorophore in down converting white light-emitting diodes (WLED).
Additionally, Mn**-doping perovskite NCs reduces the toxic Pb** used, a concern in industrial
applications.*® % The optical properties of the Cs(Pb,/Mn,_,)Cl;@MSNs composite were varied
by tuning the stoichiometry of the Mn**-doping level. The photo and thermal stability of the as-
prepared Cs(Pb,/Mn,,)Cl;@MSNs composites were evaluated by comparing the relative
photoluminescence quantum yields (PLQY) before and after exposure. Finally, the use of the
composites as organic fluorophores in WLED was explored, demonstrating the materials’ value

as a stable luminophore in optoelectronic devices.

EXPERIMENTAL SECTION

Synthesis: The mesoporous silica nanoparticles (MSNs) were prepared following a modified

procedure via a template-assisted sol-gel technique.®

We used cetyl-trimethylammonium
tosylate (CTATos) as the templating surfactant and triethanolamine (TEAH;) as the mineralizing
agent (see Supplemental Information).

Template-assisted synthesis of Mn** doped lead halide perovskite nanocrystals in MSNs is

0

conducted following a modified procedure, ** as outlined in Scheme 1. A typical synthesis

procedure is described as the following: The MSNs were dried at 150° C for 12 h under vacuum



before using. Then, 2.0 mg of mesoporous silica nanoparticles were impregnated with 10 uL 0.3
M solution of Cs,COs, PbCl, and MnCl, (molar ratio of Cs,CO;:PbCl,:MnCl, is 0.5:1:5 or
0.5:1:10) in dimethyl sulfoxide (DMSO). After impregnation, the excess solution was removed
by damping with filter paper. The powder was sandwiched between two glass slides and heated
up to 120°C in a vacuum oven for 120 minutes. Afterwards, the powder was allowed to cool to
50 °C under vacuum and then to room temperature in vacuum oven. Finally, the powder was
dispersed and washed with n-hexane and isopropanol three times and centrifuged, after which the
powder was collected for further characterization. Finally, the resulting composite was dried in a
vacuum oven overnight before being used. The composites of CsPbBr;@MSNs and
CsPb(Br/Cl); @ MSNs were prepared following the same procedure above.

Stability Tests: To evaluate the thermal-stability and photo-stability, the powders of
Cs(Pb/Mn,,)Cl;@MSNs composite were stored in a flask upon increased temperature and
subjected to UV light irradiation (365 nm, 0.5 W-cm™), and PL intensity was subsequently
measured over different period of times. Besides, the powder of Cs(Pb,/Mn,,)Cl;@MSNs
composites was exposed atmospheric moisture over times. The aged samples were then
subjected to further characterization.

White LED device fabrication: For white LED device fabrication, UV (365 nm) LED chips
was used to excite the blue CsPb(Cl/Br);@MSNs (458 nm) and orange Cs(Pb,/Mn,,)Cl;@MSNs
(588 nm) composites. Firstly, the CsPb(Cl/Br);@MSNs composite (0-0.3 g) was dispersed in
silicon resin (3 g) after vigorous stirring, and the obtained mixture was directly coated onto UV
LED chips and thermally cured at 40 °C for 30 min and 120 °C for 60 min, gradually. Then,

Cs(Pby/Mn,,)Cl;@MSNs layer was prepared similarly as above, which would be stowage onto



the upper surface of blue-based LED devices by mixing with silicon resin, followed by two-stage
thermal curing, to give the fabricated WLED devices.

Characterization Methods: Ultraviolet and visible absorption (UV-vis) spectra of
composites were collected using a Cary 5000 UV-Vis-NIR spectrophotometer. Fluorescence
spectra fluorescent lifetime and absolute photo-luminescent quantum yields (PLQYs) were
collected using an integrated sphere on an Edinburgh Instruments FLS920 spectrophotometer.
The Powder X-ray diffraction (PXRD) patterns were acquired using a Bruker AXS D8 Discover
X-Ray Diffractometer at a wavelength of Cu K (1.79 A). X-Ray photoelectron spectroscopy
(XPS) measurement of elemental composition was conducted on the composite powder by an
AXIS ULTRA (England, KRATOS ANALYTICAL Ltd) using an Al mono Ka X-ray source
(1486.6 eV) operated at 150 W. SEM images were acquired on a JEOL 7800F Field Emission
Scanning Electron Microscope. TEM, high-resolution TEM (HR-TEM) and -elemental
composition were acquired on a FEI G,F;, electron microscope operated at 200 kV with a Gatan
SC 200 CCD camera equipped with an EDS. The Brunauer-Emmet-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods were characterized for pore size distributions and specific

surface areas by an ASAP 2010 Micrometrics sorptometer (USA).

