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Abstract
In this paper, properties of electrospun polyvinylpyrrolidone-cesium lead iodide (CsPbI3) nanofibers have been optimized 
by controlling the solution concentration. The diameter of nanofibers was found to enlarge from 215 to 558 nm with increas-
ing polymer concentration and to decrease from 481 to 228 nm with reducing total material concentration. The solution 
concentration was employed to alter the polymer structural confinement and organic-free perovskite stability to obtain 
maximum perovskite crystallinity and improved optical properties at a polymer to perovskite ratio of 15% and a material 
concentration of 43%. The results showed that with an increase in polymer concentration or a decrease in material concentra-
tion, the shrinkage ratio increases in the range of 13–20%, and higher tensile properties are achieved with strain of 2.5–3.5% 
and tensile strength of 1.4–1.9 MPa. The added perovskite significantly reduces the shrinkage ratio, which increases from 
12–14% to 28–31% by decreasing perovskite concentration from 45 to 35%. Defects related to shrinkage can be eliminated 
by enhancing the nanofibers' adherence to the substrate, using substrates with a higher Young's modulus than the nanofibers, 
and reducing the thickness of the nanofibers. The resulting nanofibers showed high thermal stability with a weight loss of 
1.8% to 3.6% at a temperature of 200 °C.

Keywords  Polymer · Perovskite · Nanofibers · Concentration · Diameter · Properties

Introduction

Recently, electrospun polymer–perovskite nanofibers have 
become a popular area of research to fabricate diverse opto-
electronic devices owing to their low cost and unique proper-
ties [1–4]. The generally utilized method for fabricating these 
nanofibers is the one-stage electrospinning method, which is 
fast, simple, and inexpensive [2, 5–7]. To increase the optoelec-
tronic device performance, improving the nanofibers properties 
is considered crucial [2, 5, 6]. Their properties can be influenced 
by several factors, related to the setup of the electrospinning 
process [5, 8, 9], the environment [10], and the solution, i.e., the 
perovskite [7, 11, 12] and polymer [2, 5–7, 11] used and their 
concentration. The electrospinning setup (e.g., electrical voltage 
and collector type) can impact the orientation, tensile properties 
of nanofibers, and perovskite crystallinity [5, 8, 9]. The environ-
mental conditions (i.e., temperature and humidity) can control 
the rate of solvent evaporation and affect the arrangement of the 
intermediate phase [10]. The type of perovskite (e.g., CsPbI3 or 
MAPbI3) can influence annealing conditions, perovskite crystal-
linity, optical properties, and thermal stability [3, 7, 11, 12]. The 
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type of polymer, e.g., polyvinylpyrrolidone (PVP), polyacry-
lonitrile (PAN), or polyvinyl alcohol (PVA), can determine the 
thermal behavior and tensile properties of nanofibers [5, 7, 9, 
11]. After electrospinning, the polymer can form an intermediate 
phase with perovskite precursors, promoting perovskite nuclea-
tion, which is further stabilized by the polymer after annealing 
[5, 6, 9, 13]. Changes in the solution concentration (i.e., polymer 
or perovskite concentration) can highly influence the nanofib-
ers average diameter and therefore change the diameter-related 
properties [5, 6, 14]. Some studies have explored the impact of 
electrospinning solution concentration on the properties of one-
stage electrospun polymer-MaPbI3 nanofibers. Li et al. [7] and 
Meng et al. [11] studied influence of perovskite concentration 
on properties of MAPbI3:PAN and MAPbX3:PVA nanofibers, 
respectively. They discovered that increasing perovskite concen-
tration makes the surface of nanofibers rougher, and the average 
diameter with well-dispersed perovskite nanocrystals increases. 
The crystallinity of perovskite and optical properties improve 
with increasing perovskite concentration. Bohr et al. [6] inves-
tigated the impact of the PVP/MAPbI3 ratio on the morphology 
and crystallinity of nanofibers. They found that the nanofibers 
average diameter increases and perovskite crystallinity dimin-
ishes with increasing the polymer concentration. Chen et al. [14] 
considered the impact of PVP content on the morphology of 
nanofibers and the distribution regions of MAPbI3 nanocrystals 
within the nanofiber structure. The results showed that at low 
polymer concentrations, the nanocrystals are located near the 
center and surface of the nanofibers. An increase in polymer 
concentration causes the surface of the nanofibers to become 
smoother, and nanocrystals are observed only in their core. 
Prior studies have lacked data on the shrinkage ratio and tensile 
properties. Furthermore, polymer-MAPbI3 nanofibers have a 
low operating temperature due to the low phase transition tem-
perature (54–57 °C) of MAPbI3 used. Whereas the operating 
temperature of solar conversion devices is higher, for example, 
it is ~80 °C for solar cells [6, 15, 16]. Organic-free CsPbI3 per-
ovskite is considered an optimal alternative to MAPbI3 because 
of its high thermal stability, the wide light absorption spectrum 
up to 700 nm, and the long diffusion length of charge carri-
ers [17–20]. However, preparation of nanofibers modified with 
CsPbI3 nanocrystals is considered a major challenge due to the 
required high annealing temperature (> 300 °C) [21, 22] and 
the low solubility of CsI [23, 24]. Polymers should have suf-
ficient thermal stability and chemical compatibility with per-
ovskite precursors. In our previous works [5, 9], organic-free 
CsPbI3 nanocrystals-modified PVP nanofibers were success-
fully obtained, and the effect of setup parameters on their prop-
erties was determined. In this paper, for the first time, the effect 
of solution concentration on the properties (i.e., morphology, 
crystallinity, optical properties, shrinkage ratio, tensile proper-
ties, and thermal stability) of PVP:CsPbI3 nanofibers fabricated 
by a one-stage electrospinning method was studied. The poly-
mer concentration was changed from 7.5% to 15%, and then the 

