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A B S T R A C T

Electrospun piezoelectric polymers have attracted enormous interest in recent decades due to their flexibility, 
lightweight, and good piezoelectric response. This work investigates structure–property relationships in a series 
of electrospun poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE) copolymers to find the conditions to 
maximize the piezoelectric charge coefficient, d33. Nanofibrous mats of PVDF-TrFE at different molar fraction 
compositions are annealed and/or poled at their respective Curie Temperatures and then characterized using 
DSC, WAXD, FT-IR, and piezometry. The data collected for the as-spun, annealed, and/or polarized samples are 
initially analyzed individually, followed by an evaluation of property interrelations. The results show a positive 
correlation between the d33 and the crystallinity degree and the crystallite size, while a negative correlation with 
the FT-IR absorbances associated with gauche defects is found. Interestingly, a linear combination of these three 
properties proves a good predictor of the d33 value. Notably, during this investigation, we measured d33 as high 
as 37.1, 42.7 and 34.7 pC N− 1, for the 70:30, 75:25, 80:20 molar fractions, respectively, ranking among the 
highest reported for nanofibrous PVDF-TrFE mats. This outstanding result is obtained thanks to the synergic 
effect of annealing and poling treatments.

1. Introduction

Flexible and portable electronic devices are actively being investi
gated for their promising advantages in various applications within the 
fields of robotics, advanced human healthcare, artificial intelligence, 
and wearable electronics [1–4]. An essential feature of wearable systems 
is an autonomous power supply. To this end, various methods have been 
proposed to exploit mechanical motion as a natural power source [5–7]. 
For instance, the triboelectric transducing mechanism generates electric 
charges with opposite signs at the interface between two insulating 
materials through friction [8,9]. Based on this principle, self-powered 
sensors and triboelectric nanogenerators (TENGs) have been devel
oped using various materials with distinct charge affinities [10–13]. 

