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Abstract: The all-inorganic CsPbX; (X=CI, Br, I) perovskite nanocrystals have been widely applied in optoelectronic
devices due to their excellent optoelectronic properties. However, their poor stability remains one of the main factors
restricting their commercial development. This research focuses on improving the stability and solid-state
luminescence performance of CsPbBr; nanocrystals. The porous MIL-53 (Al) metal-organic frameworks (MOFs) with
outstanding hydrophobic properties was chosen as the encapsulation matrix. CsPbBr; nanocrystals were grown in situ
within the MIL-53 (Al) channels by using a thermal injection process to successfully synthesize CsPbBr;@MIL-53
nanocomposite phosphors with outstanding solid-state luminescence performance and high stability. MIL-53 chelates
with CsPbBr; nanocrystals through benzene rings and organic ligands, firmly anchoring nanocrystals in the pores. This
not only protects the CsPbBr; nanocrystals from external environmental influences but also effectively prevents
aggregation between nanocrystals, thereby avoiding quenching of solid-state fluorescence. Additionally, the COO™
functional groups in MIL-53 bind with the unpaired Pb>" on the surface of CsPbBr; nanocrystals, passivating the
surface defects and suppressing non-radiative carrier recombination. Furthermore, the contained benzene rings and
organic long chains endow the nanocomposite phosphors with excellent hydrophobic properties. The synergistic effect
of these factors significantly enhances the optical performance and water stability of CsPbBr;@MIL-53 nanocomposite
phosphors. As a result, photoluminescence quantum yield (PLQY) of CsPbBr;@MIL-53 nanocomposite phosphors
reaches 75.4%, which is 2.3 times of that of solid-state CsPbBr; nanocrystal powders (33.2%). Even after being
completely immersed in water for 10 h, its fluorescence intensity can still maintain 75.6% of the initial value. Finally,
the green-emitting CsPbBr;@MIL-53 nanocomposite phosphors were applied to white LED devices, achieving a

wide-color-gamut coverage area of 126% NTSC and 85% Rec. 2020, which demonstrates its application prospects in

39 %

wide-color-gamut display devices.

K ey words: all-inorganic perovskite; metal-organic framework; CsPbBr;@MIL-53; stability; white LEDs
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Synthesis schematic of mesoporous MIL-53 (Al)1**!
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2 CsPbBr;@MIL-53 9K & 560 & lor & E
Fig. 2 Schematic diagram of synthesis for CsPbBr;@MIL-53 nanocomposite phosphors
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Fig. 3 (a,c,d, e) TEM and (b, f) HRTEM images of CsPbBr; NCs , MIL-53 MOFs and
CsPbBr; @MIL-53 nanocomposite phosphors
(a, b) CsPbBr; NCs; (¢) MIL-53 MOFs; (d-f) CsPbBr;@MIL-53 nanocomposite phosphors with the inserted histogram in
the figure () showing the statistical results of the particle size distribution of CsPbBr; NCs in the composite phosphors
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Fig. 4 XRD patterns of MIL-53 and CsPbBr;@MIL-53
nanocomposite phosphors before and after water treatment
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Fig. 5 BET specific surface area testing of MIL-53 and CsPbBr; @MIL-53
(a) N, adsorption-desorption isotherms; (b) Pore size distribution; Colorful figures are available on website
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Fig. 6 XPS spectra of MIL-53, CsPbBr; and CsPbBr;@MIL-53
(a) Total spectra; (b) Pb4f high-resolution spectra; (c) O1ls high-resolution spectra
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Fig. 7 Optical properties of CsPbBr;@MIL-53 nanocomposite phosphors
(a) Emission spectra of CsPbBr;@MIL-53 with different weights of MIL-53; (b) Time-resolved photoluminescence (TRPL) curves and
PLQYs of the optimized sample as well as CsPbBr; NCs; Colorful figures are available on website

EEMHERT AlLTER, M CO0 X HA L Br Hik
fIE M, ik COO-Pb #E B A HRMLES 1. R
Fi MIL-53 6378 CsPbBr; 44K i J5, Pbaf 1 O1s &5 &
RES 3 1 g5, HE—2P KB CsPbBry 4K &k A F|
MIL-53 fLiE A1, 188 o 45 o 1 1 27 B 45 5 4l e 7E
LA
2.2 tEEfEsE