concentration of total material (i.e., perovskite and polymer) was 
decreased from 49 to 38% to find the optimal solution concen-
tration that leads to the fabrication of high-quality nanofibers.

Materials and methods

The study's methodology and materials are similar to those 
utilized in our prior publications [5, 9].

Materials

99.5% pure lead (II) iodide (PbI2) and 99.9% pure cesium 
iodide (CsI) were received from Chemcraft in Russia. Addi-
tionally, Sigma-Aldrich in Germany provided anhydrous 
dimethylformamide (DMF) with 99.8% purity and PVP with 
a molecular weight of ~1,300,000.

Preparation methods

Electrospinning solutions

To make the PVP solution, the polymer was dissolved in DMF 
for 5 min at 300 rpm using magnetic stirring. Then, perovs-
kite precursors CsI and PbI2 were added to the PVP solution 
in a molar ratio of 1:1. (Fig. 1a). The polymer concentration 
was changed from 7.5% to 15% (polymer to perovskite ratio: 
9–18%), and then the concentration of total material was 
changed from 49 to 38% (polymer to perovskite ratio: 15%) 
(Fig. 1b). To achieve homogeneity, the solutions were stirred 
at 600 rpm for 60 min at 27 °C and 21% humidity.

Electrospun nanofibers

Nanofibers were fabricated using a one-stage electrospin-
ning process and subsequently annealed in a laboratory oven 
for five minutes at 200 °C. Figure 1a depicts this procedure. 
The electrospinning solution, which was put into a 5 mL 
syringe, was processed using a Nanon 01A electrospinning 
machine. Under ambient conditions, nanofibers were col-
lected using both planar and rotational collectors. 

Cleaning substrates

The cleaning process of the substrates involved immersing 
them in an ultrasonic bath (UZV7/100-TH) at a temperature 
of 40 °C and a frequency of 22 kHz. Cleaning solutions 
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such as water, acetone, and isopropanol were used, with each 
solution taking 25 min to clean. Following the cleaning pro-
cess, the substrates were dried at a temperature of 200 °C for 
two hours in an oven.

Characterization methods

Morphology of nanofibers

First, nanofibers were prepared using the following elec-
trospinning setup parameters: a voltage of 20 kV, a dis-
tance of 150 mm, a needle diameter of 0.42 mm, and a feed 
rate of 0.1 ml/h with a planar collector. Then, scanning 

electron microscopy (SEM) images were acquired to 
describe the appearance of nanofibers and determine the 
average diameter using Image J software. The latter was 
found by measuring ~400 nanofibers from eight distinct 
places and averaging them.

Crystallinity

The nanofibrillar samples were fabricated utilizing the 
following electrospinning setup parameters: a voltage 
of 20 kV, a distance of 150 mm, a needle diameter of  
0.42 mm, a feed rate of 0.1 ml/h, and a planar collec-
tor. X-ray diffraction (XRD) and differential scanning 

Fig. 1   Experimental steps: a from electrospinning solution to annealed nanofibers; b electrospinning solution concentration variation
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calorimetry (DSC) were used to determine the crystal-
linity of samples. A DRON-8 X-ray device outfitted with 
a NaI (Tl) scintillation detector and a β–filter (Ni) was 
used to obtain XRD patterns. Meanwhile, DSC experi-
ments were conducted in a nitrogen environment using a 
DSC 204 NETZSCH equipment with a 50 mL/min flow 
rate, a temperature range of 25–350 °C, and a heating rate 
of 10 K/min. The average of the three tests performed on  
each sample yielded the findings. 

Optical properties

The nanofibrillar samples were prepared utilizing the fol-
lowing electrospinning setup parameters: a voltage of 20 kV,  
a distance of 150 mm, a needle diameter of 0.42 mm, a feed 
rate of 0.1 ml/h, and a planar collector. The optical prop-
erties were explored using spectra of light absorption and 
photoluminescence (PL). To acquire the light absorption  
spectra, a spectrometer system comprised of a photonic 
multichannel analyzer (PMA–12, Hamamatsu) and an inte-
grating sphere (Everfine, 0.5 m) with a multi-photometer 
(Photo-2000Z) was employed. The PL spectra were recorded 
using an Agilent Cary Eclipse spectrofluorometer.