Alternatively, the piezoelectric effect, which relies on the intrinsic po
larization of the material, has been widely investigated for developing 
piezoelectric nanogenerators (PENGs) [14–16], tactile flexible sensors 
[1,17,18], self-sensing composite materials for structural health moni
toring (SHM) [19], and energy harvesting devices [20–22]. Textiles are 
ideal for wearable electronics thanks to their flexibility, porosity, 
breathability, and lightweight [23]. Compared to other fiber fabrication 
technologies, nowadays electrospinning offers versatile manufacturing 
and cost-effectiveness for the production of highly porous and light
weight polymeric materials, allowing the use of additives to customize 
their performances [24]. The electrospinning of poly(vinylidene fluo
ride) (PVDF) has attracted enormous interest in recent decades. In fact, 
this technique promotes the preferential formation of the polar β-phase 
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while the polymer jet elongates during its travel from the needle to the 
grounded collector [25–28]. For this reason, strong efforts have been 
made to study the various effects exerted by the electrospinning pa
rameters on the promotion of the ferroelectric β-phase over the para
electric α-phase, such as polymer solution viscosity, voltage applied to 
the needle, and degree of alignment of the nanofibers [29–31]. Differ
ently from PVDF, which crystallizes in the thermodynamically favored 
non-polar α-phase, the copolymers of poly(vinylidene fluoride-co-tri
fluoroethylene) (PVDF-TrFE) preferentially form a polar crystalline 
phase similar to the β-phase of PVDF, regardless of processing methods. 
Indeed, it is well-documented that VDF and TrFE monomers cocrystal
lize [32,33] and the inclusion of TrFE units in the copolymer promotes 
the preferential formation of the all-trans conformation (β-like phase) 
over the trans-gauche alternate conformation (α-like phase) by allowing 
greater rotational freedom of the molecular chains around the chain axis 
[34,35]. Electrospun PVDF and copolymers of PVDF-TrFE have been 
thoroughly studied to develop a new generation of piezoelectric devices, 
including highly sensitive e-skins and tactile sensors. The highly porous 
nanofibrous membranes have been integrated into various materials, 
both for flexible applications [23,36] and SHM systems of composite 
materials [37,38], with minimal impact on the mechanical properties of 
the structures. Additionally, the energy conversion capabilities of the 
PVDF-TrFE nanofibers have been utilized to develop wearable energy- 
harvesting systems [39–41]. One notable advantage of electrospinning 
is the possibility to obtain piezoactive fibers without requiring addi
tional poling treatment, as the electrical field applied during the process 
may facilitate the preferential orientation of molecular dipoles [42–44]. 
However, the degree of residual polarization depends significantly on 
the specific electrospinning setup [45]. Moreover, the underlying 
mechanisms driving electromechanical transduction in unpoled elec
trospun samples remain a topic of debate and are not yet fully under
stood. In a recent study, it was demonstrated that the electret response is 
the main cause for the observed strong electromechanical transduction 
due to the accumulation of triboelectric surface charges and trapped 
space charge [24]. Despite these promising characteristics, achieving 
high piezoelectric performance – crucial for applications such as energy 
harvesting – still requires a poling process. This step enhances the 
alignment of electrical dipoles in a common direction, thereby achieving 
greater polarization. Furthermore, for maximizing the electromechan
ical performance of the material, it has been reported that annealing and 
poling treatments performed slightly above the Curie Temperature (TC) 
reduce the gauche defects in the ferroelectric phase, increasing the de
gree of crystallinity and the β-phase concentration [46,47]. A recent 
work has highlighted the importance of gaining detailed and quantita
tive information, achieved by using solid-state nuclear magnetic reso
nance spectroscopy, on the local order of PVDF to better understand its 
macroscopic properties [48]. In this work, we leverage annealing and 
poling treatments to optimize the electromechanical performance of 
electrospun PVDF-TrFE copolymers with different molar compositions, 
without compromising fiber morphology. A systematic investigation 
was conducted using Differential Scanning Calorimetry (DSC), Wide- 
Angle X-ray Diffraction (WAXD), and Fourier-Transform Infrared Spec
troscopy (FT-IR) to explore correlations among the thermal, spectro
scopic, and crystallographic properties of the different samples. The 
study then examined how these properties relate to the piezoelectric 
coefficients (d33) of the electrospun mats, which measures the charge 
displaced by the material under mechanical stress. The goal was to 
identify the key factors influencing the piezoelectric behaviour of the 
nanofiber materials and determine the optimal conditions for maxi
mizing d33, while keeping unaltered the fiber morphology.

2. Results and discussion

Nanofibrous mats made up of randomly oriented fibers were pre
pared from polymeric solutions of PVDF-TrFE copolymers (70:30, 75:25, 
80:20 molar fraction of VDF:TrFE). For each molecular composition, the 

polymers were electrospun to produce as-spun mats (AS), followed by 
thermal annealing to obtain annealed mats (AN). Poling was then 
applied to both as-spun (AS-P) and annealed samples (AN-P). As 
described in the experimental section, both annealing and poling tem
peratures were set based on the Curie temperature (TC, the ferroelectric- 
to-paraelectric phase transition) determined from the second DSC 
heating scan performed on the pristine copolymers after erasing their 
thermal history (Fig. S2). The samples were characterized to highlight 
the influence of both annealing and poling processes on the structur
e–property correlations with the final aim to determine the main factors 
affecting the piezoelectric charge coefficient (d33). This assumes that the 
samples do not exhibit intrinsic morphological differences that could 
influence their properties. Consequently, we begin by presenting SEM 
imaging which allows to assess whether the fiber morphology was 
affected either by sample annealing or poling. SEM images reported in 
Fig. 1 (first column) show no significant morphological differences be
tween the AS and AN samples, confirming that the annealing treatment 
did not affect the fiber morphology. Conversely, after the poling treat
ment, the AS fibers collapsed, especially on the side of the sample in 
contact with the live electrode side (Fig. 1, samples AS-P in the second 
column). We attribute this finding to an electrostatic attractive force 
established between the mat that, according to previous studies, is ex
pected to retain a negative surface charge after electrospinning [49,50], 
and the positively charged poling electrode. This electrostatic force has 
the effect to compact the porous structure, with the fiber layers more far 
away from the electrode compressing the fiber layer in contact with the 
electrode. Notably, the annealed samples better preserved their original 
morphology after poling. This is likely due to increased crystallinity, as 
we will discuss later, which stiffened the fibers. Regardless of these 
qualitative differences, the statistical analysis of the distributions of 
fiber diameter (Fig. 1, histograms; data provided in Table S1) indicates no 
significant differences among the samples. This allows us to rule out 
morphology as a factor contributing to the differences in properties 
observed later.