N TR B AR R G R AK B AR e, R
b 7 S5 T 2240 fE{-¥F CsPbBr; ¥ 5 mmol K1
LR, IINAS[F] 5 2 (10 MIL-53 Bl e MR R h, £33
TR AR E A 5Ok, HAtMRe B 7 s .
BE#E MIL-53 InANEM 0.1 g %] 0.6 g, KEH
T B e BR FE SE S RS I, 2 MIL-53 BN
NEH0.3 g, GKE A M 15 08 Bk 2 5
KA - BEIF 9K 5 G 58 08 1R I T 520 nm 4,
FWHM N 22 nm. i MIL-53 II A\ &4k S:48 K, g4
KE AR 7% e 3 5 B AR, 1 2 PR A S e
HAE MR A EER I CsPbBry 49K SAH X4 2
FEAEK o & 7(b) A MIL-53 078 17 5 CsPbBrs 44K i 11
RNFEI M 2L . 2415, CsPbBr;@MIL-53 90Kk E &
PEEHR FI CsPbBry 2K & FH1~F 35 5 0t 75w 7 il Ny

183.5 £ 95.3 ns. CsPbBrs@MIL-53 %% 7 iy B &
KT [l CsPbBrs 49K i, Bk £ fL MIL-53 HE4E
RGBT 90K IR TG, PR T 371
EHEEILE. Rk, WHERTE CsPbBr; 49K
] PLQY M 33.2%3RF+ZE 75.4%. X1 T COO™
Sk SRR Po> R AEAEIER, BT
R PO BTG SR MIBEE, ] T R TR B b
MAeEENEA, RAKRB TR FEERD
CsPbBr;@MIL-53 99K &A% HeH
2.3 #H, KEEH

RAH B #FaE X TR LED MM H
HA T EEME X, X AR N LED % & 7E TAER
SRR, SR RS R RO R B e AN R A
PRI, ROGA R BT K BE ) =2 v Ltk Re L 55
f—AEESH. B 8(a, HAHHE TARBETF
CsPbBr; 49K §: A1 CsPbBrs@MIL-53 4K & &%
MRS (PLY G . B IR T &, BAIREN 5]
(AR 4R B R MR 3G I, D86 B R W . 54k
f¥] CsPbBr; 44K i A Eb, CsPbBrs@MIL-53 9K &2 &
DT 1) 5 e e FEE I o UL PEE T v T AR P 34 R X
PR 8(c))o iR EF A 373 K I, HOeJeam



ER

A, % CsPbBrs@MIL-53 9K E A 5OLH & k. PERE & A% LEDs M

1041

SR EFRIUG TR 12.2%, 1 CsPbBrs 442K & X
H 2.4%. REAFIRSA, HEH MIL-53 HE20E
&, ARE AR MAREENARMANE. X
T /EG L MOFs [ F2 v 235 340 45 K,
WP TR, AR KIE R DO, 5 FLIE P 9K R B i,
B oAb, EHRAAE T, AR R AE A
BUBC AR R 23 2 25, A O AR AN T3 (19 2% 6 0% K

K 8(e)2A i T CsPbBrs@MIL-53 K& 498 ez
TAEIK A (B SR IE ™A A I 8] )5 &t b i i A2 4k,
MK R Mk . BE B IR R R GE K
CsPbBrs@MIL-53 ZHK & A2 M 1128 ot 5 22 12
PR . TE/KHIRIE 10 h J5, HROGRRE A RE R FFY]
GO 1 75.6%(B 8(D)AHELZ R, #4125 CsPbBr3

gk FIREAKTAN 1 h B8N R
(K 8(d)). AiE—Z WM CsPbBr;@MIL-53 44K &
AR KRR TSR T I TR R, %k FL AT K ) ke
IR, RN 118.3°, KK E &7k A
AR e KRS, EEIFKT MIL-53 HELLRTE
B PR IR KA L AR B K B BE
24 =HENMA

