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Abstract

Poly(3-hexylthiophene-2,5-diyl) (P3HT)-based semiconducting electrospun nanocomposite fibrous emitters were successfully
fabricated by combining P3HT with poly(ethylene oxide) (PEO) and commercially available CsPbBr; perovskite quantum
dots (PQDs). The latter were employed as a synergistic photoluminescence emitter of high efficiency within the P3HT/PEO
blended polymer matrix, while PEO was used as an auxiliary polymer to assist the electrospinnability of P3HT. The produced
materials were characterized with respect to their chemical composition and morphology by scanning electron microscopy
(SEM) and transmission electron microscopy/energy-dispersive x-ray analysis (TEM/EDX) whereas fluorescence microscopy
and spectroscopy were employed to study their optical properties. Based on the obtained results, it was confirmed that the
PQDs were successfully encapsulated within the electrospun fibers at a high percentage (10 wt.%), retaining at the same
time their optical properties and nanoscale dimensions. Moreover, the experimental data obtained suggested the existence of
inter-material interactions between P3HT and PQDs. Consequently, this study creates new pathways in the development of
innovative fibrous nanocomposites with unique optoelectronic features, rendering them highly interesting in light-harvesting,
sensing and optoelectronic applications.
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Introduction

Over the last decade, colloidal lead halide perovskite (LHP)
nanocrystals (NCs), denoted as APbX; [X=Cl, Br, I], of
either hybrid organic—inorganic [A=FA, CH;(NH,),* or
A=MA, CH;NH;*] or all-inorganic [A =Cs] chemical
composition, have attracted enormous interest in the field
of advanced optoelectronic materials. These semiconducting
NCs have been highlighted as highly efficient photolumines-
cent (PL) materials due to their tunable energy band gaps
across the visible light spectrum region, with narrow line
widths and high emission quantum yields (QYs). Different
cost-effective synthetic methodologies have been employed
for the preparation of such materials, allowing for the fine-
tuning of their chemical composition.'™

LHP NC emitters exhibit notable optoelectronic features
including large absorption coefficients, high charge carrier
mobility and long exciton diffusion lengths,’ thus render-
ing them very promising in various photonic and elec-
tronic applications such as solar cells, light-emitting diodes
(LEDs), transistors and photodetectors.®™'?

Electrospinning is considered to be one of the most ver-
satile electrohydrodynamic processes that is widely used in
the fabrication of nano- and microfibers of various chemical
compositions and morphologies. Because of its simplicity,
cost-effectiveness and scalability,'>!* this technique is used
worldwide in the production of multifunctional nano- and
microfibrous materials with potential use in optoelectron-
ics, catalysis, sensing, energy, and biomedicine.'>!® More-
over, electrospinning allows the incorporation of nanoma-
terials including nanoparticles, nanowires, nanotubes and
nanoplatelets'® within the produced (nano)fibers, retaining
at the same time their intrinsic structural characteristics and
physicochemical properties.

In the field of photonics, organic—inorganic semiconduc-
tor fibrous nanocomposites produced by electrospinning
have recently attracted considerable attention.”’ More pre-
cisely, researchers aim to fabricate flexible optoelectronic
materials by integrating LHP NCs within electrospun
polymer fibers.?! Examples include the incorporation of
methylammonium lead triiodide perovskites (CH;NH;Pblj,
MAPbI;) within polyacrylonitrile (PAN) and polyvinylpyr-
rolidone (PVP) electrospun fibers?*>* as well as the fabrica-
tion of polystyrene (PS) and polymer vinyl acetate (PVAc)
electrospun fibers loaded with CsPbX; (X=Br, I, and Cl)
nanocrystals and aligned CsPbBr; nanorods generated
in situ.*?* In another example, 3D multi-layered assemblies

consisting of electrospun poly(vinylidene fluoride) (PVDF)
nanofibers and electrosprayed CsPbBr; @PVDF particles
were developed and evaluated as high-performance flexible
piezoelectric nanogenerators.>®