Results and discussion

The overall synthetic strategy for the Cs(Pb,/Mn,.)Cl;@MSNs composites is shown in Scheme
1. Mesoporous silica nanoparticles were soaked with precursor solution of Cs,CO;, PbCl,, and
MnCl, in DMSO with the Pb concentration kept at 0.3 M.* Attempts to prepare the composites

by stacking the saturated MSNs onto glass for crystallization at 120 °C produced only weak



fluorescence, possibly due to the uneven heating of the surface (Figure S1). To correct this, the
saturated powder was sandwiched between two glass slides to even heating at 120 °C. The
composites turned from white to yellow upon solvent volatilization. Finally, the yellow powder
was then collected after 120 minutes by cooling under vacuum. Finding the optimum
crystallization temperature was crucial to the success of the process. Elevated temperatures cause
carbonization of the organic solvent and promote uneven growth of the NCs (Figure S1). At
lower temperatures, the NCs do not form (Figure S1). The composites made from different
Pb/Mn feed ratios led to varying Pb/Mn composition in the formula Cs(Pb,/Mn,.)Cl;. For
example, from the feed Pb/Mn ratios of 1:5 and 1:10, x is determined to be 0.84 and 0.66,

respectively (see later discussions).

Figure 1. Morphologies of the Cs(Pby/Mng34)Cl;@MSNs composites. SEM images of pristine
MSNss (a) and Cs(Pbyg¢/Mng;4)Cl; @ MSNs composites (b). Insets in (b) are the digital images of



the as-synthesized composite under UV light (365 nm). Low and high magnification TEM
images of the MSNs (¢ and c-1), MSNs saturated with precursors (d and d-1), and
Cs(Pbg6s/Mng34)Cl; @ MSNs composites (e and e-1).

Transmission (TEM) and scanning electron microscopy (SEM) were used to investigate the
morphology of the Cs(Pbgs/Mngs4)Cl;@MSNs composites (Figure 1). The MSNs present a
uniform spherical morphology with typical center-radial dendritic structures and an average
diameter of approximately 105 nm (Figure 1a, ¢ and S2). We measured the pore mouth diameter
to be in the 10-14 nm range, which closely matches the average 13.3 nm pore size of the MSNs
calculated from the Brunauer-Emmett-Teller (BET) isotherms (Figure 2¢). The MSNs present a
large pore volume (0.966 cc/g) and surface area (337.82 m?* g™') calculated from BET method.
Per design, the large surface area, internal pore volumes and high pore connectivity favour
incorporation of Cs(Pb,/Mn,_,)Cl; NCs as a guest.** 4244647

To obtain more insight into the reaction process, we examined the morphology of the
mesoporous silica particles saturated with precursors, shown in Figure 1d. Uniform particles with
filled the dendritic pores were observed. Compared with the pure MSNs,
Cs(Pbg6s/Mnyg34)Cl;@MSNs composites have a denser surface, presumably because the NCs have
occupied the pore space (Figure 1b and e). More detailed TEM characterization images taken at
different locations (Figures S2 and S3) further proved that crystallized Cs(Pbge/Mng34)Cl; was
present inside the templated pore channels. In comparison, the free Cs(Pby/Mn;4)Cl; NCs
without MSNs displays irregular morphologies (nanocubes and sheet-like crystals), broader size
distributions (25-200 nm) and much larger sizes (Figures S3).To further confirm the formation of
Cs(Pb/Mn,_,)Cl;@MSNs composites, we examined with high resolution (HR) TEM (Figure 2a).

HR-TEM observation reveals that the NCs have visible crystal lattices of the tetragonal



CsPbCls.** ** % The embedded NCs are distributed uniformly inside the mesoporous SiO,
particles with an average diameter of 8 nm (Figures 2a and S3). Notably, no excessively large
particles were observed, which implies the inclusion of the smaller size NCs rather than
exclusion of larger particles. SEM-EDS elemental composition mappings for Si, Cs, Pb, Mn, and
ClI elements from composites are presented in Figure 2b. As expected, all the related elements
can be detected uniformly.