To highlight the effect of annealing and poling on the thermal 
properties of the electrospun samples we observe the first heating scan 
of the DSC curves (Fig. 2, data reported in Table S2). All the AS samples 
(Fig. 2, blue lines) exhibit a low-T endotherm in the range 50–70 ◦C, due 
to the presence of unstable secondary crystals formed during annealing 
at RT [51,52]. The second endothermal peak (TC) occurs at extremely 
low values in all AS samples, reflecting the low crystal quality achieved 
during electrospinning. This is likely due to the rapid solidification of 
the polymers during the electrospinning process, which does not allow 
sufficient time for high-quality crystal formation, as previously found for 
other polymers [53,54].

For each composition, the AN, AS-P and AN-P samples (Fig. 2, green, 
red and black lines, respectively) show an overall increase of TC and ΔHC 
(Table S2), meaning that both annealing and poling have a remarkable 
effect on polymer microstructure. This was previously attributed to a 
decrease in the number of gauche defects in the all-trans chains [46]. 
Specifically, in all copolymers, the TC increases in both the AN samples 
and in the poled samples, with the AN-P samples showing the highest 
values of TC for each composition, highlighting the synergic effect of 
thermal annealing and poling in improving the thermal stability of the 
ferroelectric phase. The values of ΔHC increased significantly following 
annealing and/or poling, showing an enhancement ranging from two to 
four times compared to the as-spun counterpart (Table S2).

Due to cocrystallization of VDF and TrFE monomers in the same 
crystal lattice, determining the crystallinity degree from DSC analysis is 
complex, as the effect of comonomer inclusion on the variation in the 
crystal’s heat of fusion is unknown [55–59]. Thus, we determined 
crystallinity degree (χc) and crystallite size (D) by WAXD analysis 
(Fig. S3). The poling process increases both χc and D in AS-P samples for 
all three copolymers (Fig. 3a, crosses). Notably, the 75:25 copolymer 
exhibits a significantly greater increase in D compared to the other co
polymers. Similarly, in AN samples both χc and D significantly increase 
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with poling (Fig. 3a, triangles). Comparing the two treatments, χc in
creases more as a consequence of the annealing than poling, whereas D 
is enhanced more by poling than annealing. The synergistic effect of 
annealing and poling is evident in the AN-P samples, which show the 
highest χc and D values (Fig. 3a, short dash), with the 75:25 copolymer 
exhibiting the highest values among the three tested compositions. 
Furthermore, χc and ΔHC show a significant positive correlation between 
them for each polymer composition (Fig. 3b). We also observe that the 
ΔHC versus χc slope increases as the TrFE content decreases, meaning 
that the TrFE content negatively correlates with the energy required for 
the ferroelectric to paraelectric phase transition, which involves the free 
rotation of the − CF2- units around the chain axis.