Recently, our group reported the fabrication of robust
and bright polymer electrospun fibrous emitters, based on
either the hydrophilic PVP or the hydrophobic poly(methyl
methacrylate) (PMMA), sensitized by green-emitting all-
inorganic CsPbBr; or hybrid organic—inorganic FAPbBr;
nanocrystals.?’ One of the main limitations of LHP NC emit-
ters is their high sensitivity and consequently low composi-
tional stability resulting from thermodynamic spontaneous
activation of structural degradation mechanisms, especially
when these are exposed to ambient conditions.?*=° In our
study it was demonstrated that the encapsulation of the NCs
within electrospun fibers enhances their optical stability over
an extended exposure in air or upon immersion in water
compared to the pristine NC films.

While in the few existing examples dealing with the
fabrication of polymer-based electrospun fibrous nano-
composite emitters with embedded perovskite NCs, such
materials appear particularly attractive in optoelectronic
applications,*'™ to the best of our knowledge, in none of
these examples NCs have been combined with conduc-
tive polymers. In contrast, several studies have described
the generation of nanocomposites in a film form, based
on conductive polymers including poly(3-hexylthiophene)
(P3HT), polypyrrole (PPy) and poly(aniline) (PANI) and
perovskites.>¢=?

In the present study, the fabrication and characterization
in terms of morphology, chemical composition and fluores-
cence properties of electrospun fibrous nanocomposites con-
sisting of poly(3-hexylthiophene) (P3HT)-based electrospun
nanofibers and photoluminescent CsPbBr; quantum dots
(QDs) is presented and discussed. This work creates new
prospects towards the development of novel optoelectronic
materials based on electrospun conductive nanofibers and
perovskite NC emitters with tunable fluorescence properties,
since it is demonstrated that the fibers’ spectral emission
profile can be enhanced by increasing the perovskite content
up to 10 wt.% Specifically, by encapsulating highly stable
CsPbBr;) perovskite quantum dots (PQDs) within P3HT/
poly(ethylene oxide) (PEO) electrospun fibers, a significant
enhancement in the fluorescence intensity of the electrospun
fibers was observed (i.e. 45% enhancement) in the presence
of 10 wt.% CsPbBr; QDs. Hence, the present study paves the
way for the fabrication of nanocomposite photoconductive
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(nano)fabrics that can be used as lightweight materials in
applications such as organic optoelectronic memory devices,
photosensors and solar cells.

Experimental Part
Materials

Poly(3-hexylthiophene-2,5-diyl) (P3HT) (MW =
50-70 KDa, polydispersity: 1.4-1.6, RR=93-95%) was
purchased from Solaris Chem Inc. Poly(ethylene oxide)
(PEO) (MW =600,000 g mol™") was obtained from Sigma-
Aldrich. Both polymers were used without further puri-
fication. Chloroform (CHCI;, analytical grade, Scharlau
Chemicals) was the solvent employed in the preparation
of the P3HT/PEO fibers and P3BHT/PEO/CsPbBr; elec-
trospun fibrous emitters as described in the next section.
CsPbBr; PQDs stabilized in toluene, coated with oleic acid
and oleylamine (solution concentration: 10 mg/mL; emis-
sion wavelength 505-515 nm; appearance/color: green to
yellow), were purchased from Sigma-Aldrich and used as
received by the supplier.

Preparation of P3HT/PEO and P3HT/PEO/CsPbBr;
Solutions

For the fabrication of neat P3HT/PEO electrospun fibers,
a P3HT (20 wt.%)/PEO (80 wt.%) blended polymer solu-
tion was prepared as follows. P3HT (0.0168 g) and PEO
(0.0672 g) were separately dissolved in CHCl; (1.0 mL at
300 rpm and 1.3 mL at 600 rpm, respectively). The two
solutions were left under stirring for 24 h at room tempera-
ture until complete dissolution. Subsequently, an additional
amount of CHCl; (0.5 mL) was added to the P3BHT-CHCI,
solution, which was then mixed with the PEO-CHCl; solu-
tion. The resulting mixture was left under stirring (300 rpm)
for 48 h at room temperature. The final highly homogene-
ous solution (final solution concentration: 3% w/v) was
used in the fabrication of blended P3HT/PEO fibers by
electrospinning.

