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Recently, CsPbXs (X = I, Br, Cl) perovskite nanocrystals (NCs) have drawn wide attention owing to their

outstanding photophysical and optoelectronic properties. However, the toxicity of such NCs remained
a big challenge for further commercialization. Herein, we adopt facile methods for synthesizing green-
emissive Cs3Cu,Cls and blue-emissive CszCu,Br; sl 5 perovskite NCs that exhibit broad emission spectra
with large Stokes shifts. These NCs showed photoluminescence quantum yields (PLQY) up to 65%
(Cs3Cu,Cls NCs) and 32% (CssCu,Br,slo5 NCs) with limited stabilities. To further improve the stability,
the NCs were blended with a hydrophobic polymer poly-methylmethacrylate (PMMA) and embedded
inside the polymer fiber by an electrospinning process to form composite fibers. The as-prepared
Cs3Cu,Cls@PMMA and CszCu,Bro sl s@PMMA  fiber films demonstrated good surface coverage and
better thermal stability, and even retained their emission properties when dispersed in water. The
emissive fibers were also deposited on flexible polyethylene terephthalate (PET) substrates that displayed

high resistance towards bending and twisting with no signs of breakage, damage, or loss of optical
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Accepted 6th October 2023 properties. Finally, UV-pumped phosphor-converted WLEDs fabricated by using these blue and green-

emitting fibers revealed CIE chromaticity coordinates at (0.27, 0.33) with a maximum luminous efficiency
of 69 Lm W' and correlated color temperature (CCT) value of 8703 K. These outcomes can be
beneficial for the development of futuristic flexible display technologies.
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1. Introduction

In recent years, CsPbX; (X = I, Br, Cl) perovskite nanocrystals
(NCs) have reached greater heights in the fields of different
optoelectronic devices due to some of their inimitable proper-
ties, like favorable bandgap tunability, high photoluminescence
quantum yield (PLQY), narrow emission spectra, high color
purity, easy solution processability, etc.* Such unique prop-
erties enable them for usage as phosphor materials in the
fabrication of highly efficient down-converted WLEDs."'™*¢
However, the toxicity of Pb contents towards the environment
restricts their commercial applications. Various Pb-free metal
cations (e.g., Sn, Ge, Bi, Sb, etc.) were explored to substitute the
Pb**-cations in the crystal lattice and then their photophysical
properties were studied.”*® Sn** and Ge** metal cations are the
most suitable candidates for the replacement of Pb**-cations in
the perovskite structure because of their nearly similar elec-
tronic structure and comparable ionic radii. However, such Sn
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and Ge-based perovskite materials are chemically unstable and
oxidize from +2 to +4 oxidation states.*** Bi and Sb-based
perovskite materials construct different crystal structures and
have indirect bandgaps, resulting in inferior optical proper-
ties.>®*3> Double perovskite materials are another possible
alternative in which Pb-ions are replaced by a pair of mono-
valent (e.g., Cu, Ag) and trivalent (e.g., Bi, Sb, In) ions in alter-
nate unit cells to balance the total charge.****-** However, such
double perovskite materials also possess indirect bandgaps and
exhibit very low emission intensity.>*%-

Many researchers got interested in 0-D Cs;Cu,Xs perovskite
materials for their high emission intensity, reasonable stability,
low self-absorption, and being earth-abundant materials.***°
Here, the Cu-ions are coordinated with halide ions in the crystal
to form a tetrahedral crystal structure that triggers Jahn-Teller
distortion and results in strong self-trapped exciton (STE)
emission.*® Highly luminescent color tunable Cs;Cu,Xs NCs are
synthesized either by colloidal hot injection or ligand-assisted
re-precipitation (LARP) synthesis methods.***> However, one
of the main challenges of these materials is their poor stability
under ambient conditions in which the Cu'-ions oxidize to
Cu”-ions and degrade the perovskite crystal structure.** To
overcome these challenges, adoption of a suitable synthesis
route is required to enhance the stability while maintaining the
emission properties of the NCs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CsPbX; NCs degrade rapidly in the presence of heat, mois-
ture, and intense light due to their inherent ionic nature and
presence of dynamic capping ligands around them.**** Encap-
sulation of the perovskite NCs with suitable stable shells (such
as metal oxides, metal chalcogenides, and polymers) enhances
the NCs' stability.*>** Encapsulating CsPbX; NCs in a high
bandgap SiO, shell improves the thermal stability of the NCs
and also suppresses photo-degradation and anion exchange
among the NCs.**> Polymer polyvinyl-pyrrolidone (PVP) and -
isopropyl acrylamide (NIPAM) coated around CsPbX; NCs
exhibit better optical properties, higher heat stability, and
improved resilience against highly polar solvents.**** CsPbBr;
NCs encapsulated in poly(methyl methacrylate) (PMMA) poly-
mer nano-spheres reveal remarkable water stability for over 80
days.”® Polystyrene coating around CsPbBr; NCs resulted in
highly monodisperse core-shell NCs with high water, heat, and
photostability.>® Such a core-shell encapsulation strategy has
been implemented in Pb-free perovskite NCs, in which Cs;Bi,I,,
Cs,4SnBrg, and Cs;Cu,Cl; NCs were coated with SiO, shells to
achieve higher stability.*>*”**

