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Ultrastable Perovskite Encased in a Helical Cage for Tunable
Full-Color Mirror-Image Circularly Polarized Luminescence

Deblina Das, Youngsin Park, Sourav Mal, Kwangseuk Kyhm, Robert A. Taylor,

Atanu Jana,* and Sangeun Cho*

Achieving stable and efficient circularly polarized luminescence (CPL) from
achiral perovskite nanocrystals (PNCs) remains a major challenge in the
development of advanced chiroptical materials. Herein, the syntheses of a
total of nine compounds, including full-color colloidal polymer-capped PNC
composites are reported based on organic-inorganic hybrid perovskites and
inorganic 2D nanosheets (NSs) using phenacyl halide as a single organic
source of halide precursor. While the initial PNCs exhibit low
photoluminescence quantum yield (PL QY) and poor stability, a previously
unexplored surface absorption/ion exchange strategy employing
2D-ZrH,P,04 NSs significantly enhances both optical properties and
long-term stability, e.g., the FAPbBr; @ZrH,P,0; (FA = formamidinium)
composite exhibits a significantly enhanced PL QY of 88.57%, compared to
30.9% for the pristine counterparts, owing to the protective effect of the
robust 2D ZrH,P,0O; network that enhances stability under ambient
conditions. Crucially, embedding these stabilized PNCs into a chiral polymer
matrix induces distinct mirror-image strong CPL signals both in solution and
solid-state. This rare dual-phase CPL activity arises from the conformational
adaptability of the chiral polymer, which imparts chirality to the achiral PNCs
via both covalent and non-covalent interactions. These findings present a
versatile strategy for producing robust, CPL-active stable perovskite materials
across the visible spectrum for next-generation chiroptoelectronic devices.

1. Introduction

displays,**! optical encryption,['®! photovoltaic applications,!

the bandgap-tunable photoluminescence
(PL) properties of perovskites have made
them highly attractive for use in optical
applications and integrating these proper-
ties into circularly polarized luminescence
(CPL) offers a novel spectral window for
the development of advanced photonic and
optoelectronic technologies.l*] CPL is gen-
erally achieved by generating chiral struc-
tural arrangements in emissive materials,
with initial studies focusing on chiral lan-
thanide and actinide complexes.’] How-
ever, despite achieving high luminescence
dissymmetry factors (g, up to 1), these
complexes are hindered by a low photolu-
minescence quantum yield (PL QY), which
limits their practical applicability.®’] Re-
cently, PNCs have achieved remarkable suc-
cess in optoelectronic devices due to their
unique PL properties, including a wide tun-
ability, high PL QY (~100%), and narrow
emission bandwidth (~20 nm).®°! These
attributes have led to growing interest in
PNCs!' as promising candidates for CPL-
active materials.'’13] The introduction of
chirality in perovskites has shown signifi-
cant potential for enhancing their perfor-

mance in spintronic applications,'! 3D
17]

Recent research in the chirality of organic—inorganic lead halide
perovskite nanocrystals (PNCs) has opened new avenues for
the development of advanced applications.'3] In particular,

and data storage.['®! Methods to induce chirality include post-
synthetic ligand treatment, embedding NCs in chiral matrices,
and utilizing chiral templates. For example, Kim et al. employed
chiral ligands to modify the surface of pure formamidinium

D. Das, S. Mal, A. Jana, S. Cho

Division of System Semiconductor

College of Al Convergence

Dongguk University

Seoul 04620, Republic of Korea

E-mail: atanujana@dongguk.edu; sangeun.c@dongguk.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202514790
© 2025 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adfm.202514790

Adv. Funct. Mater. 2025, 14790 e14790 (1 0f16)

Y. Park

Department of Chemistry

School of Natural Science

Ulsan National Institute of Science and Technology (UNIST)
Ulsan 44919, Republic of Korea

K. Kyhm

Department of Opto-mechatronics Engineering
Pusan National University

Busan 46241, Republic of Korea

R. A. Taylor

Clarendon Laboratory

Department of Physics

University of Oxford

Oxford OX1 3PU, UK

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH


http://www.afm-journal.de
mailto:atanujana@dongguk.edu
mailto:sangeun.c@dongguk.edu
https://doi.org/10.1002/adfm.202514790
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202514790&domain=pdf&date_stamp=2025-08-25

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

b

PL active

/

FAPDCly Bry

PL activeé CPL inactive

ST

C
CPL inactive PL activeé CPL inactive

e o X ’*NW‘.”ON‘""" o . aaell
ﬁ”;’*‘x a8 ﬁ’é’*& AN OLART

FAPbBr;

PL ﬂCﬁV? CPL inactive

www.afm-journal.de

d

PL ucliveé CPL inactive

T gl

Ay

o
FAPDL, .Br,

h

PL acliveé CPLinactive  ZrH,P,Oq

ol g .x{_f_____l,"j\'\\

FAPbCl, Br,@ZrH,P,04 FAPbBr;@ZrH,P,04 FAPbI, Br,@Z7ZrH,P,04
FAPbX; +ZrH,P,04
i i k 1
PL active PL active PL active
R-CPL in R-CPL in solution R-CPL in solution Perovskite Composite
solution ,\ﬂr\ ,\ﬂ\ ,\ﬁf\
. . B ‘ . . ' -
) Wy Wy
FAPbXS@Z:HZPZOS L-CPL in thin-film L-CPL in thin-film L-CPL in thin-film
+ cellulose (Sonication)  FAPbCl, Br,@ZrH,P,0, FAPbBr,@ZrH,P,04 FAPbIL, Br@ZrH,P,04
(@cellulose (@cellulose @cellulose

Scheme 1. Schematic illustrations of the fabrication of pure perovskite NCs, perovskite composite, and cellulose encapsulated perovskite compos-
ite, along with their PL and CPL properties. a) Synthesis scheme of FAPbX; NCs. b) FAPbBr;,Cl,: PL active, CPL inactive. c) FAPbBr;: PL active,
CPL inactive. d) FAPbBr; I,: PL active, CPL inactive. e) Synthesis scheme of FAPbX; @ZrH,P,0g composite materials. f) FAPbBr; ,Cl,@ZrH,P,04:
PL active, CPL active. g) FAPbBry@ZrH,P,04: PL active, CPL inactive. h) FAPbBr; l,: PL active, CPL inactive. i) Synthesis process of
FAPbX; @ZrH,P,0g @cellulose materials. j) FAPbBr; ,Cl, @ZrH,P,03 @cellulose: PL active, CPL inactive. k) FAPbBr; @ZrH,P,Og @cellulose: PL active,
CPL inactive. l) FAPbBr;_ |, @ZrH,P,Og @cellulose: PL active, CPL inactive.

lead bromide (FAPbBr;) PNCs, achieving moderate CPL
activity." Similarly, Tao et al. demonstrated that affixing chiral
surface-passivating ligands could enhance film quality and CPL
performance,?l achieving a g, of 4 X 1073. Other approaches
include embedding achiral PNCs into chiral matrices; this has
been demonstrated by Gao et al., who utilized helical polymers
to fabricate CPL-active hybrid nanofibers.2!l Zhao et al. advanced
this further by employing chiral cellulose NC templates to in-
fluence perovskite symmetry and orientation in aqueous solu-
tions, resulting in chiral NCs.[?2] Current methods to stabilize
perovskites often focus on green-emitting materials, with limited
focus on the entire visible spectrum, while achieving colloidal
stability, monodispersity, and defect suppression is challenging,
hindering scalability and large-scale applications.

To address these limitations, researchers have explored inno-
vative stabilization techniques without focusing on CPL proper-
ties. For example, Yang et al. demonstrated the use of polyvinyli-
dene fluoride (PVDF) polymer matrices to stabilize FAPbBr,
NCs, enhancing their PL QY and environmental resilience.!?’]

Adv. Funct. Mater. 2025, e14790 e14790 (2 of 16)

Zhu et al. also developed FAPDBr;-poly(methyl methacrylate)
(PMMA) composites with improved long-term stability,[') while
Perez et al. embedded FAPbBr; NCs into porous SiO, films,
achieving a PL QY of 86% and enhanced durability.**! In addi-
tion, a one-pot synthesis strategy introduced by Huo et al. em-
ployed A-SiO, and N—H bonding to produce stable FAPbBr,
NCs.I] However, these approaches often do not represent a uni-
versal solution for stabilizing PNCs across different emission
wavelengths.