For the preparation of P3BHT/PEO/CsPbBr; solutions,
two different PQD loading percentages were employed (5
wt.%, and 10 wt.% with respect to the total polymer mass).
Initially, the aforementioned synthetic procedure followed
for the preparation of the P3BHT/PEO blended polymer
solution was likewise repeated. After 72 h of stirring under
ambient conditions, the proper volume of the PQD solution
was added to the blended polymer solution (i.e., for 5 wt.%:
442.1 pl (4.421 mg) and for 10 wt.%: 884.2 pl (8.842 mg)),
followed by 1 min of mixing using a Vortex mixer (MRC
Laboratory Instruments).

@ Springer

Fabrication of Electrospun P3HT/PEO Fibers
and Nanocomposite P3HT/PEO/CsPbBr; Fibrous
Emitters

P3HT/PEO with a 20/80 wt.%, denoted as P3HT/PEO,
P3HT/PEO with a 5 wt.% CsPbBr; in respect to the total pol-
ymer mass (denoted as P3HT/PEO/CsPbBr; (5 wt.%)) and
P3HT/PEO with a 10 wt.% CsPbBr; in respect to the total
polymer mass (denoted as PSHT/PEO/CsPbBr; (10 wt.%))
solutions prepared as described in the previous section
were loaded into a 10 mL glass syringe to be further elec-
trospun. All electrospinning experiments were performed
at room temperature. The electrospinning set-up included
a controlled-flow, four-channel volumetric microdialysis
pump (KD Scientific, model: 789252), 10 mL glass syringe
with metallic needle (25 G) and with specially connected
spinneret needle electrodes, a high-voltage power generator
(10-50 kV, ES50P-20W Gamma High Voltage Research)
and a custom-designed grounded target collector (282 mm
length X 279 mm height), inside an interlocked Faraday
enclosure safety cabinet.

Systematic parametric studies were performed, and the
optimum electrospinning conditions for obtaining continu-
ous, bead-free fibers characterized by high homogeneity
in terms of diameter, corresponding to (a) P3HT/PEO, (b)
P3HT/PEO/CsPbBr; (5 wt.%) and (c) P3HT/PEO/CsPbBr;
(10 wt.%) were obtained as follows: applied voltage: (a)
15 kV, (b) 16.5 kV and (c) 20.5 kV; flow rate: (a)—(c)
2.5 mL/h; needle-to-collector distance: (a)-(c) 15 cm; and
needle gauge: (a)—(c) 25 G.

Material Characterization
Scanning Electron Microscopy (SEM)

The morphology and diameter of the PAHT/PEO and P3HT/
PEO/CsPbBr; fibrous membranes were determined by scan-
ning electron Microscopy (SEM) (Vega TS5136LS-Tescan).
The samples were gold-sputtered (~15 nm) (sputtering sys-
tem K575X Turbo Sputter Coater, Emitech) prior to SEM
inspection. The average fiber diameters and their distribution
were measured using image analysis software (Imagel) by
measuring at least 15 fibers in SEM images.

Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) was performed
by using a TECNAI F30 G2 S-TWIN microscope operating
at 300 kV equipped with an energy dispersive x-ray spec-
trometer (EDX). Samples were placed into a double cop-
per grid (oyster) to be visualized by TEM. The average size
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Fig. 1 SEM images of P3HT/PEO (left image); P3HT/PEO/CsPbBr;
(5 wt.%) (middle image); and P3HT /PEO/CsPbBr; (10 wt.%)
(right image). Average fiber diameter analysis+ standard deviation
(SD) of the produced fibrous analogues, calculated using Imagel]
corresponding to P3HT/PEO: 0.61 +0.25 (pm); P3BHT/PEO/CsPbBr;
(5%): 0.48+0.13 (um); and P3HT /PEO/CsPbBr; (10%): 0.46+0.17
(pm). Sampling size: 15 fibers.

of the CsPbBr; PQDs embedded within the P3HT/PEO/
CsPbBrj; fibrous membranes were determined using ImageJ
software, considering at least 30 PQDs in TEM images.