The shrinkage ratio

Electrospinning was used to prepare ten strips of nanofibers for 
each solution concentration using the following setup param-
eters: a voltage of 20 kV, a distance of 150 mm, a needle diam-
eter of 0.72 mm, and a feed rate of 0.3 ml/h. The nanofibers 
were collected using a rotating collector at a speed of 500 rpm, 
and each strip was 10 cm long and 1 cm wide. Samples were cut 
in the both directions of the rotary collector (i.e., longitudinal 
(LD) and transverse (TD) directions). To calculate the ratio of 
shrinkage, the lengths of samples were measured before and 
after annealing. The shrinkage ratio was estimated by dividing 
the change in the length after annealing by the starting length 
before annealing and obtaining an average value. 

Tensile properties

Electrospinning was used to prepare ten strips of nanofib-
ers using the following parameters: a voltage of 20 kV, a 
distance of 150 mm, a needle diameter of 0.72 mm, and a 
feed rate of 0.3 ml/h. The nanofibers were collected using 
a rotating collector at a speed of 500 rpm, and each strip 
was 10 cm long and 1 cm wide. Samples were cut in the 
both directions of the rotary collector (longitudinal (LD) 
and transverse (TD) directions). An Instron 5943 was used 
at room temperature to determine the tensile properties of 
nanofibers. The test speed was set to one millimeter per min-
ute, and the average results were calculated from 5 samples.

Thermal stability

The nanofibers were prepared at the following electrospin-
ning parameters: a voltage of 20 kV, a distance of 150 mm, 
a needle diameter of 0.42 mm, a feed rate of 0.1 ml/h, and a 
planar collector. To analyze the thermal stability of nanofib-
ers, thermogravimetric analysis (TGA) was conducted using 
a TG 209 F1 Libra instrument from NETZSCH. The analysis 
was performed under a nitrogen atmosphere with a 50 mL/
min flow rate, and the temperature range was set from 25 °C 
to 475 °C with a heating rate of 10 K/min.

Results and discussion

Morphology of nanofibers

The impact of solution concentration on the annealed 
nanofibers morphology was studied using SEM images. 
The fabrication parameters of samples 1–6 are listed in 
Table  1. Figure  2 demonstrates how the appearance of 
nanofibers changes with solution concentration. SEM 
images are accompanied by illustrations that show the 

Table 1   Fabrication parameters 
of samples 1–6

Sample
Number

Polymer in 
DMF, w%

Perovskite in
DMF, w%

Material in 
DMF, w%

Polymer to 
perovskite ratio, 
w%

Average 
diameter, 
nm

1 7.5 45.0 47.4–49.9 9.0 215 ± 70 
2 10.0 11.9 353 ± 100 
3 12.5 14.8 481 ± 122 
4 15.0 17.7 558 ± 160 
3 (ref.) 12.5–8.4 45.0 49.0 14.8 481 ± 122 
5 39.1 43.0 329 ± 70
6 34.6 38.3 228 ± 51 
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nanofibers structure. Nanofibers with PVP concentrations 
of 7.5% to 10% have a core nanofibrillar structure decorated 
with nanowires. At a PVP concentration of 12.5–15%, the 
nanofibers have a main nanofibrillar structure covered with 
small, fluffy–like nanowires. No changes are observed in the 
original structure of the nanofibers with changes in material 

concentration. Some split nanofibers are visible in Fig. 2a, 
which is attributed to the annealing process and the high 
proportion of perovskite into nanofibers, making them less 
flexible [9]. Table 1 presents the average diameter values of 
nanofibers after annealing with different solution concentra-
tions. The average diameter increases from 251 to 571 nm as 

Fig. 2   Morphology of annealed nanofibers: a sample 1; b sample 2; c sample 3; d sample 4; e sample 5; f sample 6. A schematic illustration of 
the nanofibrillar structure: g samples (1–2); h samples (3–6)
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the concentration of PVP increases from 7.5% to 15%. On 
the other hand, when the concentration of the total material 
is decreased from 49 to 38%, the average diameter decreases 
from 571 to 228 nm. The uniformity in the diameter worsens 
with increasing polymer concentration, while it improves 
with a decrease in material concentration.