In this study, we aim to develop a broadband CPL-active per-
ovskite system with enhanced structural stability and optical uni-
formity (Scheme 1). We adopt a rational materials design that
combines a three-precursor synthesis of FAPbX, NCs with a
novel growth strategy on layered 2D-ZrH,P,O,4 NSs, followed by
chiral encapsulation using cellulose-based polymers. This multi-
component strategy enables precise control over composition,
morphology, and interfacial properties, which are critical for
achieving broadband and structurally stable CPL. By addressing
long-standing challenges in spectral tunability, environmental
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degradation, and defect-induced quenching, our approach lays
the groundwork for scalable, chiroptically active materials com-
patible with next-generation optoelectronic devices.

2. Results

2.1. Synthesis Mechanisms for the FAPbX, @ZrH,P,0O,
Composite

We stabilize FAPbX,; PNCs through strong interfacial interac-
tions with ZrH,P,O4 NSs. FA* ions undergo ion exchange with
surface protons on hydrogen phosphate groups, enriching the
local FA* concentration and promoting controlled nucleation.
Simultaneously, Pb?* ions coordinate with non-bridging hydro-
gen phosphate oxygens, forming stable chemical bonds that
anchor the PNCs. The NSs’ water-insoluble layered structure
provides additional protection against moisture and ion migra-
tion. This combined chemical and physical stabilization strat-
egy enhances the structural integrity and long-term optoelec-
tronic performance of the PNCs. The excellent ion absorptiv-
ity of ZrH,P,0, was assumed to benefit the nucleation and
growth of PNCs on its surface (Figure Sla, Supporting Infor-
mation). To confirm this, we first investigated the morphology
and crystalline nature of ZrH,P,0,. White ZrH, P, O, powder ex-
hibits an NS-like morphology, and the absence of sharp peaks
in its X-ray diffraction (XRD) spectrum indicates that it is amor-
phous (Figure S1b, Supporting Information).[®) Scanning elec-
tron microscopy (SEM) combined with energy-dispersive spec-
troscopy (EDS) confirms the presence of all constituent elements
in ZrH,P,0, (Figure Slc, Supporting Information). It also has
a layered crystal structure and abundant hydroxyl (-OH) groups
on its surface (Figure S2a, Supporting Information), which con-
tribute to its strong ion-exchange properties and high absorptiv-
ity of Pb?*. Based on these characteristics, we hypothesized that
surface ion exchange between FA* and H* on the surface of
ZrH,P,0, would occur readily. To verify Pb?* and FA* absorp-
tivity and ion exchange, we immersed ZrH,P,Oq in PbBr,/DMF
and FAOAc/DMF solutions, respectively, for 24 h, followed by
washing. The SEM images and EDS mapping confirmed the
presence of Pb** on the surface of ZrH,P,Oq after the ion ex-
change reaction (Figure S2b, Supporting Information), validat-
ing its Pb?* absorptivity. Additionally, the detection of carbon (C)
and nitrogen (N) from FA* ions on the ZrH, P, O4 surface (Figure
S2c, Supporting Information) indicates successful ion exchange.
These characteristics of ZrH,P,O4 prompted us to use it to syn-
thesize various novel halide perovskite composites. In particular,
employing phenacyl bromide as the only source of bromide ions
in the reaction mixture, we synthesized FAPbBr,, FAPbBr, Cl,,
and FAPbBr; I, NCs, along with their respective composites. All
of the associated reactions are summarized in Scheme 2.
FAPbBr,@ZrH,P,0,  FAPbBr, Cl @ZrH,P,04, and
FAPbBr, I @ZrH,P,0, were synthesized via the hot injec-
tion method. An FA oleate stock solution was prepared by
initially vacuum-stirring FA acetate and oleic acid (OA) at 120 °C
for 10 min, after which it was exposed to a N, atmosphere for
90 min at the same temperature, resulting in a clear, yellowish
solution. In the synthesis of green-emitting FAPbBr; NCs, PbO,
phenacyl bromide, OA, and 1-octadecene (ODE) were vacuum-
stirred at 120 °C for 10 min. The reaction then proceeded under
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N, for 60 min before the temperature was increased to 220 °C.
Oleylamine (OAm) was introduced, causing the solution to turn
yellow. After annealing and the addition of FA oleate, the reaction
was terminated, and NCs were obtained by centrifugation. This
three-precursor synthesis method employs phenacyl bromide
as the bromide precursor. Initially, formamidinium acetate
undergoes a reaction with OA, yielding FA(OOCR) and acetic
acid [Step 1]. Simultaneously, OAm, acting as a nucleophile,
participates in a nucleophilic substitution reaction by targeting
the 6* centre (the C attached to Br in phenacyl bromide), result-
ing in the expulsion of the leaving group and the subsequent
generation of HBr [Step 2]. Subsequently, the resultant amine
group of the phenacyl bromide derivative undergoes a reaction
with OA, leading to the formation of an ionic salt [Step 3]. The
generated HBr then reacts with OAm to form oleylammonium
bromide, which acts as a source of bromide during the synthesis
process [Step 4]. PbO also reacts with an available carboxylic acid
group to produce lead acetate [Step 4]. These precursors undergo
a final reaction, yielding FAPbBr, [Step 5]. This mechanism
remains consistent for all mixed halides, e.g., FAPbBr, Cl, and
FAPbBr, I NCs.

In our synthetic strategy, phenacyl bromide served as the bro-
mide source, reacting with formamidinium and PbO precursors
to form FAPbBr; NCs with a well-defined stoichiometry. How-
ever, when PbCl, or Pbl, was introduced to generate Cl/Br (Cl: Br
= 0.55: 0.45) or I/Br (I: Br = 0.75: 0.25) mixed-halide NCs, these
halide precursors exhibited different reactivities toward phenacyl
bromide. Control experiments revealed multiple emission peaks
(Figure S3a,b, Supporting Information), indicative of phase seg-
regation. These disparities are attributed to differences in solu-
bility, bonding characteristics, and reaction kinetics, necessitat-
ing deviations from theoretical feed ratios to achieve the desired
halide composition and phase purity. Due to the varying reac-
tivities, uniform precursor ratios could not be applied across all
halide systems, complicating emission control. Through careful
optimization of precursor ratios, we were able to suppress phase
segregation and obtain single, compositionally uniform emis-
sion peaks for each mixed-halide NC. Although phenacyl bro-
mide was the only halide source directly introduced, PbCl, or
Pbl, were more effectively incorporated under our reaction con-
ditions, suggesting a higher intrinsic reactivity or incorporation
efficiency compared to PbO. Based on these findings, we con-
clude that precursor-specific adjustments beyond stoichiometric
predictions are crucial for achieving compositional and optical
uniformity in mixed-halide perovskite NCs.

2.2. Structural and Morphological Characterization of the
Perovskite Materials

All of the NCs and their composites were structurally character-
ized using XRD analysis. The XRD pattern for FAPbX, displays
a pure cubic phase (Figure S4a—c, Supporting Information). The
diffraction peaks observed at 14.7°, 21°, 29.8°, 33.3°, 37°, 43°,
and 45° correspond to the cubic phase of FAPbBr; NCs. These
same peaks were also detected in the FAPbBr, @ ZrH,P,0, com-
posite (Figure S4b, Supporting Information) alongside the char-
acteristic peaks of ZrH,P,04.12l The XRD patterns for other
perovskite composites are present (Figure S4a,c, Supporting
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Synthesis scheme for FAPbBr;
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Step 4

PbO + 2RCOOH  — Pb(OOCR), + 2H "
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Step §
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Synthesis scheme for FAPbBr; I,

Pbl, + FA(OOCR) + 3R'NH;Br -
Scheme 2. Synthesis scheme for FAPbX; NCs.
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Br o 0
= NH,R' Br~ NHR'
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NHR' NH,R O\\C_R
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FAPbBr; + 3R'NH3(OOCR)

FAPbBr;.Cl, + 3R'NH;(OOCR)

FAPbBr;. I, + 3R'NH;(OOCR)
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Figure 1. Morphology and elemental composition analyses of pure FAPbBr; NCs and FAPbBr;@ZrH,P,0g. a—c) TEM images of cube-shaped pure
FAPbBr; NCs at different magnifications. d) Particle size distribution of the NCs obtained from the panel a. €) HAADF image and elemental map-
ping of FAPbBr; NCs. f-i) TEM image of cube-shaped FAPbBr; @ZrH,P,0y at different magnifications. j) HAADF image and elemental mapping of

FAPbBr; @ZrH,P,0s.