X-ray Diffraction Analysis

XRD patterns were recorded by using powder x-ray diffrac-
tion (PXRD) in a Rigaku SmartLab diffractometer (CuKa
radiation; 4 =0.154 nm) with a scanning rate of 1°/min over
the 26 range of 3°-50°. For the XRD analysis, the P3HT/
PEO and P3HT/PEO/CsPbBr; fibrous mats were deposited
on a quartz-coated glass slide.

Mechanical Testing

Tensile experiments were performed using a high-precision
mechanical testing system (Instron 5944, Norwood, MA,
USA). The specimens were cut in an orthogonal shape with
dimensions 5 x4 X 0.5 mm (length X width X thickness) and
placed between two parallel grips. Stress—strain experiments
were performed to test the elastic response of the material.
The specimens were stretched to 25% strain with a strain
rate of 0.5 mm/min. The stress was calculated as the force
measured on the load cell divided by the initial area of the
specimen and the strain was calculated as the displacement
Al divided by the initial length of the specimen. The Young’s
modulus was calculated from the slope of the linear part of
the stress—strain curves for low strains (< 5%). Three speci-
mens for each case were tested.

Fluorescence Microscopy and Spectroscopy

The P3HT/PEO and nanocomposite P3HT/PEO/CsPbBr;
fibrous emitters were analyzed by fluorescence microscopy.
The samples were placed on glass slides, covered with
coverslips and examined using a fluorescence microscope
(U-RLF-T model; OLYMPUS XM 10 camera). An FITC fil-
ter (excitation wavelength: 490 nm; emission wavelength:
525 nm) was employed in the analysis of the perovskite-
loaded fibrous emitters as well as in the visualization of the
pristine P3HT/PEO fibrous analogues. The obtained images
were analyzed by the CellSens Standard and ImageJ soft-
ware. Images were taken at 20 X magnification.

The fluorescence emission spectra of the pristine P3HT/
PEO fibers and the nanocomposite P3HT/PEO/CsPbBr; ana-
logues were recorded by using a Jasco FP-6300 fluorescence
spectrophotometer (Jasco Incorporated, Easton, MD, USA).
The excitation and emission wavelength were set at 450 nm
and 560 nm, respectively and a 480 nm high band-pass filter
was placed between the sample cuvette and the detector, so
as to avoid higher order emitted light effects.

Results and Discussion

Fabrication and Morphological Characterization
of Electrospun P3HT/PEO, P3HT/PEQ/CsPbBr,
Fibrous Emitters

P3HT is a semi-crystalline, hydrophobic and highly con-
ductive polymer that has been widely used as an extremely
efficient hole-transport material (HTM) in perovskite
MAPbI;-based solar cells (PCs) in the film form.*’ Very
recently, efficiency improvement for lead-free perovskite-
inspired Cs;Sb,l solar cells introducing P3HT as the hole
transport material has been reported.*! P3HT was further
explored in various optoelectronic applications includ-
ing rechargeable battery electrodes,** electrochromic
devices,* optical and chemical sensors,**~* light-emitting
diodes,*’ field-effect transistors*® and non-linear optical
materials.*

The rigid backbone of P3HT makes it impossible to
be processed by electrospinning, since the required level
of chain entanglements enabling the formation of fibers
is not favored.”® To overcome this limitation, the use of
polyethylene oxide (PEO) as the electrospinnable second-
ary component has been proposed, enabling the successful
production of blended P3HT/PEO electrospun fibers.>!->