Crystallinity

XRD and DSC were used to investigate the crystallin-
ity. The XRD results, shown in Fig. 3a, confirm the PVP 
amorphous nature. The peaks at 14°, 20°, and 29° dem-
onstrate the formation of perovskite crystals into polymer 
nanofibers, and the increase in their intensity indicates 
an improvement in the crystallinity (crystal size) [5, 9, 
25]. After electrospinning, a complex (i.e., an intermediate 
phase) is formed between PVP and perovskite precursors, 

lowering the annealing temperature necessary to obtain 
crystalline CsPbI3 [5, 9, 25, 26]. XRD patterns show that 
the crystallinity of perovskite increases with an increase 
in PVP concentration from 7.5% to 12.5%, then decreases 
when PVP concentration reaches 15%. These findings can 
be explained by the dual effect of the polymer: stability 
and confinement effects. The perovskite crystals stability 
at room temperature improves with increasing polymer 
concentration; thus, XRD shows an increase in the crystal-
linity. However, at a high polymer concentration (15%), 
PVP into nanofibers limits the growth of crystals due to 
the confinement effect and the reduced mobility of per-
ovskite precursors [6, 14]. Thus, as material concentration 
decreases while maintaining the polymer to perovskite 
ratio at 15%, the crystallinity of perovskite increases at 
43% material concentration, then decreases slightly with 
a further decrease in material concentration. The decrease 
in material concentration reduces the confinement effect 

a b

c d

Fig. 3   Crystallinity results. a XRD patterns of samples (1–6); b DSC diagrams (heating cycles) of samples (1–6); c DSC diagrams (cooling 
cycles) of samples (1–6); d DSC diagrams of PVP powder and PVP nanofibers
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of the polymer and increases the mobility of perovskite 
precursors, allowing larger crystals to form. However, 
a high decrease in material concentration can lower the 
stability of crystals at room temperature due to the high 
decrease in the nanofibers average diameter [5, 9], and 
thus, XRD indicates a decrease in the crystallinity. The 
crystallinity was further explored using DSC analysis, 
which confirmed the previous XRD results. The results 
are displayed in Fig. 3b–d, Tables 2 and 3. The DSC analy-
sis reveals an endothermic peak around the temperature 
of 61 °C, which is related to dehydration. Another endo-
thermic peak around the temperature of 140 °C could be 
associated with the formation of the perovskite crystal-
line phase, the reorganization of an intermediate phase, 
and/or the full evaporation of solvent residues [9]. The 
endothermic peak around the temperature of 185 °C is 
related to the glass transition of PVP [9]. The results 
showed that the polymer is amorphous, and the polymer 
Tg in the composite nanofibers is lower compared to PVP 
powder or PVP nanofibers due to the presence of perovs-
kite, which increases the free volume between polymer 
chains. However, with an increase in polymer concentra-
tion, Tg increases. A small increase in Tg is observed by 
decreasing material concentration. The endothermic peak 
observed around the temperature of 323 °C is related to 

the formation of cubic α–CsPbI3 [5, 9, 25, 26]. This pro-
cess involves the formation of perovskite nanocrystals at 
a temperature of 115–129 °C, which gradually increase 
in size as the temperature is raised to 313–323 °C [9, 
25, 26]. α–CsPbI3 is a cubic black phase perovskite that 
can only be formed through annealing at a temperature 
above 300 °C. As the temperature decreases, this struc-
ture changes to the tetragonal black phase (β–CsPbI3)  
at 260 °C, the orthorhombic black phase (γ–CsPbI3) at 
175 °C, and finally to the orthorhombic yellow phase 
(δ–CsPbI3) at room temperature. The presence of PVP 
stabilizes the crystalline perovskite at room conditions 
[5, 6, 9, 13, 25, 26]. The exothermic peaks at 269 °C and 
184 °C are likely due to the transitions from α to β and 
β to γ, respectively. The results of heating cycles show 
that as the concentration of polymer increases from 7.5% 
to 15%, the crystallinity of α–CsPbI3 decreases from 
84.4% to 24.0% (samples 1–4), and its stability at room 
temperature increases, as indicated by the cooling cycle. 
Although the highest crystallinity is observed at low poly-
mer ratios (7.5% and 10%), high perovskite degradation 
occurs at 238 °C. Thus, XRD shows low crystallinity at 
low polymer concentrations at room temperature. Sam-
ples 3 and 4 exhibit high room temperature stability, with 
sample 3 having a higher perovskite crystallinity of 45.0% 

Table 2   DSC results (heating 
cycles)

*Crystallinity, % = ΔH3 × 100/ΔHf, ΔHf =19.56 J/g [27]

Perovskite phase
transition

Polymer– glass
transition

α–CsPbI3 formation

T1, °C
(midpoint)

T2, °C
(midpoint)

T3, °C
(peak center)

ΔH3, J/g *Crystallinity, %

PVP powder – 179.9 ± 0.2 – – –
PVP nanofibers – 175.5 ± 0.5 – – –
1 115.7 ± 4 – 316.3 ± 1.3 16.5 ± 1.3 84.4 ± 6.6
2 111.5 ± 1.5 – 314.5 ± 0.1

319.1 ± 0.2
16.4 ± 1.1 83.8 ± 5.6

3 121.0 ± 2.9 174.1 ± 1.6 314.4 ± 0.5 8.8 ± 2.6 45.0 ± 13.3
4 123.4 ± 1.1 179.7 ± 1.6 313.4 ± 0.8 4.7 ± 2.2 24.0 ± 11.2
5 129.1 ± 2.8 174.3 ± 0.2 322.3 ± 0.5 16.4 ± 0.1 83.8 ± 0.5
6 124.3 ± 3.8 175.1 ± 0.4 322.9 ± 0.3 15.4 ± 0.3 78.7 ± 1.5