Information). SEM images and EDS mapping of pure FAPbX,
NCs are present (Figures S5a-S7a, Supporting Information).
The EDS mapping demonstrates a homogeneous distribution
of the constituent elements in the FAPbX; NCs. SEM-EDS
analysis also confirms the presence of the expected elements in
the FAPbX, @ZrH,P,0, while EDS mapping highlights the uni-
form distribution of the elements in FAPbX; NCs across the sur-
face of the ZrH, P, O4 NSs (Figure S5b—S7b, Supporting Informa-
tion). To investigate the morphology of the fabricated materials,
we employed transmission electron microscopy (TEM). The TEM
images in Figure 1a—c depict cubic-shape FAPbBr; NCs at vary-
ing magnifications. The accompanying histogram in Figure 1d
presents the size distribution of these NCs, which ranged from
~10 to 16 nm.[?8] The TEM images of FAPbBr, @ZrH,P, Oy dis-
played in Figure 1f=i depict the amorphous nature of ZrH,P, Oy
NSs, with the PNCs capped by the amorphous NSs. High-
angle annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM) images and EDS elemental mapping
results for FAPbBr; NCs and FAPbBr, @ZrH,P,O, confirm the
presence of all of the expected elements inside the pure NCs
and FAPbBr; @ZrH,P,04 composite (Figure 1e,j). Subsequently,
TEM imaging was also conducted at various magnifications for
pure FAPbBr, Cl, FAPDbBr, I, NCs, FAPbBr, ,Cl, @ZrH,P,0q,
and FAPbBr, I @ZrH,P,0O4 (Figure S8a-d, Supporting Infor-
mation). TEM images of pure FAPbBr,; Cl, and FAPbBr, I, NCs
reveal their cubic morphology (Figure S8a,c, Supporting Infor-
mation), while the corresponding histograms respectively vali-
date the FAPbBr, Cl, and FAPbBr, I, nanocubes, indicating di-
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mensions ranging approximately from 10 to 14 nm and 11 to 15
nm, respectively. TEM images of the FAPbBr, Cl @ZrH,P,0,
and FAPbBr, I, @ZrH,P,O4 composites reveal their amorphous
nature, with the perovskites encapsulated within amorphous NSs
(Figure S8b,d, Supporting Information).

2.3. Surface Chemical Analysis

To confirm the presence of the phenacyl moiety, we conducted
nuclear magnetic resonance (NMR) spectroscopy. In phenacyl
bromide, a high-intensity peak is observed at 4.40 ppm for the H
proton, which is associated with C-bromine, resulting in a slight
upfield shift for this proton (Figure S9, Supporting Information).
Three different H protons present in the phenyl ring also ex-
hibit peaks at 7.43 ppm (c), 7.55 ppm (d), and 7.92 ppm (b). In
FAPDBr;, a highly intense peak appears at 7.21 ppm for the non-
deuterated chloroform solvent, while nitrogen-containing C-H
exhibits a less-intense peak at 3.83 ppm for OAm. In the aliphatic
region, multiple highly intense peaks are observed below 2.3 ppm
for ODE, OA, and OAm. Three smaller peaks appear at 7.41 ppm
(c), 7.48 ppm (d), and 7.99 ppm (b) for the three types of H
protons present in the phenyl ring of phenacyl bromide. These
peaks indicate the successful insertion of phenacyl bromide into
FAPDBr, (Figure S9, Supporting Information).?!

After confirming the presence of the phenacyl moiety, we used
X-ray photoelectron spectroscopy (XPS) to investigate the ele-
mental composition, chemical states, and stretching frequencies
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of the NCs and composite material. These analyses support the
successful incorporation of perovskite NCs inside the ZrH, P, Oq.
The XPS spectra for pure FAPbBr; NCs contain signals at-
tributed to carbon (C), nitrogen (N), oxygen (O), lead (Pb), and
bromine (Br) (Figure S10, Supporting Information), while that
for the FAPbBr;@ZrH,P,04 composite powder suggest that
binding energy of C 1s (284, 285, and 286 eV), N 1s (399 and
400 eV), O 1s (530 and 532 eV), Br 3d (67 and 68 eV), and
Pb 4f (142 and 138 eV), confirming the presence of FAPbBr,
NCs within the ZrH,P,0, NSs. C 1s peaks at binding ener-
gies of 284, 285, and 286 eV were observed for the FAPbBr,
NCs and FAPbBr;@ZrH,P,0O4 (Figure S10c, Supporting In-
formation), corresponding to the characteristic bonds of C—C,
C—N, and C=N, respectively. The presence of C—N and C=N
bonds indicates that the environment was conducive to the for-
mation of FA*.33 The Br 3d signal exhibits two peaks at
67.88 and 68.05 eV, which are attributed to inner and surface
Br ions, respectively.3132] This reveals the presence of Br ions
on the surface and in the interior of the FAPbBr; NCs and
ZrH,P,0,@ FAPbBr; composite (Figure S10f, Supporting In-
formation). The XPS signals for Pb 4f in the pure FAPDBr,
and FAPbBr,@ZrH,P, 0O, reveal two distinct peaks correspond-
ing to the Pb 4f; , and Pb 4f;, levels (Figure S10g, Supporting
Information),33] while the very small peaks at 135 and 140 eV
in both samples are attributed to the presence of Pb (0).**] The
O 1s signals for FAPbBr; NCs and FAPbBry@ZrH,P,04 com-
posite show two peaks for O 1s,;, and O 1s,;, at 530 and 532
eV, respectively (Figure S10e, Supporting Information), which
are consistent with the presence of PbO and organic C=0
bonds, respectively.[**! The N 1s signals for FAPbBr; NCs and
FAPbBr; @ZrH,P,04 have two peaks for N 1s;, and N 1s,,
at 399 and 400 eV, indicating the presence of C—NH, and
C=N respectively (Figure S10d, Supporting Information).!3>3¢]
In the FAPbBr,@ZrH,P,0, composite (Figure S10h, Support-
ing Information), the Zr 3d signal contains three peaks at
180, 184, and 187 eV, which are consistent with the pres-
ence of Zr—-O-C, Zr—0, and Zr—O-P, respectively.’”38] De-
tailed XPS analyses of FAPbBr,;@ ZrH,P,O4, FAPbBr, Cl @
ZrH,P,0,, and FAPbBr, I @ ZrH,P,0q4 are provided in the
supporting information (Figures $10,S11, and S12, Supporting
Information).