The polymer matrix formation around the NCs is a rather
simpler technique that can be used for the protection of the NCs
against harsh environments. The perovskite NCs were loaded
into a polymer matrix by mixing or blending to form NCs/
polymer composites in which the polymer protects the NCs
from environmental degradation due to the long molecular
chains of such polymers.*>* On the other hand, polymeric
fibers reveal some unique properties like improved mechanical
strength, high flexibility, and high stability owing to their
higher surface-to-volume ratio, uniform morphology, and
tunable diameter.®** Electrospinning is a facile method for the
preparation of composite fibers in which the nanomaterials can
be embedded uniformly in polymer fibers while preserving their
optical properties.®*** Encapsulation of the NCs in electrospun
polymer fibers resulted in highly flexible and stable composites
that are suitable for futuristic flexible/wearable optoelectronic
devices.®® Metal halide perovskite materials were embedded in
polymer fibers that were used for various optoelectronic
applications.®*° Electrospun polymer fibers can easily overtake
the aggregation of NCs by their geometrical confinement,
maintaining the phase, optical properties, and quantum
confinement effect. Organic-inorganic halide MAPbX; NCs
were enclosed in PAN fibers to achieve highly luminescent and
stable films.®® CsPbX; NCs were encapsulated in different
polymers such as PVP,* poly(styrene-butadiene-styrene) (PBS),*
polystyrene (PS),* and poly(methylmethacrylate) (PMMA)™
fibers that demonstrate strong hydrophobicity and flexibility.
The long polymeric chains form compact encapsulation around
the perovskite NCs that prevents them from degradation
against environmental effects. PMMA is a highly transparent
polymer with a high glass transition temperature and widely
used as a matrix for perovskite encapsulation.”»”> The NCs-
PMMA composite fibers have high resistance towards heat
and moisture owing to the highly hydrophobic nature of PMMA
fibres.®*”® However, to the best of our knowledge, the perovskite
encapsulation in polymer fibers is mostly executed with Pb-
based perovskites.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Herein, we synthesized Pb-free color-tunable Cs;Cu,Cls; and
Cs3Cu,Br, 51, 5 perovskite NCs via hot injection and LARP
synthetic processes, respectively.**** We adopted two different
synthesis methodologies to achieve the best quality of respec-
tive NCs with high emission intensity and stability. The NCs are
highly crystalline, have uniform size distribution, and fairly
good optical properties with limited stabilities. To further
increase the stability, we embedded these NCs in PMMA poly-
mer fibers via an electrospinning process and studied their
physical and optical properties. We examined the heat and
water stabilities of these bare NCs and NCs@polymer fiber
based films. We also studied the flexibility and durability of
these fibers against mechanical stress like bending and twisting
for several cycles after coating them on flexible PET substrates.
Finally, the composite fibers were tested as phosphors for down-
converted WLEDSs.

2. Experimental section

2.1. Materials

Cesium carbonate (Cs,CO3, 99.9%), 1-octadecene (ODE, 99.9%),
chloroform (CHCl;, 99.9%), copper chloride (CuCl, 99.9%),
copper bromide (CuBr, 99.9%), copper iodide (Cul, 99.9%),
cesium bromide (CsBr, 99.9% trace metals basis), dimethyl
sulfoxide (DMSO, 99.9%), oleic acid (OAc, 90%), oleylamine
(OAm, 70%), toluene (anhydrous, 99.8%), and poly(-
methylmethacrylate) (PMMA, MW-350000, 99.9%)
purchased from Sigma-Aldrich company. All the chemicals were
used without further purification.

were

2.2. Synthesis of Cs;Cu,Cl; NCs

The Cs;Cu,Cls NCs were synthesized by following the reported
hot injection synthesis route.*’ In detail, 305 mg Cs,CO;, 15 mL
ODE, and 1 mL OAc were loaded into a 100 mL three-neck round
bottom flask (flask-1) to prepare the Cs-precursor. 39.6 mg CuCl
and 10 mL ODE were loaded into another 100 mL three-neck
round bottom flask (flask-2). The two flasks were first
degassed for 15 min. Then both flasks were heated to 120 °C,
followed by quick addition of 0.5 mL OAc and 0.5 mL OAm into
flask-2 at 120 °C under nitrogen flow. After CuCl powders were
completely dissolved, the reaction temperature was maintained
at 120 °C for 10 min. Finally, 3 mL Cs-precursor was quickly
injected into flask-2 and the mixture was cooled in an ice-water
bath to room temperature in 5 s. The as-prepared crude NC
solution was centrifuged at 6000 rpm for 15 min and the
supernatant was discarded. The final precipitate was dispersed
in CHCl;. The schematic diagram of the synthesis process is
shown in Fig. S1 (see ESIT).

2.3. Synthesis of Cs;Cu,Br, sI, 5 NCs

The Cs;Cu,Br, 51, s NCs were synthesized by following the re-
ported LARP synthesis route.** In detail, 0.06 mmol CsBr,
0.015 mmol CuBr, and 0.015 mmol Cul were dissolved in 750 pL
DMSO to form the final precursor solution. 200 pL precursor
solution was injected into 5 mL toluene along with 250 pL of
OAc under vigorous stirring conditions. Then the solution was
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centrifuged at 6000 rpm for 15 min followed by dispersion of
the final precipitate in CHCl;. The schematic diagram of the
synthesis process is shown in Fig. S1 (see ESIf).