Table 3   DSC results (cooling 
cycles)

T4, °C
(midpoint)

ΔH4, J/g T5, °C
(peak center)

ΔH5, J/g T6, °C
(peak center)

ΔH6, J/g

1 270.2 ± 0.1 0.3 238.1 ± 2.8 16.4 ± 1.5 – –
2 269.8 ± 0.1 0.3 240.1 ± 3.9 16.2 ± 0.2 – –
3 268.2 ± 0.1 0.3 – – 184.0 ± 0.5 0.2
4 269.2 ± 0.1 0.2 – – 184.1 ± 0.6 0.2
5 271.0 ± 0.1 0.3 – – 184.0 ± 0.1 0.2
6 270.8 ± 0.2

268.2 ± 0.1
0.3 – – 183.7 ± 0.7 0.5



	 Journal of Polymer Research (2023) 30:203

1 3

203  Page 8 of 14

compared to 24.0% in sample 4. Thus, XRD shows the 
best crystallinity for sample 3. As material concentra-
tion decreases, the crystallinity of perovskite increases 
from 45.0% at 49% material concentration to 83.8% at 
43% material concentration and then slightly decreases to 
78.7% at 38% material concentration. Figure 4 presents a 
schematic illustration that shows the difference in CsPbI3 
crystallinity at 200 °C and room temperature according 
to XRD and DSC results. A compromise between perovs-
kite crystal size and stability is achieved at a polymer to 
perovskite ratio of 15% and a material concentration of 
43% (sample 5).

Optical properties of nanofibers

The impact of solution concentration on the nanofibers optical 
properties was evaluated by recording light absorption and PL 
spectra. Figure 5a presents light absorption spectra of samples 

1 to 6. Table 4 and Fig. S1 give the bandgap values of the sam-
ples. The light absorption spectrum covers most of the visible 
light region. Light absorption results agree with XRD results. 
The absorption intensity increases with increasing polymer 
concentration up to 12.5%, decreases at a PVP concentration 
of 15%, increases with decreasing material concentration from 
49 to 43%, and decreases with a further decrease in the mate-
rial concentration. This variation in light absorption is attrib-
uted to the change in perovskite crystallinity with manipulat-
ing polymer and material concentrations. The bandgap values 
vary between 1.72 eV and 1.74 eV. The optimal bandgap of 
1.73 eV [5, 25] is obtained for samples 2, 3, 5, and 6. The PL 
spectra are shown in Fig. 5b. The PL intensity increases with 
increasing polymer concentration up to 12.5%, which is due 
to the passivating role of PVP in reducing crystalline defects. 
There is a slight decrease in PL intensity with increasing PVP 
concentration from 12.5% to 15%. The PL intensity does not 
change with lowering material concentration from 49 to 43%, 
but decreases with a further decrease up to 38%.

Fig. 4   A schematic illustration shows the difference in CsPbI3 crystallinity at 200 °C (left part) and room temperature (right part)

a b

Fig. 5   Optical properties of nanofibers: a Light absorption spectra of samples (1–6); b PL spectra of samples (1–6)
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Table 4 gives the emission bandgap values of samples 1 
to 6. A red shift is observed with increasing polymer concen-
tration, and a blue shift is recorded with decreasing material 
concentration. The quantum effect and the structural con-
straints imposed by the polymer and nanofibrillar structure 
can explain these alterations [5, 6, 14, 28]. The optical band-
gap values are lower than the values obtained from the PL 
spectra, which could be attributed to the transitions between 
direct and indirect band gaps [6].

The relationship between the average diameter and optical 
performance of nanofibers can be established based on the 
morphology and optical properties analysis of nanofibers. The 
polymer passivation and nano-sized crystals are responsible 
for crystalline perovskite stability under ambient conditions 
[5, 25, 26]. A larger diameter of nanofibers due to increased 
polymer concentration results in well-wrapped nanocrystals, 
increasing their stability over time. Conversely, a decrease in 
the diameter of nanofibers due to decreased material concen-
tration leads to higher perovskite crystallinity but a decrease 
in its stability. Therefore, the average diameter should balance 
perovskite stability and crystallinity. However, with an aver-
age diameter of 329 nm, a material concentration of 43%, 
and a polymer to perovskite ratio of 15%, the ideal optical 
characteristics of nanofibers are reached.