2.4. Optical Properties and Stability

FAPbBr; NCs synthesized using PbO, FAOAc, and phenacyl
bromide exhibit a single sharp green emission peak at 516 nm
(Figure 2), indicating high crystallinity and uniformity with min-
imal defects. In contrast, employing PbBr, and FAOAc as pre-
cursors yields FAPbBr; NCs with three distinct absorption peaks
at 493, 466, and 435 nm and three emission peaks at 473, 491,
and 524 nm (Figure S13a, Supporting Information), suggesting
very low-quality NCs (Figure S13b—d, Supporting Information).
This observation verifies our choice of lead and bromine sources
in our synthesis strategy. We choose ZrH, P, O, to stabilize PNCs
because of its unique layered crystal structure in which the metal
atoms are positioned along a plane and bridged by hydrogen
phosphate groups. ZrH,P, Oy also offers excellent ion-exchange
properties and heat stability.[394]
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The UV-Vis and PL spectra of the synthesized pure NCs and
FAPbX,@ZrH,P,04 samples that varied in their halide con-
tent exhibit a single absorbance peak and narrow PL emis-
sions (Figure 2a—d). The UV-vis spectra reveal distinct absorp-
tion peaks at 465 nm (FAPDbBr;,CL), 513 nm (FAPDbBr;), 586
nm (FAPbBr,, 1), 458 nm (FAPbBr, Cl @ZrH,P,0,), 524 nm
(FAPbBr,@ZrH,P,0q), and 613 nm (FAPbBr, I @ZrH,P,0).
The optical bandgap in FAPbX; NCs and composites is highly
sensitive to halide type and ratio, as halide ions significantly in-
fluence the electronic band structure. The valence band maxi-
mum is primarily formed by halide p orbitals interacting with Pb
6s orbitals, while the conduction band minimum is largely de-
rived from PD 6p orbitals (Scheme S1, Supporting Information).
Halide substitution mainly shifts the valence band, leaving the
conduction band relatively stable. Incorporating Cl~, which has
lower-energy p orbitals, shifts the valence band downward, in-
creasing the bandgap and resulting in blue-shifted emission. Re-
placing Br~ with I~ raises the valence band due to higher-energy
5p orbitals of iodide, narrowing the bandgap and red-shifting
emission. In mixed-halide systems, the valence band aligns as a
compositional average, enabling smooth bandgap tuning across
the visible spectrum. The bandgap determines photon energy via
E=hc/4, linking higher bandgaps to blue emission and lower
ones to red. By adjusting halide content, we achieve precise spec-
tral control, consistent with the previous theoretical and experi-
mental findings.[*]

When stimulated by an excitation wavelength of 350
nm, the samples manifest symmetric PL emission peaks
at 475 nm (FAPbBr,;,Cl), 542 nm (FAPDbBr;), 618 nm
(FAPDbBr,, 1), 470 nm (FAPbBr, Cl,@ZrH,P,0Oq), 535 nm
(FAPbBr,@ZrH,P,0q), and 617 nm (FAPbBr, I, @ZrH,P,0).
These emission profiles are accompanied by narrow
full width at half maximum (FWHM) values of 19 nm
(FAPDbBr,,CL), 20 nm (FAPbBr;), 30 nm (FAPbBr,, 1)), 18
nm (FAPbBr, Cl @ZrH,P,0y), 21 nm (FAPbBr,@ZrH,P,0y),
and 35 nm (FAPbBr, I @ZrH,P,0,) (Figure 2c,d). A slight
Stokes shift of 10.4, 29.0, and 31.4 nm is observed for
FAPbBr, Cl,, FAPbBr;, and FAPDbBr, I, respectively. In
contrast, the Stokes shift for the corresponding compos-
ites FAPbBr, Cl,@ZrH,P,04, FAPbBr,@ZrH,P,0,, and
FAPbBr, I @ZrH,P,0, was reduced to 4.4, 11.6, and 12.0
nm, respectively. This reduction in the Stokes shift indicates
the effective removal of trap states due to the encapsulation
of the perovskite within ZrH,P,Oq. These observations verify
the refined optical properties and structural homogeneity of
the materials, reflecting a high degree of precision in their
photo-physical characteristics.

The PL QY and stability of FAPbBr;, FAPbBr, Cl, and
FAPbBr, I, NCs increased after adding ZrH, P, Oq. In particular,
the PL QY for FAPbBr, Cl, @ZrH,P,O,, FAPbBr,@ZrH,P, O,
and FAPbBr, I, @ZrH,P,04 composites are 41%, 88.57%, and
38%, respectively (Table S1, Supporting Information). This con-
siderable increase in the PL QY results from hydrogen phos-
phate removing trap states by binding oxygen to Pb. FAPbX,
NCs are prone to degradation following exposure to mois-
ture and tend to aggregate at high temperatures, which is
a significant concern for their use in optoelectronic applica-
tions. Therefore, we monitored the stability of the FAPbX; NCs
and the FAPbBr, Cl @ZrH,P,0,, FAPbBr,@ZrH,P,0,, and
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Figure 2. Phototoluminescence properties of FAPbX; @ZrH,P,03 composites. a) Absorbance for FAPbX; NCs. b) Absorbance for FAPbX; @ZrH,P,04

composites. c) PL spectra for pure FAPbX;. d) PL spectra for FAPbX; @ZrH,P,Og. €) Humidity stability of FAPbX; NCs over 30 days. f) Humidity stability

of FAPbX; @ZrH,P,04 composites over 30 days. g) PL retention curves for FAPbBr; NCs during repeated heating—cooling cycles. h) PL retention curves
for FAPbBr; @ZrH,P,0q composites during repeated heating—cooling cycles in which the temperature was raised from 20 to 90 °C and then reduced

from 90 to 0 °C.
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FAPbBr, I @ZrH,P,04 composites 30 days of exposure to a hu-
mid environment, with the composites exhibiting much higher
stability than the pure NCs (Figure 2e,f, respectively). The sta-
bility assessment of FAPbX; NCs is delineated (Figure 2e),
revealing a pronounced deficiency in stability. Contrastingly,
the integration of FAPbX,@ZrH,P,0, composite materials,
as depicted in Figure 2f, showcases notably superior stabil-
ity. In particular, the PL intensity of FAPbBr, Cl @ZrH,P,Oy,
FAPbBr,@ZrH,P,0, and FAPbBr, I @ZrH,P,04 decline by
only 7%, 8% and 12%, respectively, relative totheir initial levels,
whereas the pure FAPbX; NCs experienced a rapid decrease in
PL intensity within 15 days. The composites also produced fluo-
rescence under UV light even after one year of exposure to hu-
midity and an image of the composite dissolved in toluene after
one year of exposure to humidity under UV light (365 nm) is also
presented (Figure S14, Supporting Information). The consider-
able improvement in stability in a humid environment demon-
strated by the FAPbX,@ZrH,P,0, composites highlights the
benefits derived from amorphous FAPbX; NSs as a stabilizing
agent. The chemical interactions between ZrH,P,04 NSs and
FAPDLX; perovskite NCs play a central role in enhancing mate-
rial stability. Specifically, FA* ions undergo ion exchange with
protons on the hydrogen phosphate groups of ZrH,P,O,:

ZrH,P,0, — PO,H + FA* - ZrH,P,0, — PO,FA+ H* (1)

This reaction enriches the local FA* concentration at the
surface, promoting controlled, heterogeneous nucleation of
FAPDX;. Simultaneously, Pb?** ions coordinate with non-
bridging hydrogen phosphate oxygen atoms (P=0) on the NSs:

ZrH,P,04 — P = O + Pb?* —» ZrH,P,0, —P=0----Pb** (2

The large 2D ZrH,P,04 NSs possess a robust, layered struc-
ture that is water-insoluble, thereby protecting the PNCs from
moisture and environmental degradation. The PNCs are chemi-
cally bonded to the NSs through interactions between lead ions
(Pb**) and oxygen atoms, which help stabilize the surface and
suppress ion migration. This synergy of chemical bonding and
physical encapsulation effectively mitigates halide loss, ionic
movement, and moisture-induced degradation.

The FAPbBr@ZrH,P,04 composite had a PL QY of
88.57%, which was higher than the other composites.
FAPbBr,@ZrH,P,0O4 also has stronger photo-stability, with
a PL intensity retention of 95% after 35 h of light irradiation
(Figure S15, Supporting Information).

The outstanding photo-stability stems from the multifaceted
protective role of the ZrH,P,0; NS encapsulation. Acting as
a robust physical barrier, the 2D ZrH,P,O4 layer effectively
shields perovskite NCs from common degradation triggers such
as moisture, oxygen, and high-energy photons. In addition to this
physical protection, ZrH,P,0q also provides chemical passiva-
tion: its hydrogen phosphate groups coordinate with underco-
ordinated Pb** sites, reducing trap states and inhibiting light-
induced defect formation. Furthermore, the inorganic lattice of
ZrH,P,0, exhibits low phonon energy, which minimizes local
thermal vibrations and reduces heat accumulation during irra-
diation, mitigating thermally induced degradation. The NS en-
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capsulation also serves as an effective oxygen diffusion barrier,
restricting access of reactive oxygen species, particularly superox-
ide radicals, to the excited perovskite surface, thereby preventing
oxygen-driven decomposition pathways (Table S2, Supporting
Information).