2.4. Electrospinning of the perovskite NCs@PMMA fiber
film

The NCs@PMMA fiber film was prepared by mixing either
Cs3Cu,Cls (5 mg mL ™) or Cs3Cu,Br, 51, 5 NCs (10 mg mL ™) in
PMMA/CHCI; solution (20 wt% or 298 mg mL™ ') which was
then loaded in a 10 mL syringe. The weight ratio for Cs;Cu,Cl; :
PMMA was maintained at ~1 : 60, and that for Cs;Cu,Br, 51, 5:
PMMA was ~1:30. The syringes were positioned horizontally
on an electrospinning workstation consisting of a high-voltage
power supply, a digitally controlled syringe pump, and
a rotating metal drum collector. The high voltage electrode was
clamped to the needle tip and the ground was connected to the
rotating drum (collector) covered with aluminium foil. The
fibers were collected on glass and PET substrates fixed over the
aluminium foil. Different potential voltages (in kV) were applied
between the syringe and collector set at a distance of 10 cm. The
solution flow rate was fixed at 1 mL h™" and the rotation speed
of the drum was set to 150 rpm min~ " for the collection of
fibers. The entire experiment was carried out at 25-30 °C under
40-50% relative humidity. The schematic diagram of fiber
preparation is shown in Fig. S1 (see ESIt).

3. Results and discussion

The absorption and PL emission spectra of Cs;Cu,Cls NCs were
recorded in the solution phase and the corresponding plots are
shown in Fig. 1a. From the absorption spectrum, it can be
observed that the absorbance of Cs;Cu,Cl; NCs increases
significantly from around 450 nm and continues to increase
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Fig. 1 (a) Absorption and PL spectra of CszCu,Cls NCs. Inset:

photographic image of the CszCu,Cls NC solution under a UV lamp. (b)
Tauc plot of CssCu,Cls NCs. (c) Absorption and PL spectra of Css-
Cu,Brz 5l 5 NCs. Inset: photographic image of the CszCu,Brsl,5 NC
solution under a UV lamp. (d) Tauc plot of CssCu,Br,5l>5 NCs.
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with a decrease in wavelength values. The bandgap of the NCs is
calculated to be around 2.6 eV (~477 nm) (see Fig. 1b).”> The PL
spectrum of the Cs;Cu,Cls NCs reveals a PL peak position at
527 nm with a broad full width at half maximum (FWHM) of
~105 nm. The photographic image of the Cs;Cu,Cls NC solu-
tion under a 280 nm UV lamp is shown in the inset of Fig. 1a,
which reveals green color emission from the NCs. The absorp-
tion spectrum of Cs;Cu,Br,sI, s NCs exhibits an absorption
maximum situated at 302 nm, as presented in Fig. 1c. The PL
spectrum of these NCs has an emission maximum at 465 nm in
the blue region with a FWHM of ~91 nm (see Fig. 1c). The inset
of Fig. 1c shows a photograph of Cs;Cu,Br, sI, 5 NCs showing
blue emission under a 280 nm UV lamp. The Tauc plot of Cs;-
Cu,Br; sI, s NCs is presented in Fig. 1d that reveals a bandgap of
around 3.6 eV (~344 nm). The PLQY for Cs;Cu,Cls; NCs was
calculated to be around 65%, and that of Cs;Cu,Br, 5I, 5 NCs
was 32%. The broad PL emission and large stokes shift are some
of the unique optical properties that can be seen in Cs;Cu,Xs
NCs, originating from STE emissions from the recombination
of excitons.””” STE emission is generated by lattice distortion
(Jahn-Teller distortion) induced by the strong electron-phonon
coupling upon excitation of photons and responsible for such
a broad emission spectrum with large Stokes shifts.” A broad
emission spectrum is beneficial for WLED applications as it can
cover the entire visible spectrum.

Further, to illustrate the crystal structures of Cs;Cu,Cl; and
Cs3Cu,Br, 5, 5 NCs, we conducted X-ray diffraction (XRD)
studies in thin-film form. The stacked XRD patterns of the NCs
are shown in Fig. 2a. The diffraction spectrum for Cs;Cu,Cls
NCs matches quite well with the orthorhombic crystal structure
of the Cs;Cu,Cls phase (PDF#04-019-9644) in which Cu'-ions
are coordinated with Cl -ions in a tetrahedral fashion (see inset
of Fig. 2a).** The unit cell parameters for Cs;Cu,Cls crystal
phases are calculated to be a = 15.4510 A, b=8.75935A, and c =
8.68517 A. The diffraction spectrum of Cs;Cu,Br, sI, 5 NCs is
somewhat similar to that of Cs;Cu,Cls; NCs, indicating the
possibility of a similar orthorhombic phase.** However, the
diffraction peaks situated at 20.01°, 28.71°, 35.17°, and 41.29°
are slightly shifted towards higher angles which could be
ascribed to the larger anionic radius of Br~ and I -ions
compared to that of Cl -ions. To determine the shape and size
of the NCs, transmission electron microscopy (TEM) measure-
ment was conducted. The TEM images of Cs;Cu,Cl; NCs and
Cs3Cu,Br;, 51, 5 NCs are shown in Fig. 2b and d, respectively. The
TEM images of both NCs reveal a spherical shape of the NCs
with uniform and monodisperse size distribution. The average
diameters of the Cs;Cu,Cl; NCs and Cs;Cu,Br, I, 5 NCs are
4.66 + 1 (see Fig. 2¢) and 4.88 & 1 nm (see Fig. 2e), respectively.