Shrinkage after annealing

The shrinking of samples after annealing is a common 
occurrence in polymeric materials due to the polymer 
relaxation during heating. The stress of nanofibers during 
electrospinning explains this effect. The electrospinning 
process can lead to thermodynamically unstable stretched 
and oriented molecules, resulting in internal stress that can 
relax during annealing and cause significant shrinkage of 
electrospun nanofibers. The internal stress is caused by the 
solvent rapid evaporation during the electrospinning process 
due to the large surface area to volume ratio of nanofibers, 
the improved orientation and straightening by the rotary col-
lector, and the increased mobility of polymer chains due 

to the annealing process at a temperature above the Tg of 
the polymer [9, 29–32]. In our previous study [9], influence 
of the collector rotation speed on the nanofibers shrinkage 
ratio was investigated. The results showed that the shrinkage 
ratio increases with increasing the rotation speed due to the 
improved orientation and straightening of fibers. To have 
a better understanding of the mechanism of shrinking, the 
effect of solution concentration and annealing temperature 
on the shrinkage ratio was also studied. Nanofibers were 
collected using a rotary collector at a speed of 500 rpm, and 
the results are presented in Table 5.

The shrinkage in both LD and TD directions increases 
when perovskite concentration decreases because of 
increased polymer chain mobility [32], and when polymer 
concentration increases because of the increase in polymer 
fiber rigidity. The required relaxation time after electro-
spinning increases with more interlacing of polymer chains 
inside fibers with increasing polymer concentration [29]. 
Perovskite embedded in nanofibers controls the shrinkage 
of the polymer. Not only does the perovskite reduce the 
mobility of polymer chains, but it also helps to preserve 
the structure of samples (Fig. S2) [32]. The shrinkage ratio 

Table 4   Bandgap values of samples 1–6

Sample Optical bandgap, eV Emission 
bandgap, 
eV(nm)

1 1.74 1.78(695)
2 1.73 1.77(699)
3 1.73 1.76(706)
4 1.74 1.74(711)
5 1.73 1.77(702)
6 1.73 1.78(696)

Table 5   Shrinkage ratio, solution concentration, and annealing tem-
perature

Sample 
direction

Shrinkage ratio, %

Perovskite concentration, %
45.0% (Sample 3) LD 12.4 ± 0.7

TD 14.7 ± 0.5
40.3% LD 15.8 ± 2.2

TD 17.6 ± 4.0
35.1% LD 28.2 ± 0.5

TD 30.7 ± 0.5
Polymer concentration, %
PVP, 12.5%
(Sample 3)

LD 12.4 ± 0.7
TD 14.7 ± 0.5

PVP, 15%
(Sample 4)

LD 17.6 ± 2.1
TD 20.2 ± 0.4

Material concentration, %
49%, 488 nm
(Sample 3)

LD 12.4 ± 0.7
TD 14.7 ± 0.5

43%, 329 nm
(Sample 5)

LD 13.4 ± 0.3
TD 14.3 ± 0.4

38%, 228 nm
(Sample 6)

LD 17.3 ± 1.4
TD 17.4 ± 2.3

Annealing temperature, °C
Sample 3–annealing at
200 °C for 5 min

LD 12.4 ± 0.7
TD 14.7 ± 0.5

Sample 3–annealing at
150 °C for 5 min

LD 8.8 ± 0.9
TD 9.0 ± 0.6
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also increases with decreasing material concentration due 
to the drop in the average diameter, leading to quicker sol-
vent evaporation and higher stress [29], and decreases with 
decreasing annealing temperature due to a decrease in the 
mobility of polymer chains.

To control the deformation of electrospun nanofibers and 
decrease their shrinkage ratio, the following strategies can 
be used:

–	 Decreasing annealing temperature. Also, the nanofibers 
flexibility improves, but perovskite crystallinity and opti-
cal performance deteriorate [5]; 

–	 Increasing perovskite concentration. Furthermore, 
the nanofibers optical properties are improved [7, 11, 
12], but simultaneously, a high increase in the average 
diameter and a drop in the nanofibers flexibility can be 
observed [5];

–	 Increasing material concentration (i.e., increasing the 
nanofibers average diameter). In addition, it leads to an 
increase in perovskite stability. However, this approach 
may negatively impact the nanofibers flexibility and per-
ovskite crystallinity. Besides, a large increase in the aver-
age diameter can result in the shrinkage ratio increasing 
again due to the high stiffness and long relaxation time 
of nanofibers [29].

–	 Reducing polymer concentration. However, low polymer 
concentration (less than 12.5%, sample 3) will result in a 
high drop in the optical performance, tensile properties, 
and perovskite stability. 

The shrinkage in the plane of nanofibers prepared on a 
substrate depends on the strength of the nanofiber's adhe-
sion to the substrate [33, 34]. With a high enough weight 
of material deposited on a glass substrate (above 6.5 mg), 
empty edges, delamination, or cracks may be observed 
in samples (Fig. S3). This is due to the tensile stress that 
occurs in nanofibers after annealing as a result of the poly-
mer shrinkage. Ways to reduce defects related to shrinkage 
include improving the nanofibers adhesion to the substrate, 
using substrates with a higher Young's modulus than that of 
the nanofibers, and making the nanofibers thickness smaller 
than that of the substrate [33, 34].