The observed PL spectra, which consistently centered ~534
nm for various excitation wavelengths, indicate a uniform par-
ticle size distribution within the synthesized composite. The
thermal stability of the composite powder is also found to be
high,[*24] with successive cycles of heating and cooling (from
20 °C to 90 °C and back to 20 °C), producing a consistent de-
crease in the PL intensity with an increase in the temperature.
Remarkably, after 10 consecutive cycles, the PL intensity re-
bounds, demonstrating a recovery of over 90% of its initial value
(Figure 2h). In contrast, with the pure FAPbBr; NCs, the PL in-
tensity decreases dramatically after one cycle (Figure 2g).

2.5. Induction of Chirality, Morphological Analysis, and Surface
Chemical Composition of Chiral Perovskites

Though the synthesized composites exhibit excellent stability and
PL QYs, they are not CPL active. Therefore, to induce chirality,
we introduced a chiral moiety to the perovskite composite. Col-
loidal PNCs with chiral ligands have significant potential for use
in CPL applications due to their high PL efficiency, spin-orbit cou-
pling (SOC), and flexibility in terms of composition and ligand
choice. However, ensuring consistent and controllable polarized
light emissions remains a challenge. To resolve this, we devel-
oped cellulose-encapsulated perovskite materials with promising
chiroptical properties. Strong electronic coupling between the
cellulose and perovskite composites facilitates CPL both in solu-
tion and solid-state. SEM images and EDS mapping of cellulose
are presented (Figure 4b—d; Figure S16, Supporting Information,
respectively). To verify the incorporation of perovskite NCs within
the cellulose matrix, we conducted a sedimentation experiment
comparing three samples dispersed in toluene: i) pure FAPbX,,
ii) FAPbX, @ZrH, P, 0y, and iii) FAPbX, @ ZrH, P, 0, @cellulose
(Figure S17a—c, Supporting Information). While all samples ini-
tially formed homogeneous dispersions, the cellulose-containing
composite underwent rapid sedimentation, becoming optically
clear within 40 min. This rapid phase separation, accompanied
by clear supernatant under UV illumination, reflects strong in-
teraction and integration between the PNCs and the cellulose
matrix. In contrast, the ZrH, P, Oq stabilized composite required
nearly 1 h to settle, and the pristine FAPbX; remained largely
suspended. These observations support the robust physical an-
choring of PNCs within the cellulose network. Moreover, the
FAPbX,@ZrH,P,04@cellulose sample exhibited a more rapid
decrease in PL intensity, indicating a pronounced interaction be-
tween cellulose and the perovskite-inorganic hybrid composite
(Figure S17d).

We then conducted Fourier-transform infrared (FTIR)
spectroscopy analysis of the FAPbBr, Cl@ZrH,P,Oq,
FAPbBr,@ZrH,P,0g, and FAPDbBr, I @ZrH,P,0; com-
posites and their cellulose-encapsulated counterparts (Figure
S18a—c, Supporting Information). In the FTIR spectra, a promi-
nent peak at 989 cm™' indicates the P-O stretching vibrations
characteristic of the interlayer PO, group, while the FTIR peaks
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at 2922 and 2856 cm™! and the peak at 1445 cm™! correspond
to the stretching and bending modes, respectively, of hydro-
carbon groups. The FTIR peak observed at 1715 cm™! is also
attributed to C=N symmetric stretching, which indicates the
formation of FA*. The peak observed at 1544 cm™! is attributed
to the C-N stretching mode, while the peaks at 1639 and 1458
cm™! are ascribed to carboxylic groups, suggesting the presence
of OA.*61 Additionally, the peak at ~3600 cm™ indicates
the presence of hydroxyl groups in both the cellulose and
FAPbX; @ZrH,P,0; @cellulose.[**8] However, this peak is no-
tably absent for the FAPbX; @ZrH,P,04 composite, confirming
the presence of cellulose in the cellulose-encapsulated perovskite
composite. Furthermore, XPS analyses of FAPbX, @ZrH,P,0,
and FAPbX;@ZrH,P,04@cellulose materials were carried out
to show successful incorporation of cellulose inside perovskite
composite material (Figure S19a—c, Supporting Information). Br
and Cl spectra show that Br 3d peaks at 67.1 and 68.1 eV and Cl
2p peaks at 196.8 and 198.46 eV for FAPbBr, Cl @ZrH,P,04
shift slightly to 67.0 and 68.2 and 196.5 and 198.6 eV, respec-
tively, after cellulose incorporation, accompanied by noticeable
peak broadening. This suggests changes in the halide coordi-
nation environment and increased surface heterogeneity due
to hydrogen bonding within the chiral cellulose matrix. Pb 4f
peaks shift from 137.3 and 142.2 eV to 137.2 and 142.1 eV, along
with significant peak broadening and disappearance of satellite
features for FAPbBr, Cl @ZrH,P,O;@cellulose, indicating
reduced surface defects and stronger interaction with cellulose
hydroxyl groups. Zr 3d peaks shift from 181.18, 184.2, and
187.2 eV to 181.3, 183.3, and 188.9 eV, reflecting modified
bonding environments possibly due to coordination with cellu-
lose. These shifts and spectral changes across all elements in
FAPDBr, Cl, @ZrH,P,O; @cellulose material confirm effective
integration of the perovskite composite into the cellulose matrix
through non-covalent interactions and enhanced surface passiva-
tion. Detailed information for FAPbBr;@ZrH,P,0@cellulose
and FAPDbBr, I @ZrH,P,0,@cellulose is explained in the
Supporting Information.

2.6. Demonstration of the Chiroptical Properties of the Chiral
Perovskite

Perovskites are inherently achiral, so the chiroptical activity in
our cellulose-based composites does not result from direct co-
ordination of individual glucose units to the perovskite surface.
While glucose monomers have intrinsic molecular chirality, their
linear polymerization into cellulose chains alone does not pro-
duce macroscopic chirality.[*! Instead, chirality arises from the
hierarchical supramolecular assembly of these chains into he-
lically twisted microfibrils that bundle into larger macrofibers,
forming a rigid, chiral scaffold.’"! This architecture is stabilized
by extensive intra- and intermolecular hydrogen bonding among
the hydroxyl groups of cellulose (Figure 4a). When ZrH,P,Oq
stabilized PNCs are incorporated, they interact through hydro-
gen bonding, hydrophobic contacts with surface ligands such as
oleic acid and oleylamine, and coordination between Pb?** ions
and cellulose hydroxyl groups.l*'*2 Although the glucose units
are covalently bound within the cellulose, their hydroxyl groups
remain chemically accessible to help stabilize the interface, while
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the primary chirality transfer is governed by the supramolecular
helicity of the cellulose fibers acting as a chiral scaffold.

After encapsulating the chiral moiety, we measured the cir-
cular dichroism (CD) and CPL of FAPbBr, Cl @ZrH,P,Oq,
FAPbBr,@ZrH,P,Oq, and FAPbBr, I @ZrH,P,0, in solution
and solid-state. CD provides insights into the structural proper-
ties of the ground electronic state of a system, while CPL reveals
the structural characteristics of its luminescent excited state.>’]
Cellulose results in the generation of CD signals due to the pres-
ence of chiral units. Cellulose only has a broad negative CD sig-
nal with maximum intensity at 332 nm in solid and solution,
and does not produce any significant CPL signal (Figure S20a,b,
Supporting Information). Similarly, FAPbBr,,Cl, @ZrH,P,0q
FAPbBr;@ZrH,P,04 and FAPbBr; I @ZrH,P,04 do not ex-
hibit any CPL signals as expected due to the absence of
chiral ligands or a chiral matrix (Figure S2la—c, Supporting
Information).