We have recently reported the fabrication and
characterization of highly aligned electrospun P3HT-
rich electrospun fibrous systems (i.e., PSHT/PEO wt.%,
80:20; P3HT/PEO wt.%, 95:5) using a corrugated static
collector.’® Based on our previous knowledge regarding
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Fig.2 TEM bright field images
and corresponding EDX spectra
of the P3HT/PEO electrospun
fibers (a), (b), P3BHT/PEO/
CsPbBr; (5 wt.%) (c), (d), and
P3HT/PEO/CsPbBr; (10 wt.%)
(e), (f) nanocomposite fibers.
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Fig.3 PQD diameter size and size distribution. (a) P3HT/PEO/
CsPbBr; nanocomposite fibers with 5 wt.% perovskite PQD
loading: average PQD diameter analysis+ standard deviation (SD)
after electrospinning: 6.4+2.4 (nm) and (b) P3HT/PEO/CsPbBr;
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nanocomposite fibers with 10 wt.% PQD loading: average PQD
diameter analysis+ standard deviation (SD) after electrospinning:
6.16+3.3 (nm). Number of counts: 30.

Table ! Main experimental findings deriving from the TEM/EDS analysis of the pristine and the PQD-loaded P3HT/PEO electrospun fibers with

variable (5 wt.% and 10 wt.%) PQD content

System Average PQD diameter + SD (nm) Elements present

P3HT/PEO - C, O, S and Cu (from grid)
P3HT/PEO/CsPbBr; (5 wt.%) 6.4+2.4 Pb, Br, Cs, C, O, S and Cu (from grid)
P3HT/PEO/CsPbBr; (10 wt.%) 6.16+3.3 Pb, Br, Cs, C, O, S and Cu (from grid)

the experimental parameters for processing P3HT/
PEO polymer solutions, in this study, the optimum
electrospinning conditions were facilely defined, resulting
in P3BHT/PEO and P3HT/PEO/CsPbBr; electrospun fibrous
mats (see supplementary Figure S1).

The morphological characteristics of the produced
fibers were investigated by SEM. As seen in Fig. 1,
continuous, uniform fibers having consistent fiber
diameters could be obtained in all cases. Even though the
PQD content is exceptionally high compared to previous
studies on perovskite NC-loaded electrospun fibers, 2748
no PQD aggregates can be observed on the fiber surfaces
(Fig. 1, middle and right images), which indicates their
successful incorporation and homogeneous distribution
within the P3HT/PEO fibers, while retaining their
nanoscale dimensions. However, in the case of the highest
PQD loading (10 wt.%), the homogeneous cylindrical fiber
morphology is disrupted as seen in Fig. 1 (right image).

From the analysis of the SEM images, the average
fiber diameters were calculated to be 0.61 +£0.25 pm,
0.48+0.13 pm and 0.46 +0.17 pm for the pristine P3HT/

PEO nanofibers and the corresponding systems containing
5 wt.% and 10 wt.% CsPbBr; QDs, respectively. The
pristine (P3HT/PEQO) and nanocomposite (P3HT/PEO/
CsPbBr,) fibers were further characterized by TEM/
EDX. Figure 2 provides characteristic TEM images
and corresponding EDX spectra of the aforementioned
materials. In the case of the pristine P3BHT/PEO fibers,
TEM revealed their textured surface morphology (Fig. 2a),
which is likely attributed to the existing immiscibility
between P3HT and PEO, resulting in phase separation
phenomena. The corresponding EDX spectrum (Fig. 2b)
shows the presence of C, O and S as the major elements in
the sample (Cu comes from the copper grid). The presence
of minor elements (Si, Br, Ca) is attributed to mild sample
contamination during the preparation process for TEM
investigations. The existence of the CsPbBr; QDs within
the P3HT/PEO electrospun fibers can be clearly observed
at different QD loading percentages as seen in the TEM
images provided in Fig. 2c, d, e and f, corresponding to
the P3HT/PEO/CsPbBr; nanocomposite fibrous emitters
with 5 wt.% and 10 wt.% PQD content, respectively.
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Fig.4 XRD spectra corresponding to the pristine (P3HT/PEO) and
the nanocomposite (P3HT/PEO/CsPbBr; (5 wt.%); P3HT/PEO/
CsPbBr; (10 wt.%)) systems. Blue dotted lines denote characteristic
XRD signals of P3HT and PEO. Red dotted lines correspond to
characteristic XRD signals of the PQDs embedded within the
polymer matrix (data provided with background correction) (Color
figure online).