Fourier-transform infrared (FTIR) spectra of both the NCs
were recorded to identify the presence of passivating agents/
ligands around the NC surface and the corresponding spectra
are shown in Fig. 3a. The FTIR spectrum of Cs;Cu,Cl; NCs
reveals strong absorption peaks situated at 2924 cm Y,
2853 cm™ ', and 1273 cm ™' that suggest asymmetric —~CH,
stretching, symmetric -CH, stretching, and C-O stretching,
respectively, originating from passivating OAc ligands.” The
vibration peaks at 1651 cm ' and 3336 cm ' signify N-H

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Stacked XRD diffraction patterns of Cs3Cu,Cls NCs (green
line) and Cs3CuyBr, 5l 5 NCs (blue line) in film form. Bottom vertical
lines of the figure represent the standard XRD diffraction pattern of
orthorhombic CszCu,Cls crystal structure (PDF#04-019-9644). Inset:
Schematic diagram of CszCu,Cls crystal, where green, blue, and red
balls are Cs, Cu and Cl-atoms, respectively. (b) TEM image and (c)
particle size distribution of CszCu,Cls NCs. (d) TEM image and (e)
particle size distribution of CszCu,Br, sl 5 NCs.

bending vibrations and N-H stretching vibrations for the OAm
ligands.* These results indicate that the OAc and OAm ligands
effectively passivate the Cs;Cu,Cls; NCs that were synthesized
via the hot injection method. For Cs;Cu,Br,sl, s NCs, the
absorption peaks in the FTIR spectrum located at 2920 cm ™,
2851 cm ™', and 1459 cm ™" correspond to asymmetric ~CH,
stretching, symmetric -CH, stretching, and ~OH stretching that
belong to the OAc ligand.” Additionally, the absorption peak
situated at 1713 cm ™' signifies the asymmetric -C=0 bonding
vibrations of OAc ligands. The broad shoulder in the region
between 3398 cm ™" could be assigned to the dimers of OAc™
since the Cs;Cu,Br, I, s NCs were synthesized via the LARP
synthesis method and the OAc ligand was only used during the
NC synthesis. So, the corresponding FTIR spectrum confirms
the presence of only OAc ligands around the NCs.

The core X-ray photoelectron spectrum (XPS) for Cs;Cu,Cl;
NCs is presented in Fig. 3b. It was recorded to confirm the

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

(c) Cs 3d,, Cs 3d|

3
K
>
. 2
5 (a) @
) 8
g
8 ——Cs;Cu,Br,4l, s NCs £
c 1
H '
£ 745 740 735 730 725 720 715
E Binding Energy (eV)
c
s
——Cs,Cu,Cls NCs 3 (d) Cu2py; Cu 2p)
& | cuzpy i
4000 3500 3000 2500 2000 1500 1000 - i
2
Wavenumber (cm™) a
g
£
(b) Cs3d ' .
960 954 948 942 936 930 924
3 Binding Enerav (eV)
g T2
2 3 (e) Pz Cl2p)
2 8
Q
£ 2
= ]
c
]
8
£

208 204 200 196 162
Binding Energy (eV)

1200 1000 800 600 400 200
Binding Energy (eV)

Fig. 3 (a) Stacked FTIR spectra of CszCu,Cls and CszCu,Brosl, s NCs
as shown in a legend. (b) Core XPS spectrum of CszCu,Cls NCs. High
resolution XPS spectra of (c) Cs 3d, (d) Cu 2p, and (e) Cl 2p chemical
states.

presence of Cs, Cu, and Cl-ions in the lattice. The high-
resolution XPS (HRXPS) spectrum of Cs 3d reveals two
binding energy maxima centered at 724.4 eV and 738.3 eV cor-
responding to Cs 3ds,, and 3ds/, chemical states (see Fig. 3c),
respectively.”>”® The two binding energy peaks located at
932.4 eV and 952.3 eV in the HRXPS spectrum of Cu 2p, signify
Cu 2psj, and 2py), chemical states as shown in Fig. 3d, indi-
cating the existence of monovalent Cu‘-ions.””#%28 The HRXPS
spectrum of Cl 2p (see Fig. 3e) reveals two binding energy peaks
at 198.5 eV and 200.1 eV that can be attributed to Cl 2p;/, and
2p41/, chemical states.®” The XPS signal maxima for C 1s, N 1s,
and O 1s chemical states are shown in Fig. S2 (ESIT). The peaks
of C 1s, N 1s, and O 1s chemical states appear as a contribution
from the attached ligands to the NC surface. The XPS signal
peak for the C 1s chemical state is obtained at 285 eV, which
depicts the aliphatic carbon chain.?* It can be noticed that the
XPS signal for the N 1s chemical state has a peak at 400.1 eV,
and an additional satellite peak is obtained at 402.3 eV that
represents the nitrogen present in the amine groups of OAm
ligands. On the other hand, the binding energy peak at 532.4 eV
from the O 1s chemical state can be assigned to two non-
equivalent oxygen atoms originating from the carboxylic acids
of OAc ligands.*

In order to enhance the stability of the NCs, we embedded
the NCs in PMMA fibers that were grown via the electrospinning
process. We optimized the electrospinning process to achieve
high-quality fibers with higher film surface coverage. The most
crucial factors that influence the fiber formation are the
viscosity and surface tension of the polymer solution. The
concentration of NCs in the solution also impacts the lumi-
nescence of the film. Initially, we optimized the PMMA
concentration to 20 wt% or 298 mg mL ™" in chloroform. We
observed that if the concentration of the polymer is lower (i.e.,
15 wt%) it creates extremely thin fibers with excessive bead

Nanoscale Adv., 2023, 5, 6238-6248 | 6241
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formation, as visible from the fluorescence microscopy and
FESEM images shown in Fig. S3a and b, respectively (see ESIT).
On the other hand, the solution can't reach the substrate at
higher concentrations (i.e., 25 wt%) due to the high viscosity.

