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Abstract: Metal halide perovskite quantum dots (PQDs) are widely used in the display field due
to their excellent photoelectric properties, such as ultra-narrow half-peak widths and ultra-pure
luminescence color purity. Inkjet printing, laser direct writing and electrospinning are all common
methods for PQDs printing to prepare micropattern displays. In order to produce large-scale and
high-resolution PQDs micropatterns, electrohydrodynamic (EHD) printing technology is capable
of large-scale deposition of highly oriented nanofibers on rigid or pliable, flat or bent substrates
with the advantages of real-time regulation and single control. Therefore, it has a lot of potential
in the fabrication of pliable electronic devices for one-dimensional ordered light-emitting fibers.
Polycaprolactone (PCL) as an EHD printing technology polymer material has the advantages of
superior biocompatibility, a low melting point, saving energy and easy degradation. By synthesizing
CsPbBr; quantum dots (QDs) and PCL composite spinning stock solution, we used the self-built EHD
printing platform to prepare the PCL@CsPbBr; composite light-emitting optical fiber and realized

the flexible display of high-resolution micropatterns in polydimethylsiloxane (PDMS) packaging. An

af;eé::tf:; x-ray diffractometer (XRD), scanning electron microscope (SEM) and photoluminescence (PL) were

N ) used to characterize and analyze the fiber’s morphology, phase and spectral characteristics. EHD
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. ) 1. Introduction
Academic Editor: Barbara Vercelli

Recently, flexible electronic display products have emerged as one of the most sig-
nificant next-generation consumer products due to their superior flexibility, foldability,
bendability and stretchability, which cater to a wide variety of viewing conditions [1,2].
In response to this emerging demand, numerous research efforts have been made and
various stretchable optoelectronic devices [3] have been developed, such as light-emitting

diodes (LEDs), solar cells [4], field-effect transistors and memory devices [5]. Smartphones,
wearable electronics and mobile electronics could be developed using stretchable devices
in the future [6,7]. All-inorganic cesium lead halide perovskite has the advantages of a
long diffusion length, long carrier life, super-smooth surface, high refractive index and low
This article is an open access article  d€fect density. This new type of semiconductor material has a broad range of applications
distributed under the terms and  iN the fields of photovoltaics and optoelectronics [8-10]. All-inorganic cesium lead halide
conditions of the Creative Commons  perovskites (CsPbXs, X = Cl, Br, I) have been shown to be highly luminescent, with narrow
Attribution (CC BY) license (https://  emission linewidths, high chromatogram purity and a wide range of emission wavelengths
creativecommons.org/licenses /by / across all visible regions [11-13]. It can be widely used in the field of flexible photoelectric
40/). displays.
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Nevertheless, the intrinsic ionic nature of inorganic perovskites and low formation
energy (=0.1-0.3 eV) make the crystal structure of perovskite materials very sensitive to
moisture, polar solvents and air [14,15]. It is unavoidable that perovskite crystals remain
unsatisfactory in terms of stability [15,16]. Disperse nanocrystals in different protective
matrices can improve stability [17]. To protect perovskites from water and air, mesoporous
inorganic materials (such as SiO;, TiO, and Al,O3) have been reported to form core-shell
nanocomposites [18,19]. Mesoporous structures, on the other hand, expose these materials
to ambient air [20]. In recent years, coating technologies have been developed to passivate
nanocrystals (NCs) using compact polymer matrixes, enabling them to be more chemically
stable, particularly by confining them in 1D polymer nanofibers through EHD printing tech-
nology [21,22]. EHD printing technology is capable of the large-scale deposition of highly
oriented nanofibers on rigid or pliable, flat or bent substrates with real-time regulation and
single control. Therefore, it has considerable potential in the fabrication of pliable electronic
devices for one-dimensional ordered light-emitting fibers [23]. Taking the presynthesized
PQDs as the support, the nano-crystal was incorporated into the polymethylmethacrylate
(PMMA) fiber matrix using uniaxial technology and an ultra-sensitive sensor was con-
structed [24]. A uniform polymer matrix can embed luminescent perovskite nanoparticles
(NPs) with appreciable stretchability. In order to demonstrate this fundamental principle,
stretchable and luminescent perovskite nanofibers have been developed [25]. On the one
hand, perovskite NPs can be grown in polymer templates (or matrices) by taking advantage
of their chemical interactions [26,27]; on the other hand, the electrospinning technique
imparts a uniform distribution of perovskite nanoparticles through fabricated nanofibers,
as demonstrated in our recent work [28-33].