By comparing the morphology and dimensions of the
perovskite QDs embedded within the fibers with those of
the as-purchased QDs (i.e., < 10 nm) it can be concluded
that no severe agglomeration phenomena occurred during
the electrospinning process since their small dimensions
and spherical morphology are both retained (Fig. 3a
and b). The corresponding EDX spectra appearing in
Fig. 2d (P3HT/PEO/CsPbBr; (5 wt.%)) and 2f (P3HT/
PEO/CsPbBr; (10 wt.%)), show the presence of Pb, Br
and Cs (in addition to C, O, and S) as major elements in
the sample, attributed to the existence of CsPbBr; PQDs
within the polymer matrix. Table I summarizes the main
information derived from the TEM/EDS analysis of the
three systems.
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Fig.5 Stress—strain curves recorded under tensile conditions for the
P3HT/PEO fibrous membrane (grey) and the PQD-functionalized
electrospun nanocomposite membrane (green) (Color figure online).

X-ray Diffraction Analysis

XRD was employed to obtain information on the crystalline
structure and chemical composition of the produced
materials. Because of the semi-crystalline nature of P3HT
and PEO, characteristic diffraction signals appear in the
XRD spectrum of the neat P3HT/PEO fibers, provided in
Fig. 4. Typically, P3HT presents well-defined peaks at 20
between 20° and 25° and PEO at around 19°-23°. In our
study, characteristic XRD peaks appearing at 26 values of
5.72°,19.44°, and 23.66° correspond to the diffraction peaks
from (100) planes of P3HT, (120) planes of PEO, and (010)
planes of P3HT, respectively.

The XRD pattern of CsPbBr; typically exhibits a series
of well-defined peaks at 20 values between 10 and 40°.
Thus, the most prominent characteristic peaks appearing
in the XRD spectra of CsPbBr;-based P3HT/PEO fibers
at 20 values of 13.45° (100), 17.27° (110), 29.75° (200),
31.00° (210), 38.20° (211), and 48.10°(220) are related to
the crystal structure and the chemical composition of PQDs.
The corresponding Miller indices for the most prominent
XRD peaks of CsPbBr; PQDs are the (100), (110), (200),
(210), (211), and (220) crystal planes. However, in the
case of the polymer-PQD composites, the specific position
and intensity of the PQDs may depend on various factors,
including the crystallinity, morphology and composition of
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(b)

Increasing the content of Perovskite QDs within P3HT/PEO fibers

Fig.6 Photographs and characteristic fluorescence microscopy images of (a) P3BHT/PEO; (b) P3HT/PEO/CsPbBr; (5 wt.%) and (c) P3BHT/PEO/
CsPbBr; (10 wt.%) electrospun fibrous membranes.
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Fig.7 (a) Comparative optical spectra of the nanocomposite P3HT/ optical spectra of the nanocomposite P3HT/PEO/CsPbBr; fibers with

PEO/CsPbBr; fibers with variable PQD content. The inset displays a variable PQD content in the P3HT emission region.
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the individual components, as well as on possible polymer-
PQD interactions existing within the composite.

Mechanical Performance

The mechanical properties of the P3HT/PEO (PQD-free)
and the P3HT/PEO/CsPbBr; (10 wt.%, highest PQD
loading) electrospun nanocomposite fibrous membranes was
investigated under tensile loading conditions. Representative
stress—strain curves for each case are provided in Fig. 5.
The Young’s modulus for each membrane was calculated
from the slope of the linear part of the stress—strain curves
for low strains (< 5%). The corresponding average values
were 11.29 +2.18 kPa for pristine and 5.14 +1.12 kPa for
PQD-functionalized fibrous membranes. This decrease in
the material’s stiffness observed in the presence of the PQD
nanoadditives might be attributed to a decrease in the degree
of crystallinity of the PEO and P3HT semi-crystalline
polymers in the presence of the PQD nanofillers. More
precisely, the degree of crystallinity of semi-crystalline
polymers might be significantly influenced in the presence
of inorganic nanoparticulates, depending on their size,
morphology, loading percentage, dispersion mode and the
polymer-nanoparticle interactions.>