Then we optimized the operating voltage in the range of 15—
20 kV (~18 kV) which shows nearly uniform film morphology as
depicted in Fig. S3c (see ESI}). Voltages lower than this range
(i.e., 10 kV) resulted in the formation of very thin and uneven
fibers with inadequate surface coverage as seen in Fig. S3d (see
ESIt). Conversely, higher voltages (i.e., 25 kV) halted fiber
formation due to the instability of the vibrating Taylor cone and
increased branching of the cone. Finally we focused on opti-
mizing the concentrations of the NC solution in which 5 mg
mL~" for Cs;Cu,Cl; and 10 mg mL™" for Cs;Cu,Br, 51, 5 NCs
were found to be optimal. Concentrations lower than these led
to low emission intensity from the film, while excessive
concentrations led to the formation of beads.

In order to determine the fiber morphology, diameter, and
shape, high-resolution (HR) FESEM images of the Cs;Cu,-
Cls@PMMA and Cs;Cu,Br, 51, s@PMMA fibers were recorded
and compared with those of the respective NC films. The HR-
FESEM images of Cs;Cu,Cls (see Fig. 4a) and Cs;Cu,Br, 51, 5
NCs (see Fig. 4e) reveal fusion of smaller NCs with one another
to form bigger particles (appear as dark grey chunks). The
degree of agglomeration of Cs;Cu,Br, sI, 5 NCs is found to be
somewhat higher than that of Cs;Cu,Cls NCs, showing pinholes
(black regions) on the surface. On the other hand, HR-FESEM
images of Cs;Cu,Cl;@PMMA (see Fig. 4b) and Cs;Cu,Br, 5-
I, s@PMMA (see Fig. 4f) fibers exhibit the nanowire
morphology, having diameters ranging from 6 to 12 um. The
zoomed images of CszCu,Cls@PMMA and Csz;Cu,Br, 51, s@-
PMMA fibers are shown in Fig. 4c and g, respectively. Both the
fiber surfaces reveal porous surface morphology, and the pores
are oval-shaped.®® The average fiber diameter for the Cs;Cu,-
Cl;@PMMA fiber is observed to be around 10 um and that of
Cs;Cu,Br, sI, s@PMMA fibers is about 8 um. The elemental
color mapping of the Cs;Cu,Cl;@PMMA fibers and Csz;Cu,-
Br, sI, s@PMMA fibers is presented in Fig. 4d and h, respec-
tively. The color mapping data clearly show the presence of
higher counts of Cs, Cu, and Cl atoms for Cs;Cu,Cls@PMMA
fibers and Cs, Cu, Br, and I elements for Cs;Cu,Br, 51, s @PMMA
fibers in the regions where fibers are noticed on top of the
substrate. The elemental analysis of the composite fibers was
analyzed by the energy-dispersive X-ray spectroscopy (EDS)
experiment, and the corresponding data are presented in Fig. S4
(see ESIt). The Cs: Cu: Cl atomic ratios obtained from the EDS
of Cs;Cu,Cl; NCs are close to 3:2:5, which matches well with
the composition of the NCs. The elemental ratio of Cs: Cu: Br: I
atoms in Cs;Cu,Br, 51, 5 NCs is found to be close to 3:2:2.5:
2.5, confirming the formation of the corresponding NC phase.
In the case of Cs;Cu,Cl;@PMMA and Cs;Cu,Br, 51, s@PMMA
fibers, elemental ratios are also found to be similar to the cor-
responding NCs that confirms the encapsulation of the NCs
inside the PMMA fibers.

To distinguish the morphology and coverage of the fibers on
glass substrates, fluorescence microscopy and low-resolution
field emission scanning electron microscopy (LR-FESEM) of
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Fig. 4 HR-FESEM images of (a) CszCu,Cls NCs and (b) CszCu,Cls@-
PMMA fibers coated on glass substrates. (c) Zoomed image of a single
Cs3Cu,Cls@PMMA fiber strand. (d) Elemental color mapping of Csz-
Cu,Cls@PMMA fibers. HR-FESEM images of (e) CszCu,Br,sl,s NCs
and (f) CszCu,Br,sl, s@PMMA fibers. (g) Zoomed image of a single
Cs3zCu,Bra sl s@PMMA fiber strand. (h) Elemental color mapping of
Cs3Cu,Br; 51, s@PMMA fibers.