Tensile properties

The study of tensile properties of polymer-perovskite com-
posite nanofibers is important for predicting and analyzing 
the behavior of optoelectronic devices under mechanical 
loads. The impact of solution concentration and anneal-
ing temperature on tensile properties of nanofibers were 
studied. The results are shown in Table 6 and Fig. 6. An 
increase in polymer concentration from 12.5% to 15%  

leads to an improvement in strength from 0.8–1 MPa to 
1–1.3 MPa, strain from 0.6–0.7% to 0.7–0.8%, and Young’s 
modulus from 139–160 MPa to 157–169 MPa. It can be 
seen that the increase in the average diameter of nanofib-
ers from 481 ± 122 nm to 558 ± 160 nm due to an increase 
in polymer concentration makes them more rigid and their 
elongation somewhat improves. As material concentration 
decreases from 49 to 43% (i.e., the nanofibers average diam-
eter decreases from 481 ± 122 nm to 329 ± 70 nm), tensile 
properties improve from 0.8–1 MPa to 1.4–1.9 MPa strength, 
from 0.6–0.7% to 2.5–3.5% strain, and from 139–160 MPa 
to 79–112 MPa Young’s modulus. As a result, nanofibers 
become stronger and more flexible. However, with a further 
decrease in material concentration from 43 to 38% (i.e., the 
nanofibers average diameter decreases from 329 ± 70 nm to 
228 ± 51 nm), strength decreases from 1.4–1.9 MPa up to 
0.9–1.2 MPa and strain from 2.5–3.5% to 1.1–1.2%, while 
Young's modulus changes slightly. Usually, tensile properties 
of polymer nanofibers improve by decreasing the average 
diameter owing to the improved molecular orientation and 
the drop in structural defects of nanofibers [35]. Nanocrystals 
formed in the polymer nanostructure (polymer to perovskite: 
9–18%) lead to an increase in the number of weak points 
along the nanofibers, which becomes more significant as 
the average diameter greatly decreases (see Fig. 7). Thus, 
decreasing the concentration of these nanocrystals may lead 
to an improvement in the tensile properties. However, due 
to the annealing process and the shrinkage of the polymer, a 
lower concentration of perovskite results in sample deforma-
tion and an inability to determine the tensile properties (refer 
to Fig. S2). To understand the effect of the annealing process 
on the tensile properties of nanofibers, the tensile proper-
ties of unannealed nanofibers and those annealed at 200 °C 
and 150 °C for 5 min were determined. Before annealing, 
nanofibers consist of a complex composite. After annealing, 
nanocrystals are formed. These nanocrystals cause weak 
points to emerge, lowering the tensile properties of nanofib-
ers (see Fig. 7). Smaller crystals are formed by decreasing the 
annealing temperature [5], resulting in enhanced tensile prop-
erties. Based on the discussion above, it can be concluded 
that the strength of nanofibers is mainly affected by the aver-
age diameter and annealing temperature, and the strain at 
break is mainly affected by the average diameter. By analyz-
ing the results in Table 6, it can be seen that the highest ten-
sile properties (strength of 1.9–1.4 MPa, strain of 3.5–2.5%) 
have been recorded for a polymer to perovskite ratio of 15% 
and a material concentration of 43%. However, they can be 
further enhanced by increasing the ratio of polymer to per-
ovskite or/and by decreasing the annealing temperature, but 
this will reduce the optical performance of nanofibers. Thus, 
solution 5 (a polymer to perovskite ratio of 15% and a mate-
rial concentration of 43%) achieves a compromise between 
the tensile and optical properties of nanofibers.
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In comparison to the tensile properties of PVP nanofib-
ers [36–38] or PVP composite nanofibers (strain: 10–30%, 
tensile strength: 1–8 MPa) [39, 40], the tensile properties 
of the obtained nanofibers in this work must be improved 
to be suitable for flexible optoelectronic devices.

Thermal stability of nanofibers

A study was done using TGA to determine the effect of solu-
tion concentration on thermal properties of nanofibers. The 
analysis results of samples (PVP powder, PVP nanofibers, 1, 

Tab 6   Tensile properties, 
solution concentration, and 
annealing temperature

LD/ TD Strain at break, % Tensile 
strength, 
MPa

Young’s Modulus,
MPa

Polymer concentration, %
Sample 3–12.5% PVP LD 0.7 ± 0.1 1.0 ± 0.1 160.3 ± 26.3

TD 0.6 ± 0.1 0.8 ± 0.2 139.0 ± 33.4
Sample 4–15% PVP LD 0.8 ± 0.1 1.3 ± 0.1 169.0 ± 26.9

TD 0.7 ± 0.1 1.0 ± 0.3 157.4 ± 40.6
Material concentration, %
49%, 488 nm 
(Sample 3)

LD 0.7 ± 0.1 1.0 ± 0.1 160.3 ± 26.3
TD 0.6 ± 0.1 0.8 ± 0.2 139.0 ± 33.4

43%, 329 nm
(Sample 5)