Optical Properties of the Pristine P3HT/PEO
and the Nanocomposite P3HT/PEO/CsPbBr; Fibers

The optical properties of the pristine polymer fibers
(P3HT/PEO) and the corresponding perovskite-sensitized
nanocomposite analogues were initially investigated by
fluorescence microscopy. Fluorescence microscopy images
provided in Fig. 6 reveal the uniformity of the produced
fibers, whereas the majority of the embedded PQDs are
enfolded within the fibers in a homogeneous manner (in line
with the TEM analysis data).

The optical properties of the produced materials were
further investigated by fluorescence spectroscopy. The
fluorescence spectra of the nanocomposite P3HT/PEO/
CsPbBr; QDs systems with variable QD content are
displayed in Fig. 7.

As seen, the spectrum corresponding to the pristine
P3HT/PEO fibers presents one dominant peak in the
red region (at 665 nm) attributed to the P3HT polymer
emission. This result matches the emission peak appearing
at 667 nm for previously reported systems based on
poly(3-hexylthiophene)/poly(methyl methacrylate)
core—shell electrospun fibers developed for sensing
applications.®” Furthermore, the presence of an additional
emission peak at 508 nm (green region) in the case of
the P3BHT/PEO/CsPbBr; (10 wt.%) system, demonstrates
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the successful incorporation of PQD within the fibers
(Fig. 7a). The corresponding peak appearing in the green
region attributed to the P3BHT/PEO/CsPbBr; (5 wt.%)
nanocomposite system is significantly weaker, deriving
from the lower content of PQDs. Additionally, the
maximum P3HT emission signal of the nanocomposite
fibers with 5 wt.% and 10 wt.% CsPbBr; PQDs appears
at 670 nm and 672 nm, respectively, in contrast to that
corresponding to pure P3HT/PEO fibers that can be
seen at 665 nm. Both emission shifts relate to electronic
transitions due to the presence of CsPbBr; PQDs
(i.e., redshift observation) (Fig. 7b). Moreover, the
encapsulation of CsPbBr; PQDs significantly influences
the fluorescence intensity of the peak corresponding to
P3HT emission, exhibiting up to ~45% enhancement. This
result strongly indicates the existence of inter-material
interactions between CsPbBr; PQDs and P3HT.

Consequently, the present study paves the way towards
the design of electrospun perovskite-sensitized conduc-
tive fibrous nanocomposites in which the recombination
of photogenerated charge carriers can be prevented,’! thus
leading to an improved quantum efficiency, rendering
them highly promising in photovoltaic and optoelectronic
applications.

Conclusions

In this study blended P3HT/PEO electrospun fibers were
successfully combined with CsPbBr; perovskite quan-
tum dots (PQDs) to yield semiconducting nanocompos-
ite fibrous emitters. SEM analysis verified the generation
of homogeneous, bead-free fibers with fiber diameters in
the submicrometer scale range, while TEM/EDX revealed
the successful incorporation of the perovskite QDs within
the P3HT/PEO fibers during the electrospinning process,
without observing any severe agglomeration phenomena,
even at high PQD loadings. The optical properties of the
produced systems were determined by means of fluores-
cence microscopy and fluorescence spectroscopy. Both
techniques showed that the optical properties of both the
P3HT and the PQDs were retained within the fibrous nano-
composite structures. Most importantly, the experimental
data obtained suggested the existence of inter-material
interactions between CsPbBr; PQDs and P3HT, since a
redshift and a significant enhancement in the intensity of
the P3HT fluorescence emission signal (up to 45%) were
observed. Consequently, the fabrication of nanocomposite
fibrous mats in which electro-conductive polymers co-exist
with perovskite nanoemitters creates new perspectives in
the development of highly efficient nanofibrous emitters
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with potential optoelectronic, sensing and light-harvesting
applications.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s11664-023-10527-2.
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