Cs;Cu,Cl;@PMMA and Cs3;Cu,Br, 51, s@PMMA fibers were
carried out and the corresponding results are compared with
the LR-FESEM images of bare Cs;Cu,Cl; and Cs;Cu,Br; sl 5
NCs. The fluorescence microscopy images of the NCs and fibers
are shown in Fig. 5 and the insets represent the respective LR-
FESEM images. From the fluorescence and LR-FESEM images,
it can be observed that the surface coverage of the fibers on the
substrate is better than that of NC thin-films which results from
the agglomeration of isolated NCs on certain regions of the
substrate forming large chunks as seen from Fig. 5a and c. On
the contrary, the Cs;Cu,Cl;@PMMA and Cs;Cu,Br, 51, s@-
PMMA fibers are uniformly distributed over the surface of the
substrate (see Fig. 5b and d). The reason for such agglomeration
of NCs might be due to the dynamic nature of ligands that
eventually detach from the NC surface when drop-cast on the
substrate.” As a result, NCs attach with each other, forming
bigger particles. In the case of the fibers, the NCs are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fluorescence microscopy images of (a) Cs3zCu,Cls NCs, (b)
Cs3zCu,Cls@PMMA fibers, (c) CszCusBraslos NCs, and (d) CszCus-
Brs 5l s@PMMA fibers coated on different glass substrates. Insets: LR-
FESEM images of (a) Cs3Cu,Cls NCs, (b) CszCu,Cls@PMMA fiber, (c)
Cs3CuyBrs sl 5 NCs, and (d) CszCu,Br; sl, s@PMMA fiber films.

monodisperse and are embedded in the fiber matrix which
ensures uniform coating over the glass substrates.

The superior stability of the NCs against harsh external
environments is necessary for practical applications. In order to
determine the degree of hydrophobicity or moisture diffusion,
the contact angles of the NCs@PMMA fibers in film form and
bare NC films were measured. The photographic images of
contact angles of water on NCs films and fibers are shown in
Fig. S5a-d (see ESIT). The contact angle is a measurement of the
degree of wettability of a liquid on a solid surface which
describes the nature of the interaction between them. The
contact angles for Cs;Cu,Cls; and Cs;Cu,Br, 51, 5 NC films were
calculated to be 79.6° and 58.6°, respectively. The acute angle
indicates the hydrophilic nature of the films that allow the water
droplet to wet the surface. Comparatively, the contact angles of
the Cs;Cu,Cl;@PMMA and Cs;Cu,Br, sI, s@PMMA fibers were
found to be 126.2° and 127.8°, respectively. The higher/obtuse
contact angle values for fibers indicate hydrophobic interac-
tion between the surface and water droplet. This hydrophobic
nature of the fiber surface protects the embedded NCs inside
from moisture thus protecting them from
degradation.

The high contact angle results encouraged us to test the
stability of our fibers in water. We tested the water stability of
the NC films and fibers that were coated on glass substrates. In
this regard, NCs and fiber-coated glass substrates were
immersed in a Petri-dish containing DI water and then PL
spectra of the samples were recorded at regular time intervals.
The PL spectra of Cs;Cu,Cls NCs, Cs;Cu,Cls@PMMA fiber,
Cs;Cu,Br, 51, 5 NCs, and Cs;Cu,Br, 51, s@PMMA fiber films are
presented in Fig. 6a-d. It can be observed that the bare Cs;-
Cu,Cls and Cs;Cu,Br, 51,5 NC films degrade instantly upon
contact with DI water and cause a sharp decrease in PL inten-
sity. After mere 30 s, the recorded PL intensity of these NCs
almost quenches which describes the extremely low stability of

invasion,
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Fig. 6 Water stability test: change in PL intensity of (a) Cs3Cu,Cls NCs,
(b) Cs3Cu,Cls@PMMA fiber, (c) CszCu,Br, sl 5 NCs, and (d) CszCus-
Br, 51, s@PMMA fiber films with respect to dipping time in DI water, as
shown in legends. Insets: photographic images of respective films
before and after dipping in DI water.

the bare NCs in water. Such instant emission quenching relates
to the oxidation of the perovskite phase and decomposition into
precursor salts.? On the other hand, the PL intensity of the
Cs;Cu,Cl;@PMMA fiber film retains 93% and 88% of its initial
PL intensity after 30 and 60 min immersion in DI water,
respectively. Similarly, the PL intensity of Cs;Cu,Br, 51, 5@-
PMMA fiber films shows 91% and 87% of their initial PL
intensity after 30 and 60 min, respectively. Insets of Fig. 6a-
d display photographic images of the corresponding films
before and after immersion in DI water. These observations
predict that the NCs are not situated outside the fiber but are
embedded inside the fiber matrix. The outer layer of the PMMA
fiber serves as a hydrophobic surface that repels the water
molecules from entering inside the matrix and protects the
degradation of the NCs.

Heat stability of the NCs is another essential factor for the
fabrication of efficient LEDs since long working hours may heat
up the device and cause degradation. The heat stability of the
NCs and respective fibers was tested at different temperatures
in film form by placing them on a hot plate. The temperature of
the hot plate was increased at a step of 10 °C starting from 30 °C
and the corresponding PL spectra of the films were recorded as
shown in Fig. 7. The PL intensity of the Cs;Cu,Cls NC films
decreases slowly up to 70 °C, while the rate of PL quenching is
much faster above 70 °C, as can be seen from Fig. 7a. The
maximum temperature that the NC film can sustain is around
170 °C. For the Cs;Cu,Br, 51, 5 NC film, the temperature resis-
tance is found to be lower compared to the Cs;Cu,Cl; NC film,
which signifies the lower phase stability of mixed halide
perovskites.*” The PL intensity of the Cs3;Cu,Br, 51, 5 NC film
decreases much faster and the highest temperature it could
survive is around 80 °C, as shown in Fig. 7c. Conversely, the
fibers had higher heat resistivity at a specific temperature
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Fig. 7 Heat stability test: change in PL intensity of (a) CszCu,Cls NCs
and (b) Cs3zCu,Cls@PMMA fiber films heated at temperatures ranging
from 30 to 180 °C as shown in a legend. PL spectra of (c) Cs3Cu,-
Broslos NCs and (d) CszCu,Brosl, s@PMMA fiber films heated in
a temperature range from 30 to 100 °C. (e) The relative change in PL
intensities of CszCu,Cls NCs and CszCu,Cls@PMMA fibers at different
temperatures as represented in a legend. (f) The relative change in PL
intensities of CszCu,Br, 5l 5 NCs and CszCu,Br sl, s@PMMA fibers at
different temperatures as shown in a legend.