We measured the PL, UV, and CD spectra for our
composites in solution and solid-state (Figure 3; Figure
S22a-c, Supporting Information). Strong CD broad sig-
nals are observed for FAPDbBr, Cl @ZrH,P,0;@cellulose,
FAPbBr,@ZrH,P,O;@cellulose, and FAPbBr, I @ZrH,
P,Oz@cellulose in solution and solid-state at a range of 300-
600, 400-650, and 400-710 nm, respectively (Figure 3d-i). The
characteristic CD peak at 332 nm of pure cellulose is also present
in all these composite materials. However, this feature is less
prominent in solid-state materials due to its significantly reduced
intensity. This indicates the new CD signals in all composites
appear due to the cellulose-induced chirality. The new induced
CD signals in composites are associated with absorption peaks
of the corresponding composite materials. This correlation oc-
curs because CD spectra are recorded in the absorption region,
as CD measures the differential absorption of left- and right-
circularly polarized light by chiral composite systems during
electronic transitions, which only take place at wavelengths
where these materials absorb light. The differences between the
CD spectra of pure cellulose and cellulose-perovskite composites
stem from multiple factors beyond simple chirality transfer.>*
While cellulose’s intrinsic chiroptical activity arises from its
helically twisted fibrillar structure, intrinsically directed by the
molecular chirality of its glucose units, embedding FAPbX,
NCs stabilized with ZrH, P, O, introduces additional asymmetry
through non-covalent interactions such as hydrogen bonding
and hydrophobic contacts between surface ligands and cellulose
chains. The ZrH,P,04 NSs further strengthen this effect by
forming hydrogen bonds with cellulose, bringing the perovskite
ligand interface into closer contact with the chiral matrix and
enhancing mirror-symmetry breaking. This is further modulated
by halide-dependent tuning of the perovskite’s band structure
and excitonic properties. This composite formation induces local
reorganization within the cellulose network, altering hydrogen
bonding and chain conformation, which modifies ground-state
electronic interactions and shapes the CD response. Also, the
solution-phase composite displays pronounced humps and fine
structure due to greater conformational flexibility, whereas the
solid-state spectra are broader and less structured because of
tighter molecular packing.

The corresponding ultraviolet absorption spectra were not ob-
tained directly from the CD instrument. In systems where NCs
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Figure 3. Chiroptical properties of FAPbX; @ZrH,P,03 @cellulose in solution and solid-state. a) PL of FAPbBr;,Cl,@ZrH,P,03 @cellulose. b) PL of
FAPbBr; @ZrH,P,03 @cellulose. c) PL of FAPbBr; |, @ZrH,P,0g @cellulose. d) CD and ORD for FAPbBr;  Cl, @ZrH,P,0g @cellulose in solution.
e) CD and ORD for FAPbBr; @ZrH,P,Og @cellulose in solution. f) CD and ORD for FAPbBr; |, @ZrH,P,03 @cellulose in solution. g) CD and ORD
for FAPbBr; Cl, @ZrH,P,0g @cellulose in the solid-state. h) CD and ORD for FAPbBr; @ZrH,P,Og @cellulose in the solid-state. i) CD and ORD for

FAPbBr; |, @ZrH,P,03 @cellulose in the solid-state.

are embedded in optically active polymer matrices such as cellu-
lose, it is common for absorbance spectra acquired during CD
measurements to appear noisy due to strong light scattering,
high baseline absorbance from the matrix, and broad electronic
transitions. This effect, known as absorption flattening, is well
documented for turbid or aggregated samples.>! In our system,
the presence of insoluble ZrH,P,04 and fibrous cellulose fur-
ther increases turbidity, leading to distortions in the CD instru-
ment’s absorbance baseline. To address this, we have provided
independently measured UV-vis spectra using a conventional
spectrophotometer, which is better suited to handle scattering
and confirms that the absorption peaks are consistent in both
solution and solid-state (Figure S22, Supporting Information).
The optical rotatory dispersion (ORD) of FAPbBr,,
ClL,@ZrH,P,04@cellulose, FAPbBr,@ZrH,P,0, @cellulose,
and FAPDbBr; I @ZrH,P,0;@cellulose in solution and solid-
state intersects zero rotation at 471, 551, and 616 nm, respec-
tively, which indicates a transition in the chiral properties of the
material, possibly related to electronic transitions or changes in
the optical activity at this specific wavelength (Figure 3d-i).[5¢%7]
This phenomenon signifies a reversal in the direction and

Adv. Funct. Mater. 2025, e14790 €14790 (10 of 16)

polarity of the rotation of plane-polarized light at these specific
wavelengths, illustrating the relationship between the CD and
ORD spectra and providing insights into the chiral interactions
within the system. Furthermore, we investigated the asymmetry
factor (g,,) in these composites. The asymmetry factor (g,,)
quantifies the optical activity of a chiral material by measuring
the difference in absorbance between left- and right-handed
circularly polarized light as follows:

2x (Ag —A)

(Ag +A4)) G)

8abs =

where A, and A; are the absorbance of left- and
righthanded  CPL,  respectively from  the  point
of view of the receiver. For FAPDbBr, Cl@ZrH,
P,0z@cellulose, FAPbBr; @ZrH,P,0; @cellulose, and
FAPbBr, I @ZrH,P,O;@cellulose in solution, g, values
are —0.017, -0.0145, and —0.0054, respectively, and in the solid-
state, g, values are —2.4 X 107, -2.6 x 107, and -5.2 x 1073,
respectively (Figure S23a-f, Supporting Information). The
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observed reduction in g, values in the solid-state relative to the
solution primarily results from the inherent optical and struc-
tural limitations of the solid matrix. In solution, the material
is well-dispersed, enabling efficient interaction with circularly
polarized light and resulting in stronger CD signals. In con-
trast, the solid-state environment imposes optical constraints
such as dense packing, reduced accessibility of NCs, and in-
creased scattering from matrix components like cellulose and
ZrH,P, 0. Solid-state samples are also prone to light scattering,
baseline distortion, and interface reflection, which can obscure
or flatten the fine spectral features needed for accurate CD
measurements. These effects lower the number of optically ac-
tive centers, decreasing CD intensity while absorbance remains
relatively unchanged, thus suppressing g ;... This behavior is con-
sistent with the commonly observed reduction in PL quantum
yield in the solid-state, where physical constraints limit optical
efficiency.%®!

The homogeneous grafting of the perovskite composites onto
the cellulose fibre substrate is successfully achieved (Figure 4a),
as confirmed by the accompanying SEM images in Figure 4b—d.
A CPL response is thus successfully achieved by combin-
ing FAPbX,@ZrH,P,04 with a chiral polymer (Figure 5a).
The CPL spectra for FAPbBr, Cl @ZrH,P,O;@cellulose,
FAPbBr;@ZrH,P,0, @cellulose, and
FAPbBr, I @ZrH,P,O;@cellulose were measured in so-
lution and solid-state (Figure 5b-d). Positive CPL signals
are observed under excitation at 350 nm in solution, indi-
cating that right-handed CPL is emitted by the cellulose-
encapsulated perovskite composites, while negative CPL
signals are observed in the solid-state, indicating that left-
handed CPL is emitted by these composites. The CPL
emission peaks for FAPDbBr, Cl, @ZrH,P,O;@cellulose,
FAPbBr,@ZrH,P,0, @cellulose, and
FAPbBr, I @ZrH,P,0;@cellulose in solution are located at
471, 530, and 591, respectively, while they are found at 469, 526,
and 601 nm, respectively, in the solid-state (Figure 5b—d). In our
system, chirality is transferred to achiral FAPbX,@ZrH,P,0q
nanocomposites by embedding them within a chiral cellulose
matrix. The cellulose adopts a helical conformation due to intra-
and intermolecular hydrogen bonding, forming a network of
non-covalent interactions that governs chirality transfer. After
incorporating ZrH,P,Oq, oleic acid, and oleylamine ligands on
the perovskite surface remain partially exposed. Their hydropho-
bic alkyl chains interact with nonpolar domains of cellulose,
while hydroxyl groups in cellulose form hydrogen bonds with
Pb?* on the perovskite surface and coordinate with hydrogen
phosphate groups in ZrH,P,Oq. These interactions anchor the
chiral polymer matrix close to the NC interface and maintain
the helical conformation. This supramolecular assembly estab-
lishes a chiral field that induces both CD and CPL. Notably,
CD signals retain the same sign in both solution and solid
phases, whereas CPL signals exhibit mirror image inversion,
right-handed emission in solution and left-handed emission in
the solid-state. This divergence stems from the fundamental
difference between CD and CPL: CD reflects ground-state chi-
rality, while CPL arises from excited-state chirality governed by
transition dipole alignment and coupling. In the solution phase,
solvent molecules such as toluene penetrate the composite and
disrupt hydrogen bonding within the cellulose, allowing flexible
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local rearrangements of the supramolecular environment and
ligand shell. This reorganization facilitates a chiral excited-state
geometry that favors right-handed emission. In contrast, the
solid-state environment preserves the intact hydrogen-bonded
network of cellulose, restricting conformational freedom and
locking the excited-state configuration into an alternative ge-
ometry that results in left-handed emission. The consistency
of CD sign across both phases confirms the preservation of
ground-state chiral environment. Pure cellulose also exhibits
same handedness CD peaks in both solution and solid (Figure
S20a, Supporting Information). However, subtle spectral shape
changes observed in the CD profiles suggest minor differences
in local packing and excitonic interactions. These rearrange-
ments are sufficient to invert CPL handedness without altering
the ground-state chirality. Additionally, more pronounced vi-
bronic or excitonic features appear in the solution-phase CD
spectrum, such as spectral shoulders or fine structure due to
enhanced molecular flexibility. In the solid-state, these features
are broadened or suppressed owing to constrained dynamics
and tighter packing. Collectively, these results highlight the
critical role of non-covalent interactions particularly hydro-
gen bonding and hydrophobic association between cellulose
and ligand-coated NCs in establishing a dynamic yet robust
chiral environment. This environment responds sensitively
to external stimuli such as solvent polarity and phase state,
resulting in reversible modulation of excited-state chirality and
mirror-image CPL.>®] For FAPbBr, Cl @ZrH,P,0,@cellulose,
FAPbBr,@ZrH,P,0;, @cellulose, and
FAPbBr, I @ZrH,P,0; @cellulose, the ORD spectra exhibit
zero rotation crossing points at 2469, 527, and 611 nm, respec-
tively, in solution and at ~471, 529, and 614 nm, respectively, in
solid form, again indicating a transition in the chiral properties of
the material, possibly related to electronic transitions or changes
in the optical activity at this specific wavelength (Figure 5Se-g).
The long-term stability of FAPbX, @ZrH,P,0, @cellulose com-
posite is evaluated under ambient conditions over a period of 30
days. As shown in Figure S24a—c (Supporting Information), all
three composite systems FAPbCl, Br,@ZrH,P,0;@cellulose,
FAPbBr,@ZrH,P,0;, @cellulose, and
FAPDI; Br, @ZrH,P,0;@cellulose retained a substantial
portion of their initial photoluminescence intensity. This re-
sult indicates that the encapsulation strategy using ZrH,P,0
NSs and cellulose matrix provides effective stabilization of the
perovskite NCs under ambient conditions.