There is a large decrease of MSNs pore volume (0.966 to 0.238 cc/g) and surface area
(337.82 to 38.70 m* g™") after growth of the NCs. The corresponding signature for the average
pore diameter has disappeared (Figure 2c), further demonstrating the successful encapsulation of

the NCs inside the MSNSs.
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Figure 2. Chemical structure of the Cs(Pbgs/Mngs4)Cl;@MSNs composites. (a) HR-TEM
images of the typical morphology of the Cs(Pbgs/Mng34)Cl;@MSNs composites. White arrows
mark the embedded perovskite nanocrystals. (b) TEM, STEM and TEM elemental mapping

profiles for the Si, Pb, Cl, Cs, and Mn elements. (c) N, adsorption/desorption isotherms and the
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corresponding pore size distribution (inset) for the MSNs and the Cs(Pbyss/Mng34)Cl;@MSNs
composites. (d) Experimental powder X-ray diffraction (PXRD) patterns and comparison to the
standard tetragonal crystal structure of CsPbCl; (PDF#18-0366). (e) High-resolution X-ray
photoelectron spectra (XPS) analysis with a survey scan..

Powder X-ray diffraction patterns (XRD) were measured to identify the crystal structure of
the resulting Cs(Pbg ¢¢/Mnyg 34)Cl; @ MSNss composites (Figure 2d). The
Cs(Pby.¢/Mng3)Cls;@MSNs powder exhibits the tetragonal crystalline structure of bulk CsPbCl;
(JCPDF #18-0366) with a 0.1° shift toward higher angles when Mn replaces Pb (22.4° to 22.5°,
Figure 2d).** The broad peak around 22° is attributed to amorphous SiO,.* XPS elemental
composition analysis also confirmed that the as-obtained Mn**-doped perovskite powder
contained all the elements (Cs3d5, Cls, Si2s, Pb4f, Mn2p and Cl2s) expected from the
Cs(Pby/Mn,,)Cl; and MSNs (Figure 2e and S4). The quantification elemental ratio for
Cs:Pb/Mn:Cl measured by XPS was about 0.92:0.66/0.34:3.20, which matches well with the
ratio in the Mn-doped perovskite Cs(Pbye/Mng34)Cl;. All the collected results confirm the NCs
were successfully embedded in the MSNs matrices as presented in the schematic illustrations

(Scheme 1).
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Figure 3. Optical properties of Cs(Pb,/Mn,;,)Cl;@MSNs composites. (a) Optical photographs
and schematic illustrations of CsPbCLl@MSNs, Cs(Pbygs/Mng6)Clzs@MSNs  and
Cs(Pbg6s/Mng34)Cl;@MSNs powders with different Pb-to-Mn molar feed ratios under UV light;
(b) Photoluminescence spectra of the CsPbCl;@MSNs, Cs(Pbyss/Mng6)Clz;@MSNs and

Cs(Pbgss/Mng34)Cl;@MSNs composites, listing the corresponding PL emission maxima and

PLQY.

In analogy with the modulation of perovskite NCs band gaps through control of anion
composition,'? ** ! the band gap of Mn** doped perovskite NCs can be easily adjusted by
varying the Pb/Mn ratio (Table S1).** ** Using the same synthetic route, we can grow several

Cs(Pby/Mn,,)Cl;@MSNs composites with various Pb/Mn ratios. When decreasing the Pb to Mn
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molar feed ratio from 1:0 to 1:5, then 1:10, the measured composition changed from
CsPbCl;@MSNs, Cs(Pbgss/Mng16)Cl;@MSNs to Cs(Pbge/Mngs4)Cl;@MSNs (Figure 3a). The
corresponding photoluminescence (PL) spectra of the selected Cs(Pb,/Mn,;,)Cl;@MSNs
composites are shown in Figure 3b. The PL emission peak maximum of the Cs(Pb,/Mn,.
)CL;@MSNs shifted towards higher wavelengths with increasing Mn content.* ** Specifically,
the emission onset occurred at 390 nm, 575 nm and 588 nm for CsPbCl;@MSNs,
Cs(Pbgss/Mng 16)Cl;@MSNs and Cs(Pbge/Mng34)Cl; @MSNs composites, respectively (Figure
3b), which we attributed to the enhancement of exciton-to-Mn** energy transfer, similar to that
reported for free Mn-based perovskite NCs (Table S1).* ** % The absorption spectra however
remains identical, with an absorption peak maximum at 382 nm (Figure S5a) when the Pb-to-Mn
molar feed ratio changes. Notably, the PL excitation spectrum (collected by monitoring the PL
centered at 575 and 588 nm) closely follows the absorption spectrum (Figure S5b), further
implying that the broad-band emission of Mn?* is sensitized by the CsPbCl; NC host, consistent
with reports for free Mn-based perovskite NCs.** ** Besides, different from the multiexponential
decay (t,=0.86 ns and t,=9.73 ns) of the 390 nm emission, Mn** emission lifetime at 588 nm
shows a single exponential decay with a longer lifetime of 1.02 ms, ascribing to the Mn*"
emission with the energy transferred from excitons of CsPbCl; NCs. All the results suggest a
nearly homogeneous environment of Mn dopants inside the CsPbCl; host, consistent with the
previous report of the Mn**-doped perovskite NCs.*> ** 4% Additionally, the PLQY value was
near 45% and 32% for Cs(Pbggs/Mng;6)Cls@MSNs and Cs(Pbggs/Mngs)Cl;@MSNS,
respectively, much higher than that for CsPbCl;@MSNs (23%) and Cs(Pbg7/Mng»5)Cl; NCs
(12%) obtained under the same conditions (Figure S6). This is because the pore of the MSNs can