compared to their corresponding NC film counterparts. The
Cs;Cu,Cls@PMMA fiber film retains 30% of the initial PL
intensity at 180 °C, as can be seen from Fig. 7b, whereas the PL
intensity for the bare Cs;Cu,Cl; NC film totally quenches. For
the Cs3Cu,Br, s, s@PMMA fiber film (see Fig. 7d), the PL
retention is 22% of initial PL intensity at 80 °C compared to the
CszCu,Br, 5, 5 NC film that retained 15% of its initial PL
intensity. We also tested the heat stability of NCs and fiber films
while placed on a hot plate and heated at a constant tempera-
ture. Further we fixed the temperatures for both NC films (80 °C
for CszCu,Cls; NCs and 60 °C for CszCu,Br,sl, s NCs) and
observed the variation in PL over different time periods as
shown in Fig. S6 (see ESIT). We chose a lower temperature for
the Cs;Cu,Br,sl, 5 NC film since these mixed halide NCs
generally have lower stability compared to the Cs;Cu,Cl; NC
film. The graphs reveal that the Cs;Cu,Cls@PMMA fiber film
maintains 84% of the initial PL intensity compared to the bare
Cs;3Cu,Cl; NC film that quenched to 62% after 1 hour. Similarly,
the Cs3;Cu,Br, 51, s@PMMA fiber film retains 57% of the initial
PL intensity compared to the Cs;Cu,Br, s, s NC film at 33%
after the same time. In both cases, the fibers display better
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stability against heat treatment, which is beneficial for LED
application. We further recorded the XRD and FESEM images of
both NC and fiber films before and after thermal treatment to
determine changes in structure (see Fig. S7, ESIT) and thin-film
surface morphology (see Fig. S8, ESIT). A slight shift towards
a lower angle in the XRD spectrum of the NCs is observed after
thermal treatment. In addition to that, the FWHM of the XRD
peaks also reduces which is due to agglomeration of the NCs
among themselves and their fusion together. However, the
morphology of the fiber films remained unchanged after
thermal treatment. These results emphasize that the heat
stability of the Cs;Cu,Cls NCs is higher than that of mixed
halide Cs;Cu,Br,sl, s NCs. The heat stability of NCs can be
further improved by embedding the NCs in polymer fibers
which is due to the high heat absorption and release of these
fibers.*>7>

The flexibility of polymer fibers is an important property that
can be exploited in the fabrication of efficient wearable display
technologies. To test the flexibility of fibers, we coated the
Cs;Cu,Cls@PMMA and Cs;Cu,Br, 51, s@PMMA fibers on PET
substrates and studied their photophysical properties. The PL
spectra of the fibers on PET substrates exhibit no significant
variation in optical properties compared to the fibers coated on
glass substrates, as presented in Fig. 8a and b. Insets of Fig. 8a
and b show the photographic images of Cs;Cu,Cls@PMMA and
Cs;Cu,Br, 51, s@PMMA fibers films bent under a UV lamp,
showing bright green and blue PL emissions, respectively. The
comparative PL intensity of NCs and their respective fiber films
are shown in Fig. S9 (see ESIt). The PLQY values for Cs;Cu,Cls
and Cs3;Cu,Br, ;5I, ;s NCs films were calculated to be 55% and
26%, while those of Cs;Cu,Cls@PMMA and Cs;Cu,Br, 51, s@-
PMMA fiber films were measured as 47% and 19%, respectively.
The morphology, shape, and surface coverage of the fibers are
also unaffected, as observed in the FESEM images (see Fig. 8c
and d). To check the flexibility of the NCs and fiber films on the

PL Intensity (a.u.)
PL Intensity (a.u.)

450 500 550 600 650 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Fig. 8 PL spectra of (a) CszCu,Cls@PMMA fibers and (b) CszCu,-
Br, 51, s@PMMA fibers coated on PET substrates. Insets of (a) and (b)
show photographic images of fibers coated on PET substrates and
placed under a UV lamp. LR-FESEM images of (c) CszCu,Cls@PMMA
fibers and (d) CszCu,Br; s5l, s@PMMA fibers coated on PET substrates.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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PET substrate, the FESEM images of such films were recorded
after bending and twisting about 50 times and the corre-
sponding images are shown in Fig. S10 and S11 (see ESIt). It can
be observed that in the case of NC films, the NCs are removed/
peeled off from the substrate upon external stress. It may be due
to the faint interaction of the NCs with the PET substrate and
their tendency to agglomerate among themselves. Contrary to
that, the FESEM images of both fibers reveal no sign of peel-off
or removal from the PET substrate. The fibers are intact and
attached to the surface of the substrate even after bending and
twisting. Furthermore, no signs of breakage or crack (either
single or bunch) on fiber strand/s were observed. These results
show that the morphology and optical properties of the fibers
remain unaffected even after bending, twisting, or any other
physical stress. The high flexibility and stability of the fibers to
external stress encourage their potential use in flexible/
wearable displays.