The g, is a parameter used to quantify the degree of circular
polarization of emitted light from a luminescent material.

This notable rotation indicates an excellent g;,,,, which reflects
the degree of emission asymmetry for left and right-handed CPL.
Zm s calculated as follows:

IR_IL

2% (Ig+ 1)) *

Blum =

where I, is the intensity of right-handed CPL and I, is the in-
tensity of left-handed CPL from the perspective of the receiver.
For FAPbBr, , Cl @ZrH,P,0, @cellulose, FAPDbBr,
@ZrH,P,04 @cellulose, and FAPbBr, I @ZrH,P,0; @cellulose
in solution, g, values are 3 x 1073, 5.1 x 107, and 5.4 x 1073,
respectively, and in the solid-state, g, values are 1.3 x 1073,
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Figure 4. Chemical structure of cellulose polymer and surface analysis of FAPbX; @ZrH,P,0g @cellulose. a) Intra- and inter-molecular hydrogen
bonds within cellulose. b) SEM image and EDS mapping of the elements in the FAPbBr;@ZrH,P,0z @cellulose composite. ¢) SEM image and
EDS mapping of the elements in the FAPbBr; Cl, @ZrH,P,03 @cellulose composite. d) SEM image and EDS mapping of the elements in the
FAPbBr; |, @ZrH,P,0g @cellulose composite.
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Figure 5. Chiroptical properties of FAPbX; @ZrH,P,03@cellulose composites in solution and solid-state. a) Schematic diagram of CPL genera-
tion from chiral perovskite. b) CPL data for FAPbBr;  Cl, @ZrH,P,03 @cellulose. c¢) CPL data for FAPbBr; @ZrH,P,03 @cellulose. d) CPL data for
FAPbBr; |, @ZrH,P,O @cellulose. e) ORD data for FAPbBr; ,Cl, @ZrH,P,0z @cellulose. f) ORD data for FAPbBr; @ZrH,P,0g @cellulose. g) ORD
data for FAPbBr; | @ZrH,P,03 @cellulose. h) g,,, data for FAPbBr; Cl, @ZrH,P,0g @cellulose. i) g, data for FAPbBr,@ZrH,P,03 @cellulose.
i) 8um data for FAPbBr;_ |, @ZrH,P,03 @cellulose.

2.8 %1073 and 2.4 X 1073, respectively (Figure 5h—j). The reduced
Zum 10 the solid-state arises from restricted dipole mobility and
steric hindrance within the cellulose framework, compounded
by optical losses such as scattering and reabsorption. These
environmental constraints diminish chiral emission efficiency
without altering the intrinsic chirality of the composite.[]

The observed CPL inversion and g,,, suppression thus high-
light the role of supramolecular architecture and excited-state re-

Adv. Funct. Mater. 2025, e14790
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organization in dictating chiral emission. Rather than focusing
solely on maximizing g, values, our work provides new insight
into chirality transfer mechanisms and stabilization strategies
in perovskite-based chiroptoelectronics. This understanding lays
the foundation for the future development of tunable, robust, and
environmentally stable CPL materials.

While the g;,,,, values observed in this study are moderate com-
pared to systems employing covalently bound chiral ligands, they
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reflect a unique strategy that emphasizes excited-state chirality
modulation, long-term stability, and environmentally benign pro-
cessing. A comparative summary of g, values from representa-
tive chiral perovskite systems is provided in Table S3 (Supporting
Information).

Collectively, the characterization results indicate that we suc-
cessfully developed a novel process in which perovskites were
deliberately combined with helical cellulose fibers to produce
CPL properties. Cellulose is a polysaccharide with the formula
(CeH(Os),, that consists of a linear chain of several hundred
to many thousands of f (1—4) linked D-glucose units. Due to
this structure, cellulose is a chiral polymer. It has the struc-
tural flexibility to produce different types of helix with both in-
tramolecular and intermolecular H-bonding (Figure 4a). The
interaction between the glucose units in each cellulose poly-
meric chain may also create different helix structures in solution
and solid-state. We observe that FAPbX; @ZrH,P,O, @cellulose
composite shows right-handed CPL emissions in solution but
left-handed CPL in the solid-state.

The interaction between FAPbX,@ZrH,P,0; and cellulose
occurs through the hydroxyl groups of the cellulose moieties.
The formation of right-handed and left-handed helices depends
on the H-bonding interaction between the two polymeric cel-
lulose chains. FAPbX,@ZrH,P,0;@cellulose CPL emissions
from 430 nm to 650 nm, which is determined by the relative
amount of halide anions. As shown in Figure 3d-f, the emis-
sion wavelength is tuned from 470 to 640 nm by varying the
amount of halide ions, which is consistent with the PL spec-
trum of all three perovskite composites. The origin of chirality in
the FAPbX,; @ZrH,P,04 @cellulose composites is extrinsic and
arises from the supramolecular helical organization of cellulose
fibers rather than from intrinsic chirality of the PNCs or indi-
vidual glucose units. While glucose monomers are inherently
chiral, the linear polymer chains alone do not exhibit macro-
scopic chirality.!*"! Instead, hierarchical self-assembly into heli-
cally twisted microfibrils creates a chiral scaffold capable of in-
ducing chiroptical activity.*"] Non-covalent interactions between
surface ligands or Pb?* sites of the perovskite NCs and hydroxyl
groups of cellulose support efficient chirality transfer without dis-
rupting the structure of either component.[**>2 The appearance
of both right- and left-handed CPL signals further confirms that
chirality is imposed by the flexible, supramolecular helicity of the
cellulose matrix, rather than being intrinsic to the excited states
of the perovskite NCs.