LD 3.5 ± 1.0 1.9 ± 0.4 112.3 ± 14.6
TD 2.5 ± 0.1 1.4 ± 0.4 79.2 ± 25.4

38%, 228 nm
(Sample 6)

LD 1.2 ± 0.4 1.2 ± 0.3 111.8 ± 43.7
TD 1.1 ± 0.3 0.9 ± 0.2 93.8 ± 9.8

Annealing temperature, °C
Sample 3–200 °C LD 0.7 ± 0.1 1.0 ± 0.1 160.3 ± 26.3

TD 0.6 ± 0.1 0.8 ± 0.2 139.0 ± 33.4
Sample 3–150 °C LD 1.0 ± 0.2 1.1 ± 0.2 133.5 ± 15.1

TD 0.8 ± 0.2 0.8 ± 0.2 111.9 ± 11.3
Sample 3– without annealing LD 1.2 ± 0.1 1.9 ± 0.3 185.4 ± 9.0

TD 0.9 ± 0.1 1.5 ± 0.2 174.4 ± 27.1

a b

Fig. 6   Tensile strength–strain diagrams of samples with maximum strength in LD (a) and in TD (b)
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3, and 5) are shown in Fig. 8 and Table 7. it can be noticed 
that composite nanofibers exhibit higher thermal stability 
than PVP powder or nanofibers due to the embedded perovs-
kite. At a temperature of 200 °C, they lose 1.8–3.6% of their 
weight. A noticeable weight loss of samples with perovskite 
is observed around a temperature of 135 °C, which indicates 
the solvent full evaporation. It is also seen that PVP nanofib-
ers exhibit lower thermal stability than PVP powder, which 
is consistent with other results reported in the literature [41]. 
This can be attributed to the following reasons:

PVP nanofibers contain solvent residues and have a 
higher moisture content than powder. Thus, the weight loss 
of nanofibers is greater than that of powder;

The large surface area to volume ratio of nanofibers 
increases the heat transfer surface, making nanofibers more 
susceptible to thermal degradation [42];

The strain in polymer nanofibers after electrospinning 
could affect their thermal stability [29, 31, 43].

Actually, thermal properties of polymer nanofibers is 
affected by a variety of factors, including the polymer type 
[41, 43–46], the crystallinity degree of the polymer and the 
aligned structure after electrospinning [43], and the solvents 
used [47]. Therefore, it is difficult to predict.

Conclusion

The quality of PVP:CsPbI3 nanofibers (i.e., morphology, 
crystallinity, optical properties, shrinkage ratio, tensile 
properties, thermal stability) was improved by manipulat-
ing the electrospinning solution concentration. The solu-
tion concentration should balance perovskite stability and 
crystallinity. Increasing polymer concentration up to 12.5% 
(polymer:perovskite, 15:85) led to an enhancement in per-
ovskite crystallinity and optical properties because of the 
increase in perovskite stability, while decreasing material 
concentration up to 43% (for the same polymer to perovskite 
ratio of 15%) led to a further increase in the crystallinity 
and optical properties due to the decrease in the confine-
ment effect of the polymer. The optimal bandgap energy 
value of 1.73 eV is achieved at a polymer concentration of 
10–12.5% and a material concentration of 43–38%. The 
electrospinning solution (a polymer to perovskite ratio of 
15%, a material concentration of 43%) achieved a compro-
mise between optical performance and tensile properties of 
nanofibers. The tensile properties of nanofibers can be even 
more improved by increasing polymer concentration, but this 
leads to a decrease in perovskite crystallinity. The shrinkage 
mechanism of the composite nanofibers was determined. 
The shrinkage can be reduced by increasing the average 
diameter, i.e., increasing the material or perovskite concen-
trations. However, these methods can result in a drop in the 
optical performance or the flexibility of nanofibers, respec-
tively. Despite the fact that the decrease in the annealing 
temperature can lead to a decrease in the shrinkage ratio and 
an increase in tensile properties, it results in a high drop in 
perovskite crystallinity and optical properties. The perovs-
kite included into the polymer nanofibers helps to reduce 

Fig. 7   An illustration of the structure of nanofibers before and after 
annealing at 150 °C and 200 °C for 5 min

Fig. 8   TGA analysis of nanofibers

Table 7   TGA results

PVP 
powder

PVP 
nanofibers

1 3 5

Extrapolated 
onset 
temperature, °C

396.4 371.5 419.8 398.8 402.4

Weight loss, % 90.5 79.3 92.4 94.9 94.8
200 °C
Weight loss, % 94.7 85.7 96.4 98.1 98.0
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shrinkage and prevent deformation during the annealing pro-
cess. Proper control of the thickness and Young's modulus 
of both the nanofibers and the substrate is crucial to achieve 
compatibility between them. The results of the work could 
help to accelerate the development of polymer-perovskite 
nanocomposites and devices based on them.
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