N T IR CsPbBrs@MIL-53 91K & &9 ek 7E
F19% LED #3F ERIVETERNH, AHTF 70K i £ InGaN
. 48 CsPbBrs@MIL-53 9k B &9 ek J 4
{8, KySiFe:Mn*" (KSF) 7 I %¢ Yk 35 i LED #314
K 9(a) AE B % LED £ 2.6 V.35.0 mA HL K
BN HEEBCROG(EL) i . i = AN R I R,

e
Ity

(a) CsPbBr; — 303K (b) CSPbBI'3@MIL-53 — 303K —~ (C)
— 313K —313K| Z
-~ —323K| ~ —323K| <
g —333K| = — 333K
< —33K| £ k| £ "\CstBr;@MIL—53
> 353K| 3 353K| &
g 363K| & 363K| &
5 373K| § 3BBK| g
£ £ 3
<
g :
= v ] ~ ~ |~
480 500 520 540 560 580 480 500 520 540 560 580 293303 313323333343 353 363 373 383
Wavelength / nm Wavelength / nm Temperature / K
(d) CsPbBr, —_0h (e) CsPbBry@MIL-53 __ (1, 3 ®
= l i T CsPbBr;@MIL-53
| 3 —6h | 2
ht Z ——38h 4
2 2 10h| 2
<
E
o
480 500 520 540 560 580 480 500 520 540 560 580 0 2 4 6 8 10
Wavelength / nm Wavelength / nm Time/h

8  CsPbBr; 41K Fll CsPbBrs@MIL-53 K 4 7O0k i# . KA e PE it
Fig. 8 Thermal- and water-stability of CsPbBr;@MIL-53 nanocomposite phosphors and CsPbBr; NCs
(a, b) Temperature-dependent PL spectra (1.x=365 nm); (c) Normalized temperature-dependent PL spectra; (d, e) PL spectra of
samples immersed in water for different periods; (f) Normalized time-dependent PL spectra

1.6x10¢

1.0

1.4x10°¢ _(a)
1.2x10° |
1.0x10°
8.0x10° |
6.0x10°
4.0x10°

2.0x10°

0
Ly owie L

Intensity / (a.u.)

(b) —— This work
— 2020 Rec.

0.8

0.6

500

0.4

0.2

460

500
Wavelength / nm

300 400

600

700

0 1 1 1 1 1
00.102030.40.50.60.70.8

X

Kl 9 %T CsPbBry@MIL-53 K& &% a5 10 1% LED #34F M fg
Fig. 9 Properties of white LED device fabricated by using green CsPbBr; @MIL-53 nanocomposite phosphors
(a) EL spectrum of white LED driven by 2.6 V and 35.0 mA with inset photo showing the lighted white LED device;
(b) Color gamut coverage of the white LED in comparison with NTSC and Rec. 2020 standard



1042

WL MR

i #1395

2y W ok B F B 5 InGaN % H (450 nm) .

CsPbBrs@MIL-53 49K E &% 56K (520 nm)Hl KSF
¢ 76K (620 nm), X R [ € AL R AR IR R (0.686,
0.306). (0.097, 0.765)#11(0.159, 0.016). ZH %) H
LED ff] CIE Ak 45 4(0.338, 0.328), 5 [ FrbrifE A
J6(0.33, 0.33)IEF #eilr . RGB =2 Ak b 5 [ 5K
HL AL PR HEZR B2 25 (NTSC). Rec. 2020 FpEAE ik — 4=
AT, %X 55 AR 126% NTSC Hl 85%
Rec. 2020(& 9(b)), K& M) CsPbBrs@MIL-53
YK A M TE B I 7 AR A T TE IR R
rfé .

3 #it

AWFREMSHA COO FZE IR T fE H 1) £ 1L
MIL-53 {ENEEMEL, &E6H0EH TEE MIL-53

FLIE N R A PR IAE K, Hil4& T S E . Mgt
CsPbBrs@MIL-53 g KE &R k. 54 &

CsPbBr; fHlLt, EE& UM EIMH 400 = 1K
PEBE, PLQY M CsPbBr; 492K df % Y6k 1) 33.2%3& 7t
2 75.4%. tHT MIL-53 2544 s A8 R 38 B A HLIC
K BE B A BKMERE, 456 HHESRSLE A AEE
CsPbBr; 40K, T 7 CsPbBrs@MIL-53 44K E
BN R HIKEEE . B HIRIEEAKF 10 h,
DI FEAT Re e RV AR A 1) 75.6%, i = T4l 1)
CsPbBr; 40K f kR GRIETE K H 1 h, HudetEgEse
K. fa, MRS R CsPbBrs@MIL-53
GURE AT M AN LED &4, SLBT
126% NTSC Fll 85% Rec. 2020 {78 (o5 7 75 AR,
B CsPbBrs@MIL-53 44K & A28 Wk 1 o8 (i 2
71~ o R A B AR e 1 R T

S Z CHk:

[1] ZHANG M, L1Y, DU K, et al. One-step conversion of CsPbBr;
into  CssPbBrs/CsPbBr;@Ta,0s with
enhanced stability and photoluminescence. Journal of Materials
Chemistry C, 2021, 9(4): 1228.