3. Conclusion

In summary, this study reports the development of full-color col-
loidal PNC composites made from pure/mixed halide organic-
inorganic hybrid perovskites and inorganic 2D NSs. These
were synthesized using phenacyl halide as the sole halide
source via a novel surface absorption/ion exchange method.
The NCs are grown on 2D-ZrH,P,0O,4 NSs, significantly enhanc-
ing their PL QY by 31% for FAPbBr, Cl @ZrH,P,0, 57.67%
for FAPbBr,@ZrH,P,0q, and 26% for FAPbBr,; I @ZrH,P,04
compared to their pure NC counterparts. These materials also
demonstrate a high PL intensity even after one year under a hu-
mid environment, in contrast to pure NCs, which deteriorated
within 30 days. Intriguingly, when the perovskite NCs are em-
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bedded within the chiral polymer matrix, they exhibit CD and
right-handed and left-handed mirror-image strong CPL across
the visible spectrum in solution and solid-state, which is promis-
ing for chiro-optoelectronic devices. This chiroptical behavior is
attributed to the adaptable chirality of the polymer matrix, which
imparts chiroptical properties on the perovskite NCs, which is
rarely observed in chiral composite materials. These findings
thus offer useful guidelines for the development of efficient chi-
roptical devices.

4. Experimental Section

Materials:  All chemicals were used as received without further purifi-
cation. Lead () oxide (99%) was purchased from TRC, formamidinium
acetate (99%) was purchased from Alfa Aesar, and lead (Il) bromide (>
98%), lead chloride (98%), lead iodide (99%), phenacyl bromide (98%),
zirconium (IV) hydrogen phosphate (>95%), 1-octadecene (tech, 90%),
OA (tech, 90%), OAm (tech, 70%), and toluene (99.9%) were purchased
from Sigma Aldrich.

Synthesis of FAPbBrs NCs using Three Precursors: To prepare the FA
oleate stock solution, FA oleate (260 mg, 2.5 mmol) was loaded into a 100
ml flask with OA (10 ml). The mixture was maintained in vacuum condi-
tions at 120 °C under stirring for 10 min, then placed in a N, atmosphere
for 90 min at 120 °C under stirring to obtain a clear yellowish solution. The
temperature was reduced to 25 °C and the solution was stored in an N,
atmosphere.

Synthesis of Green Light-Emitting FAPbBr; NCs: PbO (0.45 g, 0.2
mmol), phenacyl bromide (0.119 g, 0.6 mmol), OA (1 ml), and 1-
octadecene (10 ml) were loaded into a 100 ml flask. The mixture was
placed in a vacuum at 120 °C under stirring. After 10 min, N, atmosphere
was introduced, and the mixture was left for 60 min. The temperature of
the reaction mixture was then increased to 220 °C and 0.5 ml of OAm was
added to the mixture. The solution turned yellow after annealing for 15 min
at 220 °C. The temperature of the reaction mixture was lowered to 50 °C,
and 0.5 ml of FA oleate was added to the solution. After 10 s, the reaction
system was quenched using an ice-water bath. To collect the final NCs, the
solution was centrifuged at 10000 rpm for 10 min and the supernatant was
discarded. Alternative synthesis processes using bromide sources such as
N-bromosuccinimide and benzoyl bromide have also been reported. How-
ever, Patra et al. employed phenacyl bromide to synthesize FAPbBr; NCs
and, in the present study, it was able to optimize the synthesis process
and successfully tune the bandgap when synthesizing FAPbX; NCs using
phenacyl bromide.

Synthesis of FAPbBr; Using Two Precursors:  In accordance with a previ-
ously reported synthesis method for FAPbBr3, PbBr, (0.6 mmol) was em-
ployed as the source of both lead and bromide. This method substituted
the use of PbO and phenacyl bromide as reactants.[?°]

Synthesis of FAPbBr3;,Cl, NCs:  PbCl, (0.166 g, 0.6 mmol) was added
to the bromide mixture of phenacyl bromide (0.119 g, 0.6 mmol) as a re-
placement for PbO in the previously described synthesis method, with the
other steps remaining the same.

Synthesis of FAPbBrs; I, NCs:  Pbl, (0.277g, 0.6 mmol) was added to
the bromide mixture of phenacyl bromide (0.045 g, 0.2 mmol) as a re-
placement for PbO in the previously described synthesis method, with the
other steps remaining the same.

Synthesis of FAPbX;@ZrH,P,0g: Following the typical FAPbX; syn-
thesis route, 0.2 g ZrH,P,03 (0.7 mmol) was added to the halide mixture
and the other steps were kept the same.

Synthesis of FAPbX;@ZrH,P,03@ Cellulose: In this process, 15 mg
of cellulose (0.09 mmol) was added to 2 mg of the synthesized
FAPbX; @ZrH,P,0g composite dispersed in toluene. The mixture was
then sonicated for 5 min to obtain the FAPbX; @ZrH,P,03 @cellulose
composite. For, solid-state chiroptical study, the composite material was
deposited onto a glass substrate via drop-casting to fabricate the solid
thin-film.
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To assess scalability, a batch synthesis was performed to scale up by
five times the original quantity. The resulting materials exhibited consis-
tent optical properties, confirming the reproducibility of the synthesis. This
robustness stems from the stable precursor chemistry and the modular
post-synthetic encapsulation design. Notably, all synthesis steps, such as,
halide precursor mixing and integration into ZrH,P,Og NSs were carrried
out under N, environment, and encapsulation of PNCs within cellulose
was conducted under ambient conditions. These features render the pro-
tocol compatible with scalable production strategies such as continuous-
flow or roll-to-roll processing, provided the appropriate infrastructure is
available. The optical properties of the scaled-up samples were included
in the Figure S25 (Supporting Information).

Characterization Techniques—Optical Characterization: ~ Spec-
troflurometer (model: JASCO FP-8500) was used to analyze the PL
spectra and PL QY of the samples. The humidity stability of the
FAPbX; @ZrH,P,0g samples was examined by storing them in a moist
environment at room temperature, with the PL spectra and PL QY
recorded every few hours.

The PL QY is expressed as follows:

Number of photons emitted
PLOY =

5
Number of photons absorbed ©)

The photo-stability of the FAPbX; @ZrH,P,03 samples was measured
for 35 h. Spectrophotometer (model: JASCO V-770) was used to obtain the
UV-vis spectra of the samples, while the CPL spectrometer (model: CPL-
300) was used to obtain CPL spectra and the CD spectrometer (model:
J-1500-150) was used to obtain CD and ORD spectra.

ORD arises from the differential propagation velocities of left and right
CPL. This phenomenon, which was closely correlated with the CD spec-
trum, frequently exhibits a derivative-like line pattern. This indicates a
change in the direction and polarity of the rotation of plane-polarized light
at wavelengths corresponding to the peaks observed in the CD spectrum.
This method could be used to distinguish the disparate refractive indices
produced by substances when exposed to right and left CPL.[657] ORD
and CD spectra are intrinsically linked because both arise from the same
electronic transitions in chiral molecules. Their relationship was formally
expressed by the reciprocal Kramers-Kronig relation, which connects the
dispersive and absorptive components of optical activity:[>’]

o =2T0() 2 ©
7o 2=
@(A) = CD at wavelength A.
0(A') = ORD at wavelength A'.
A = wavelength at which CD is evaluated.
A’ = integration variable representing the wavelength.
2% oA
0(A) =—— A da 7
(4) “g(p( )/12_/1,2 7)

0(A) = ORD at wavelength A'.

@(A') = CD at wavelength A.

A = wavelength at which ORD is evaluated.

A" = integration variable representing the wavelength.

Characterization Techniques—Structural Characterization: TEM images
were taken on a JEOL JEM-2100F electron microscope at 200 kV to analyze
the morphology and size distribution of the perovskite materials. Samples
were prepared on 200-mesh carbon-coated Cu grids using dilute nanowire
solutions, which were then allowed to evaporate.

Crystallographic analysis of specimens was conducted using an XRD
analyzer with Cu Ka radiation. Powder XRD was performed using Cu Ka
radiation (A = 1.5406 A). The measurements were taken in a 20 range of
10° to 50° to identify the crystal structure of the perovskite materials.

The elemental valence states within the samples were identified using
XPS (Versaprobe 1), while the microstructural characteristics of the sam-
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ples were examined using field-emission SEM (CLARA LMH). FTIR spec-
troscopy analysis was conducted using a spectrometer (Nicolet iS50).
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