We successfully prepared uniformly luminescent PCL@CsPbBr3 composite fibers
using the EHD printing technique and demonstrated that PQDs still have bright green
luminescence and water stability under the encapsulation of PCL polymer. It remains a
significant challenge, however, to achieve multicolor quantum dot composite nanofiber
flexible display screens. Therefore, we propose the preparation of hybrid inorganic-based
stretchable green light-producing nanofibers in which an organic light-producing polymer
serves as the shell. It is also necessary to develop innovative methods for tuning the
emission color of nanofiber-integrated flexible display devices. By preparing stable and
elastic light-emitting nanofibers and integrating such nanofibers into flexible and wearable
light-emitting devices, our work provides an effective method for achieving the desired
emission color.

2. Materials and Methods
2.1. Materials

Oleic acid (OA, AR), oleylamine (OAm, 80%-90%), 1-octadecene (ODE, 90%), cesium
carbonate (CspCO3, 99.99%) and lead bromide (PbBry, 99.9%) were purchased from Al-
addin (Shanghai, China). n-hexane (AR) was obtained from Sinopharm Chemical Reagent
(Shanghai, China). All chemicals were used directly without any further purification.

2.2. Methods
2.2.1. Synthesis of Cs-Oleate

In a 100 mL round-bottom flask, Cs,COj3 (0.05 g), OA (0.5 mL) and ODE (10 mL) were
mixed. To completely remove moisture and oxygen, the mixture was heated at 110 °C for
1 h under a vacuum. Following this, all Cs,COj3 reacted with OA under N, atmosphere at
120 °C until Cs-oleate was formed.

2.2.2. Synthesis of CsPbBrz PQDs

The synthesis method of CsPbBr3 PQDs is similar to the approach of MC Jiang [34]
et al. Several minor modifications were made. We prepared a 250 mL three-necked round-
bottomed flask, added 10 mL ODE and 0.2 mmol PbBr; and dried them under a vacuum
of 110 °C and 133 Pa for 1 h, N, was used to purge the flask and then OA and OAm were
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injected into it at 70 °C after they were preheated. PbBr; and OA and OAm were heated
to 120 °C until completely reacted. Once the temperature reached 150 °C, Pb-oleate was
rapidly injected with the Cs-oleate precursor (0.8 mL). The solution was maintained at
150 °C for several seconds to allow the growth of the PQDs. The solution was cooled by
soaking the flask in a cold-water bath.

2.2.3. Purification

In order to precipitate the CsPbBrz PQDs, the sample was spun for five minutes at
6000 rpm. Vortexing hexane (1.5 mL) with the precipitate made the colored supernatant
be discarded. Five minutes were spent centrifuging the solution at 6000 rpm. To remove
agglomerations, excess Cs-oleate and larger PQDs, the PQDs were dispersed in hexane
(1 mL) and centrifuged for two minutes at 10,000 rpm. CsPbBrz PQDs were dispersed
colloidally in hexane after the precipitate was collected and redispersed.

2.2.4. Synthesis of PCL@CsPbBr;

The PCL@CsPbBr3 composite was prepared as follows. Take 1 g of polycaprolactone
and 1 mL of toluene in a 25 mL small beaker, heat and stir at 80 °C for 30 min and then let
it stand at room temperature. Take 1 mL of CsPbBrs PQDs that have just been centrifuged
and scattered, add this to the melted PCL and stir at room temperature for five minutes to
form a stable and transparent yellow PCL@CsPbBr3 solution.

2.2.5. Preparation of Composite Fiber

Composite fibers were prepared using a built-up EHD printing device. As shown
in Figure 1a, the spinning raw material was injected into a syringe with a needle and the
voltage was adjusted to 1.25 kV, the distance between the needle and the collection plate
was 2 mm, the heating temperature was 95 °C and the air pressure was 0.2 KPa. The Taylor
cone is an important criterion for fiber molding and the appearance of a Taylor cone at the
needle (Figure 1b) was observed in a high-resolution camera, followed by the formation of
fine, controllable fiber deposits at the needle under the action of voltage. Set the platform
movement speed to 5 mm/s, 10 mm/s and 15 mm/s for printing trajectory. Ordered
deposition and stacking of fibers were observed in the camera (Figure 1c) and emitted
high-brightness green light by illuminating the grid with an ultraviolet lamp (Figure 1d).