Finally, color-converting WLEDs were fabricated via coupling
the green-emitting Cs;Cu,Cls; NC and blue-emitting Cs;Cu,-
Br, 51, 5 NC films and placed over a 280 nm UV LED chip which
was operated through an external source meter. At first we
fabricated WLEDs from two separate films prepared from
a mixture of blue and green colored NC solutions (NCs-LED)
and with addition of PMMA into the same NC solution
(NCs@PMMA-LED). The corresponding EL spectra and their
CIE chromaticity diagram of these LEDs under a driving current
of 20 mA are presented in Fig. S13 (in ESI}). In the case of the
NCs-LED, the entire spectrum is dominated by the green
emission having a broad peak at 512 nm (FWHM ~ 132 nm)
from Cs;Cu,Cl; NCs, and no contribution from Cs;Cu,Br, 50, 5
NCs. The CIE color coordinate for the NCs-LED is obtained at
(0.23, 0.25) with a CCT value of 10629 K. In the case of the
NCs@PMMA-LED, nearly a similar emission spectrum was ob-
tained at 516 nm (FWHM ~ 135 nm) with a CIE color coordinate
of (0.27, 0.37) and a CCT value of 8475 K. Both the LEDs are not
representing the pure white light emission since the contribu-
tion of blue emission is negligible. To tackle the issue we finally
fabricated a color-converting WLED by coupling the Cs;Cu,-
Cl;@PMMA fibers and Cs;Cu,Br, 51, s@PMMA fibers over the
UV LED chip. The EL spectrum of the WLED under 20 mA
driving current is shown in Fig. 9a. The photographic image of
the WLED under operating conditions is shown in the inset of
Fig. 9a. The deconvoluted EL spectrum reveals two emission
peaks at 464 nm and 531 nm that originate from Cs;Cu,Cl;@-
PMMA fibers and Cs;Cu,Br, sI, s@PMMA fibers, respectively.
The combination of these two emissions results in a white-
colored emission from the LED. The CIE chromaticity coordi-
nates of the WLED were measured as (0.27, 0.33) at a 20 mA
driving current, as presented in Fig. 9b, which is very close to
the ideal white light source (0.33, 0.33).%** The luminescence
efficiency and CCT values were obtained as 69 Lm W~ and 8703
K, respectively. Further, the bias current was varied in the range
of 10-70 mA and the corresponding change in the EL spectra
and CIE coordinates were recorded. The EL intensity increases
gradually with an increase in applied current (see Fig. 9¢). The
CIE coordinates also shifted from (0.27, 0.33) at 10 mA to (0.27,
0.35) at 70 mA driving current and the CCT was changed from
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Fig. 9 (a) Deconvoluted EL spectrum of the color-converted WLED

under driving current of 20 mA. Inset: photographic image of the
glowing WLED. (b) Chromaticity coordinates (red star) of the fabricated
WLED according to the 1931 CIE chromaticity diagram. (c) EL spectra
of the WLED operated at different driving currents. (d) The corre-
sponding color coordinates (blue dots) and CCT values of the WLED at
different driving currents according to the 1931 CIE chromaticity
diagram.

8716 K (for 10 mA) to 8261 K (for 70 mA) as seen from Fig. 9d.
The overall results are highly impressive and could be a first
step towards the use of fiber composites in future flexible/
wearable Pb-free LED fabrication.

4. Conclusion

In conclusion, green-emitting Cs;Cu,Cls and blue-emitting
Cs3Cu,Br, sI, 5 NCs were synthesized by hot injection and
LARP synthesis methods, respectively. The PLQY values of
Cs;Cu,Cl; and Cs;Cu,Br, 51, 5 NCs were around 65% and 32%,
respectively. The XRD diffraction patterns of Cs;Cu,Cls; and
Cs3Cu,Br, s, 5 NCs revealed highly crystalline orthorhombic
perovskite phases. The as-synthesized NCs were monodisperse
and had a uniform size distribution ranging from 4 to 5 nm. The
composition of the NCs was confirmed by XPS and EDS
measurements. To improve the NCs' stability, they were
encapsulated in PMMA polymer fibers via an electrospinning
process. The PLQY values for Cs;Cu,Cls and Csz;Cu,Br, 51, s@-
PMMA fiber films resulted to be around 47% and 19%,
respectively. The Cs;Cu,Cl; and Cs;Cu,Br;, sI, s@PMMA fibers
displayed better water stability than that of bare NCs due to the
high hydrophobicity of PMMA fibers. The NC fibers coated on
flexible PET substrates had enhanced surface coverage and
showed high flexibility with no signs of breakage even after 50
cycles of bending and twisting. The fabricated WLED using
Cs;Cu,Cl;@PMMA and Cs;Cu,Br, 51, s@PMMA fiber films over
a 280 nm UV LED chip showed white light emission under
external bias with a luminous efficiency of 69 Lm W' and
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a CCT value of 8703 K. The CIE chromaticity coordinates of the
WLED is located at (0.27, 0.33), which is close to a white light
emission. These findings reveal the potential of the electro-
spinning techniques to fabricate stable, efficient, and lumi-
nescent Pb-free perovskite fibers in future flexible/wearable
display technologies.
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