confine the growth of perovskite NCs, yielding with smaller size than the Cs(Pbg7,/Mny.,s)Cl;
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NCs.*” # Composites with higher Mn content present a significant reduction of the PLQY,
presumably excessive Mn substitution destroys the crystallinity of the CsPbCl; NCs, in
agreement with previous reports.* *>* Furthermore, the mesoporous matrix is also suitable for

growing CsPbBr; @ MSNs composites, leading to PL emission at 526 nm and a 53% PLQY.
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Figure 4. Improved stability of the Cs(Pb,/Mn,,)Cl;@MSNs composites. (a) Relative PLQY as
a function of temperature. (b) Relative PLQY plots as a function of UV irradiation time. (c)
Relative PLQY plots over time of Cs(Pby7/Mng,s)Cl; and Cs(Pbge/Mngs4)Clz; @ MSNs after
exposure to atmospheric moisture. Insets in (c) are the photographs of
Cs(Pbgss/Mng34)Cl;@MSNs after exposition to atmospheric moisture for 120 h. (d)
Photoluminescence spectra of Cs(Pbys/Mng34)Cl;@MSNs composites before and after exposure

at atmospheric moisture for 120 h.
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During the growth process, the spatial isolation of Cs(Pb,/Mn,,)Cl; NCs in the MSN
cavities effectively prevented close contact and particle fusion.** * The shielding effect in the
thus formed suprastructures is also likely to yield improved stability towards UV light,
temperature, and  atmospheric =~ moisture. = We  measured the  stability  of
Cs(Pbgss/Mng34)Cl;@ MSNs composites by comparing them with bare Cs(Pby7,/Mny,5)Cl; NCs.

The thermal stability of the Cs(Pbge/Mny34)Cl;@MSNs composite was tested by heating to
170 °C and cooling to room temperature (20 °C) (Figure 4a). The photoluminescence of
Cs(Pbgss/Mng34)Cl;@MSNs composite (588 nm) decreased with increasing temperature, and
completely quenched at 170 °C, indicating a typical thermal quenching behaviour (Figure 4a).
The photoluminescence intensity of Cs(Pbgs/Mng4)Cl;@MSNs composite then increased as
temperature was decreased from 170 °C to 20 °C. The process was mostly reversible, with a
small loss of 3.6% after cycling. The bare Cs(Pb7,/Mny,5)Cl; NCs presented a similar decrease
in PL with increasing temperature, but only recovered ca. 20% of their initial value on cooling.
The results of the temperature-dependent PL properties and thermally-induced switching of
Cs(Pbg6s/Mng34)Cl;@MSNs composites would be valuable in long-term LED operation.

To evaluate the photostability of the prepared Cs(Pbgs/Mngs,)Cl;@MSNs composite, we
measured the relative PL intensity at different times under continuous UV irradiation (365 nm)
(Figure 4b). Because of the absence of a passivation matrix, the relative PL intensity of the bare
Cs(Pbg7/Mng,5)Cl; NCs decreased dramatically, and was fully quenched within 24 h,
accompanied by a visible shift in colour from green to yellow (Figure 4b). For the
Cs(Pbgss/Mng34)Cl;@MSNs composite, however, where the MSN’s serve as a protective matrix,

the relative PL intensity was still 80% of the initial value after 24 h. Even after 72 h, more than

15



50% of the initial intensity was preserved (Figure 4b). Conceptually, the NCs provide spatial
isolation in the pores, inhibiting particle fusion generally promoted by light or heat. Similar
results were reported when isolating NCs inside polymer or inorganic matrix.'” %