2.2.6. High-Resolution Pattern Printing

Composite fibers with a diameter of 10 um were successfully prepared by EHD
printing technology and high-resolution patterns were successfully printed by motion
trajectory control. This is shown in Figure 2; we first realized the simple pattern printing
(a, b) of straight-line connection through trajectory control, then we tried to print the
pattern under the complex path (c) by designing the corresponding curve, polyline and
other trajectories, and the printed pattern emits high-brightness green light (d, e, f) under
ultraviolet light.

2.2.7. Flexible Display Applications

In order to better display the mechanical properties and photoluminescence charac-
teristics of fibers, we stacked 15 layers of fibers, used polydimethylsiloxane (PDMS) as
a flexible substrate to transfer and package the optical fibers and successfully obtained
a flexible display device based on QDs luminescent fiber. As shown in Figure 3, PDMS
was used as a flexible substrate to encapsulate light-emitting fibers. The composite fiber
collection plate was placed on a plane (a) and the prepolymer and crosslinker of PDMS
(SYLGARD 184) were fully mixed with a mass ratio of 10:1 to prepare liquid PDMS. The
liquid PDMS was then poured onto the glass collection plate (b) until the liquid PDMS
had completely passed the sample. The entire sample was placed in a vacuum drying
oven and kept warm at 50 °C for 60 min to allow the PDMS to be completely cured. The
solidified PDMS and the fiber sample were removed from the glass plate together (c) and
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the resulting composite was placed in reverse and pouring was repeated to obtain the
encapsulation of the PDMS and the fiber sample (f). PDMS had a good transparency effect
(g) and the light-emitting fibers were stably embedded in the PDMS substrate (h, i).
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Figure 1. (a) Schematic diagram of EHD printing technology, (b) Taylor cone under a high-resolution
camera, (c) fiber image under a high-resolution camera, (d) ultraviolet light irradiates composite
fibers under a high-resolution camera.

2.2.8. Analytical Methods

The X-ray diffraction (XRD) diagram was recorded on the D8 Advance X-ray diffrac-
tometer (Bruker AXS, Karlsruhe, Germany) with a voltage of 40 kV, current of 30 mA and
copper radiation. The sample was scanned at room temperature at a scanning speed of 4
°/min within the scanning angle range of 10 to 70°.

TEM images were obtained using high-resolution transmission electron microscopy
(HR-TEM, FEI Tecnai20, Hitachi, Tokyo, Japan). The lattice constant was determined from
the HR-TEM images using GATAN software DigitalMicrograph 3.5.
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Figure 2. (a—c) Printed high-resolution patterns (stack 15 layers of fibers). (d—f) Pattern printed under
ultraviolet light (stack 15 layers of fibers).

(a) (b) (c)
(d) (e) (f)
=
(g) (h) (i)

Figure 3. (a—f) shows the process flow of composite fiber flexible packaging. (g) shows the flexible
PDMS. (h,i) Fiber flexible display under ultraviolet light after transfer printing.

The absorption spectra were obtained using a UV-Vis spectrophotometer (Varian,
Cary 50, Shimadzu, Kyoto, Japan).

PL excitation and emission spectra were measured using a steady-state spectrofluo-
rometer (PTI, Quanta Master, Horiba, Kyoto, Japan) with an excitation wavelength of 360
nm.
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The fluorescence spectrum was measured with an FLS 980 spectrophotometer (Jobin
Yvon, Austin, TX, USA) and the slit width was 0.5 nm. The fluorescence life was measured
with an FLS 980 spectrophotometer.

In order to observe the distribution of quantum dot (QD) luminescent materials in the
fiber-forming polymer matrix, SEM (TM3030, Hitachi, Shanghai, China) images were used
to observe the microscopic morphology of perovskite quantum dot luminescent materials
and the transverse and longitudinal structures of luminescent fibers at 20 kV accelerating
voltage. All samples were dried and coated with gold before scanning.

Under standard atmospheric conditions, use a CMT2502 fiber electronic tensile testing
machine (SSTJ, Zhuhai, China, clamping length: 6 mm, tensile speed: 5 mm/min, sample
size: 0.5 mm X 0.12 mm) to test the breaking strength and elongation of the sample.