[2] KIM H, BAE SR, LEE T H, et al. Enhanced optical properties and
stability of CsPbBr; nanocrystals through nickel doping. Advanced
Functional Materials, 2021, 31(28): 2102770.

[3] CAO Y, SHAO Y, ZHANG J, et al. The photothermal stability

core-shell microcrystals

study of silica-coated CsPbBr; perovskite nanocrystals. Journal of

Solid State Chemistry, 2022, 311: 123086.

[4] XIE Q, WU D, WANG X, ef al. Branched capping ligands improve
the stability of cesium lead halide (CsPbBr;) perovskite quantum
dots. Journal of Materials Chemistry C, 2019, 7(36): 11251.

[5S1 ZHU M, BAI J, CHEN R, et al. Synthesis and properties of B-Site

doped all-Inorganic perovskite quantum dots. Chinese Journal of

Applied Chemistry, 2021, 38(12): 1541.

(6]

(7

(8]

9

[12]

[13]

[14]

[15]

[16]

[17]

(21]

[22]

TAN J, MIN X, WANG X, et al. The study of preparation,
structure and performance of sodium-rich anti-perovskite Na;SX
(X=B, I) sodium ion solid electrolyte. Journal of Liaocheng
University (Natural Science Edition), 2023, 36(6): 65.

KIM M, KIM J H, KIM M, et al. Enhanced photoluminescence
quantum efficiency and stability of water assisted CsPbBr;
perovskite nanocrystals. Journal of Industrial and Engineering
Chemistry, 2020, 88: 84.

YANG W, GAO F, QIU Y, et al. CsPbBrs-quantum-dots/
polystyrene@silica hybrid microsphere structures with signifi-
cantly improved stability for white LEDs. Advanced Optical
Materials, 2019, 7(13): 1900546.

XIAO H, FU J, WEI X, et al. Photoelectron-extractive and ambient-
stable CsPbBr;@SnO; nanocrystals for high-performance photode-
tection. Laser & Photonics Reviews, 2022, 16(11): 2200276.

LIU K, ZHAO J, PAN G, et al. Highly efficient and stable red
perovskite quantum dots through encapsulation and sensitization of
porous CaF,:Ce,Tb nanoarchitectures. Nanoscale, 2022, 14(11): 4263.
DAR A A, USMAN M, ZHANG W, et al. Synergistic degradation
of 2,4,4"-trihydroxybenzophenone using carbon quantum dots,
ferrate, and visible light irradiation: insights into electron
generation/consumption mechanism. ACS ES&T Engineering,
2022, 2(10): 1942.

ZHU M, HU S, LI H. Research progress on stability of
CsPbX;(X=Cl, Br, I) nanocrystals enhanced by encapsulation in
porous frame structure. Journal of Liaocheng University (Natural
Science Edition), 2023, 36(1): 52.

ZHU M, LIU Y, DING H, et al. Space-confined growth of CsPbBr;
nanocrystals in mesoporous KIT-6 and application in LEDs.
Journal of the American Ceramic Society, 2023, 106(12): 7503.
XUY, CAO M, XIA C, et al. Research progress on the stability of
all-inorganic CsPbX; perovskites nanocrystals. Journal of
Liaocheng University (Natural Science Edition), 2019, 32(1): 69.
XIONG Q, CHEN Y, YANG D, et al. Constructing strategies for
hierarchically porous MOFs with different pore sizes and
applications in adsorption and catalysis.
Frontiers, 2022, 6(20): 2944.

LU Y, LIU C, MEI C, et al. Recent advances in metal organic
framework and cellulose nanomaterial composites. Coordination
Chemistry Reviews, 2022, 461: 214496.

JIAO L, SEOW J Y R, SKINNER W S, et al. Metal-organic
frameworks: structures and functional applications.
Today, 2019, 27: 43.

YUAN S, ZOU L, QIN J S, et al. Construction of hierarchically
porous metal-organic frameworks through linker labilization.
Nature Communications, 2017, 8 15356.