To measure stability to moisture, we performed comparative studies of bare
Cs(Pbg7/Mng,5)Cl; and Cs(Pbges/Mng34)Cl;@MSNs. Materials were exposed to atmospheric
moisture (relative humidity of approximately 40%) for 24 h, as shown in Figure 4c. The relative
PL was recorded at different times. When exposed to atmospheric moisture (RH=40%), the
PLQYs of bare Cs(Pby7,/Mny,5)Cl; decreased quickly to less than 20% of the initial value after
12 h of exposure. Cs(Pbge/Mng34)Cl;@MSNs retained a 90% of its initial intensity after 12 h.
Photographs inset in Figure 4c, Figure S7, and Figure 4d further confirm that the
Cs(PbyssMng3,)Cl;@MSNs films remain bright even after being exposed to atmospheric
moisture for 120 h. Taken together, our results demonstrate that the Cs(Pbg¢s/Mng34)Cl; @ MSN's
composites effectively shield the nanocrystals from environmental agents including UV light,
temperature and moisture, which makes them good candidates for use in optoelectronic

devices. 44
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Figure 5. Performance of the WLED. (a) CIE color coordinates of the fabricated WLED devices
with various contents of Cs(Pbss/Mng3,)Cl;@MSNs composites. The insets are photographs of
the corresponding devices working under an applied current of 20 mA. (b) Emission spectra of
the WLED. The inset shows the schematic structure of the WLED, composed of UV (365 nm)
chips, CsPb(Br/Cl); @MSNs and Cs(Pbge/Mng34)Cl;@MSNs composites mixed with silicone

resin.

Cs(Pby/Mn,,)Cl;@MSNs composites demonstrated excellent optical properties and good
stability as an orange fluorophore. In a proof of concept demonstration, we used the composites
in a down-converting white light emitting device (WLED). The typical WLED device structure
is shown in Figure 5, where the Mn**-doped Cs(Pby¢/Mng3,)Cl;@MSNs composite and CsPb(Br
/Cl);@MSNs (Figure S6g) was mixed with silicone resin and deposited on a UV-emitting chip
(365 nm) in LED packaging. Similar to the PL spectrum, the photoluminescence (PL) spectrum
of the prepared WLED device presents a broad orange emission peak centered at 589 nm and
narrow blue emission peak centered at 460 nm when excited by the 365 nm GaN UV LED
operating at 20 mA constant current (Figure 5). By changing the amounts of the

Cs(Pbyss/Mng34)Cl;@MSN composite, orange, yellow, and white LEDs can be obtained (inset in
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Figure 5a). Saturated and bright white emission can be realized with optimized ratios. A CIE
colour coordinate (0.342, 0.356) was obtained, very close to standard white emission (0.33,
0.33).

The fabricated WLED exhibits a luminous efficacy (LE) of 62.5 Im/W. The color rendering
index (CRI) and the correlated color temperatures (CCTs) are 82 and 5766 K, respectively,
which enables the potential use of the composite in optoelectronic devices. The composite
exhibits a gradual increase in emission intensity as the current increases, sustaining constant
emission even when the GaN source was operated at 200 mA (Figure S9a). The normalized
spectra present a slight loss at 589 nm emission (Figure S9b), indicating the Mn**-doped
Cs(Pby.¢/Mng3)Cls;@MSN degrade slightly under strong current, superior than reported free
perovskite and zeolite encapsulated perovskite.'® Besides, the PL intensity of the fabricated
WLED can retain at least 90% or 65% of the initial intensity after exposure to atmospheric
moisture for 10 days or continuous working for 30 min, respectively, shown in Figure S9c. This
strong fluorescence and improved stability confers great potential to the Cs(Pby/Mn,.
»Cl;@MSNs composite as a fluorophore for the fabrication of wide-colour gamut light sources

and displays.

Conclusions

In summary, we report a facile and effective synthesis to create highly luminescent and stable
Cs(Pb,/Mn, ,)Cl;@MSNs composites by growing Mn** doped CsPbCl; nanocrystals embedded in
mesoporous silica nanospheres (MSNs). The MSNs were prepared via a templated sol-gel
technique, yielding monodispersed center-radial dendritic porous particles of 105 nm and pore

sizes of 13.3 nm. The well-defined Cs(Pb,/Mn,)Cl;@MSNs composites were subsequently
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fabricated by employing the MSNs as the matrix to grow Cs(Pbge/Mngs4)Cl; NCs
(approximately 8 nm). The resulting composites exhibit a high photoluminescence quantum yield
(PLQY) exceeding 32%, a tuneable emission wavelength governed by the Pb-to-Mn ratio, and
enhanced photostability and thermostability. The prepared Cs(Pbgss/Mngs4)Cl;@MSNs
composite can be used in a WLED as the orange emitter, an example of their promising future in
solid-state lighting. We believe our results will pave the way for extensive research on Mn-doped

perovskite composites with exceptional optoelectronic properties.

Supporting Information Available

Experimental details of MSNs and Cs(Pb,/Mn,)Cl;@MSNs composite; The summary of the
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