3. Results and Discussion
3.1. XRD Phase Analysis

In order to characterize the structural crystal forms of the materials, Figure 4 shows the
XRD spectra of CsPbBr3, polymer PCL and PCL@CsPbBrz composites. Typical characteristic
peaks of PCL appear at 26 = 21.6° and 23.8°, which corresponds to (110) and (200) crystal
planes [35]. It can be clearly seen that the prepared CsPbBr; has peaks at 15.2°, 22.1°,
26.4°,30.5°,34.3°, 38.2°,43.7°, 46.4°, 49.4°, 54.3° and 59.1°, which correspond to (100), (110),
(111), (200), (210), (211), (220), (300), (310), (222) and (321) crystal planes. It was basically
the same as the standard card consistent (PDF#04-005-6613). They all show sharp peaks,
meaning that the PQDs have good crystallinity. We obtained a consistent result with our
TEM results. Further, it can be observed that PCL has two distinct main characteristic
peaks located at 23.3° and 24.1°. These two peaks also appear in the composite material
we prepared, corresponding to CsPbBrz and PCL, respectively, which proves that we
successfully prepared PCL@CsPbBr; composite material.
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Figure 4. XRD of PCL, CsPbBr; and PCL@CsPbBr3.

3.2. TEM Morphological Analysis

The TEM images shown in Figure 5a indicate that CsPbBrz has a good cubic morphol-
ogy and monodisperse distribution. From Figure 5b, we can see that the size distribution of
the prepared PQDs CsPbBrj is around 11.5 nm. A high-resolution TEM (HRTEM) image of
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CsPbBrs NCs, as shown in Figure 5¢, shows clear lattice fringes indicating good crystallinity
of these NCs. More importantly, it shows the lattice spacing is about 5.874 A nm in the
(211) direction, which is consistent with the XRD standard card. The PQDs with good
dispersion are beneficial to the distribution in the composite material, making the emitted
monochromatic light pure. Figure 5d,e are the HRTEM images of the CsPbBrz nanostruc-
tures synthesized. It can be observed that CsPbBrs nanostructures are arranged neatly
in a non-polar solvent and most of them appear as cube-shaped CsPbBrz nanocrystals.
As shown in Figure 5f-i, energy dispersive x-ray spectroscopy (EDX) was performed for
typical CsPbBr3 PQDs. The elements Cs, Pb and Br were identified in CsPbBr; PQDs. The
three target elements were evenly distributed throughout the selection region, indicating a
successful synthesis of CsPbBrz PQDs.

91011121314151ﬁ
Size (mm)

20nm S50nm 50nm

Figure 5. (a,d,e) TEM and (c) HRTEM images of CsPbBr3, (b) Histogram of CsPbBrj particle diameter
(f-i) The EDX image and elemental mappings of Br, Cs and Pb elements in the CsPbBrs.

3.3. Optical and Surface Performance Analysis

To study the CsPbBr3 and PCL@CsPbBr; optical properties of composite fibers, we
conducted PL and UV-Vis tests. As seen in Figure 6a, they showed significant differences
under the irradiation of a 365 nm ultraviolet lamp. It is worth noting that the CsPbBrs
and PCL@CsPbBrj fluorescence emission peaks are 525 nm and 528 nm. Compared to
pure CsPbBr; NCs (emission peak centered at 525 nm, Figure 6a), a 3 nm red shift occurs
due to the presence of the polymer. In any case, the difference in the PL peak wavelength
is significantly smaller than the one observed in the exciton absorbance. On the other
hand, the shape of the emission bands of the nanocomposites is similar to that of CsPbBrs
in solution. This fact indicates that the NCs embedded in the polymer matrix are well-
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Intensity (a.u.)

(c)

dispersed with no aggregation [36]. In addition, Figure 6b shows that the CsPbBrz and
PCL@CsPbBr3 UV absorption peaks are 502 nm and 503 nm, respectively. In order to clarify
the luminescence range and wetting effect of the composite material PCL@CsPbBr3, we
tested its contact angle. As shown in Figure 6¢,d, we measured the contact angle several
times and made statistics. The average contact angle between the droplet of PCL@CsPbBr3
and the glass substrate is 106.9°, which indicates that the composite material we prepared
has hydrophobic properties.
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Figure 6. (a) The PL of PCL, CsPbBr; and PCL@CsPbBr;. (b) UV-Vis of PCL, CsPbBr; and
PCL@CsPbBr3. (c) Contact angle test of PCL@CsPbBr;. (d) Contact angle measurement data statistics

(six times).