YAO Y, ZHAO X, CHANG G, et al. Hierarchically porous
metal-organic frameworks: synthetic strategies and applications.
Small Structures, 2023, 4(1): 2200187.

ZHANG W, TAHERI-LEDARI R, SAEIDIRAD M,
Regulation of porosity in MOFs: a review on tunable scaffolds and

Materials Chemistry

Materials

et al.

related effects and advances in different applications. Journal of
Environmental Chemical Engineering, 2022, 10(6): 108836.

LI B, WEN H, YU Y, ef al. Nanospace within metal-organic
frameworks for gas storage and separation. Materials Today Nano,
2018, 2: 21.

RAMSAHYE N A, MAURIN G, BOURRELLY S, et al. Charge
distribution in metal organic framework materials: transferability
to a preliminary molecular simulation study of the CO, adsorption
in the MIL-53 (Al) system. Physical Chemistry Chemical Physics, 2007,
9(9): 1059.



ER

FEH#S, 5 CsPbBr;@MIL-53 9k

TV I AR PERE

K H.H5t LEDs B 1043

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

FINSY V, MA L, ALAERTS L, et al. Separation of CO,/CH,4
mixtures with the MIL-53(Al) metal-organic framework.
Microporous and Mesoporous Materials, 2009, 120(3): 221.
CHEN K, SINGH R, GUO J, et al. Electrical regulation of CO,
adsorption in the metal-organic framework MIL-53. ACS Applied
Materials & Interfaces, 2022, 14(11): 13904.

CAI G, JIANG H. A modulator-induced defect-formation strategy
to hierarchically porous metal-organic frameworks with high
stability. Angewandte Chemie International Edition, 2017, 56(2): 563.
KHUDOZHITKOV A E, ARZUMANOV S S, TOKTAREV AV,
et al. Dissecting the effects of water guest adsorption and framework
breathing on the AlO4(OH), centres of metal-organic framework
MIL-53 (Al) by solid state NMR and structural analysis. Physical
Chemistry Chemical Physics, 2021, 23(34): 18925.

MONSON P A. Understanding adsorption/desorption hysteresis for
fluids in mesoporous materials using simple molecular models and
classical density functional theory. Microporous and Mesoporous
Materials, 2012, 160: 47.

CYCHOSZ K A, THOMMES M. Progress in the physisorption
characterization of nanoporous gas storage materials. Engineering,
2018, 4(4): 559.

THOMMES M, SCHLUMBERGER C. Characterization of
nanoporous materials. Annual Review of Chemical and
Biomolecular Engineering, 2021, 12(1): 137.

CYCHOSZ K A, GUILLET-NICOLAS R, GARCIA-MARTINEZ

(31]

[32]

[33]

[34]

[35]

[36]

J, et al. Recent advances in the textural characterization of
hierarchically structured nanoporous materials. Chemical Society
Reviews, 2017, 46(2): 389.

SCHLUMBERGER C, THOMMES M. Characterization of
hierarchically ordered porous materials by physisorption and
mercury porosimetry—a tutorial review. Advanced Materials
Interfaces, 2021, 8(4): 2002181.

XUAN T, HUANG J, LIU H, et al. Super-hydrophobic cesium lead
halide perovskite quantum dot-polymer composites with high
stability and luminescent efficiency for wide color gamut white
light-emitting diodes. Chemistry of Materials, 2019, 31(3): 1042.
LI M, ZHANG X, MATRAS-POSTOLEK K, et al. An
anion-driven Sn?* exchange reaction in CsPbBr; nanocrystals
towards tunable and high photoluminescence. Journal of Materials
Chemistry C, 2018, 6(20): 5506.

PEDERSON L R. Two-dimensional chemical-state plot for lead
using XPS. Journal of Electron Spectroscopy and Related
Phenomena, 1982, 28(2): 203.

LI M, ZHANG X, YANG P. Controlling the growth of a SiO,
coating on hydrophobic CsPbBr; nanocrystals towards aqueous
transfer and high luminescence. Nanoscale, 2021, 13(6): 3860.
IMANIPOOR J, MOHAMMADI M, DINARI M, et al. Adsorption
and desorption of amoxicillin antibiotic from water matrices using
an effective and recyclable MIL-53(Al) metal-organic framework
adsorbent. Journal of Chemical & Engineering Data, 2021, 66(1): 389.