3.4. Water Stability Test

To study CsPbBr; and PCL@CsPbBr; water stability, as shown in Figure 7a, 3 mL
CsPbBr3 QDs were placed in a glass bottle filled with 10 mL of water for 1 h. It can be
clearly seen that the color brightness of the bright green PQDs composite decreases after
1 h in water. The PL in Figure 7b shows that the fluorescence intensity decreases by 50%
after 24 h and the QDs fluorescence intensity is close to 0. However, as shown in Figure 7c,
3 mL PCL@CsPbBr3 was put in a glass bottle containing 10 mL water for 24 h, after which
it was obvious that the color brightness of the bright green PQDs composite decreased
slowly after 24 h in water. It can be seen from Figure 7d that the PCL@CsPbBrj3 fluorescence
intensity decreases by only 30%. Therefore, PCL@CsPbBrj3 is more stable than CsPbBr3
QDs. This is because of the dense shell of the polymer, which can prevent moisture from
entering and damaging the QDs structure for a long time [37].
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Figure 7. CsPbBr3 QDs and PCL@CsPbBr; water stability test. (a) CsPbBrs QDs were put in water.
(b) The PL of CsPbBr3 QDs put in water for 0 h, 1 h and 24 h. (c) PCL@CsPbBr; were put in water. (d)
The PL of PCL@CsPbBrj; put in water for 0 h, 12 h and 24 h.

3.5. Structure and Morphology Analysis of PCL@CsPbBr3 Composite Fiber

Figure 8a—c are the images of composite luminous fibers under a scanning electron
microscope (SEM) at different platform speeds. It can be seen from Figure 8 that the
luminous fibers prepared based on the EHD printing technology of the current have good
morphology, high length—diameter ratio, good dispersion, uniform size distribution, a
smooth surface, an orderly arrangement and grid-like alternating stacking. Figure 8d—f
show that the fiber diameter decreases with the increase of platform motion speed. When
the moving speed is 5 mm/s, the fiber diameter is 11~15 um; when the speed is 10 mm/s,
the average diameter of the optical fiber is 8~11 pm; when the speed is 15 mm/s, the
average diameter of the optical fiber is 1~7 um and there are obvious discontinuities and
uneven diameter distribution. By comparing the average diameter (AD) and the standard
deviation (SD), the optimal speed for fiber molding is determined to be 10 mm/s.

3.6. Mechanical Properties Analysis

Figure 9 shows the stress—strain curve of PCL@CsPbBr3 composite fibers (fibers
stacked with 10 layers). It can be seen from the figure that the tensile strength of the
PCL@CsPbBr; composite fiber is 8.91 MPa and the elongation at break is about 153%. As a
result, the PCL@CsPbBr3 composite fiber has high plasticity and toughness. This excellent
mechanical property is suitable for bending, stretching, extrusion and other applications in
flexible display devices.
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Figure 8. (a,b,c) are SEM images of fibers at platform speeds of 5 mm/s, 10 mm/s and 15 mm/s.
(d,e,f) are statistical diagrams of fiber diameter distribution at corresponding speeds.
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Figure 9. PCL@CsPbBrj3 stress—strain diagram of fiber (10 layers stacked).
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4. Conclusions

We have successfully prepared PCL@CsPbBr; composite fibers using EHD printing
technology. By comparing and analyzing the fiber morphology at three different speeds, 10
mm/s was determined to be the optimal traction speed, which improves the preparation
success rate and fiber quality. The crystal structure of CsPbBrj distributed in the optical
fiber dimension was analyzed by XRD and TEM. It was not affected by the polymer matrix
or manufacturing process, which ensured excellent luminescence performance. The PL
test shows that the prepared samples show an obvious green emission peak at 528 nm
in response to 365 nm UV light, which showed good luminescence characteristics. The
contact angle tests showed that PCL polymers adhere to the surface of CsPbBrz and have
strong hydrophobic properties. The tensile test showed that composite fibers have high
tensile strength and tensile deformation; we also proved that PQDs still have bright green
luminescence and water stability under the encapsulation of PCL polymer. Due to their
excellent mechanical properties, orderly deposition and ease of patterning, composite fibers
are likely to be used in flexible displays, anti-counterfeit products and photoelectric sensors.
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