Regarding the infrared (FT-IR) analysis, according to the literature, 
the peaks at 1284 cm− 1 [59–68], 1083 cm− 1 [60,65], and 841 cm− 1 

[60,61,63–69] are associated with the β-phase, while the peaks at 974 

cm− 1 [60–66,68], 883 cm− 1 [63,64,69] 808 cm− 1 [63,64,66,68], and 
760 cm− 1 [60,63–67], are indicative of the α-phase. Interestingly, there 
are some references which attribute the 1399 cm− 1 peak to the β-phase 
[63,68] and others to the α-phase [61,62], meanwhile Arrigoni et al. 
concluded that both the α- and β-phase concur to this peak, together 
with the 883 cm− 1 one [60]. The peak at 1123 cm− 1 has been attributed 
to the TrFE content [60]. FT-IR has also been reported as a technique to 
identify gauche defects in the β-like phase. This phase is characterized 
by crystals where all bonds adopt a trans conformation. When this trans 
sequence is interrupted by a gauche conformation, a gauche defect is 
said to occur [70]. The presence of these defects reduces the overall 
dipole moment of an all-trans sequence, consequently decreasing the 
piezoelectric properties of the material. Literature reports indicate that 
FT-IR peaks at 906 cm− 1 and 1238 cm− 1 are associated with the pres
ence of gauche defects [60]. The aforementioned peaks are highlighted 

Fig. 1. Representative SEM images of the investigated samples. First column: the three as-spun mats of the copolymers (AS, odd rows) and the corresponding three 
annealed mats (AN, even rows); Second column: the corresponding poled samples observed at the live electrode side; Third column: corresponding poled samples 
observed at the grounded electrode side. For the unpoled samples, only one side is shown as there were no significant differences between the two sides of the same 
sample. Scale bar = 5 µm. Adjacent to the SEM images, the histograms display the mean diameters (d) of the various samples, categorized by copolymer and 
treatment. LES = Live Electrode Side; GS = Grounded Side.
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in the overlaid FT-IR spectra of the AS samples (Fig. 4a). The absorbance 
values for all other samples (AS, AN, AS-P, and AN-P) are provided in 
Table S4 and the corresponding spectra are reported in Fig. S4. Using Eq. 
(3), [71,72] we calculated the ferroelectric to paraelectric phase ratio 
(β/α). As expected, all samples exhibit high ferroelectric phase content, 
exceeding 90 % (Fig. 3b), as PVDF-TrFE copolymers preferentially 
crystallize in the β-phase. Notably, both the annealing and poling 
improve the ferroelectric phase content in all copolymers.

To better understand the interconnection between the various 
properties highlighted so far, we generated a correlation plot (Fig. 5). 
This was constructed by plotting the Pearson’s correlation coefficients 
(red squares for positive coefficients, blue for negative ones) calculated 
for all variable pairs in the input matrix. Non-significant correlations (at 
a 95 % confidence level) are represented by empty squares. The matrix 
was assembled by combining data from DSC (Table S2), WAXD 
(Table S3), and FT-IR (Table S4). Descriptors were grouped by the 
technique used and, in the case of FT-IR data, based on peak assignments 
reported in the literature. The results show that parameters describing 
crystallinity, such as crystalline fraction (χc), crystallite size (D), Curie 
temperature (TC), and Curie enthalpy (ΔHC), are positively correlated 
with one another. These parameters also positively correlate with peaks 
typically assigned to the β-phase (1284 and 841 cm− 1) and, 

consequently, with the β/α phase ratio. Conversely, crystallinity-related 
parameters are negatively correlated with peaks associated with gauche 
defects (absorbances at 1238 and 906 cm− 1) as previously reported by 
Barique and Ohigashi [46], as well as with peaks corresponding to the 
α-phase (974, 808, and 760 cm− 1). A negative correlation with the TrFE 
content in the copolymer is also observed. Examining the descriptors for 
gauche defects reveals positive correlations with α-phase descriptors and 
TrFE content. As expected, given the negative correlations between α 
and β phases, the gauche defects show a negative correlation with the 
β-phase. For peaks at 1399 and 883 cm− 1, previously attributed by 
Arrigoni et al. to contributions from both crystalline phases [60], our 
correlation map indicates a significant affinity for the β-phase. However, 
important correlations are lost, such as the positive correlation with the 
β/α ratio and the negative correlation with the peaks attributed to the 
α-phase. Interestingly, the peak at 1083 cm− 1, which some authors 
attribute to the β-phase [60,65], behaves like an α-phase peak in our 

Fig. 2. Overlay of the first heating scans of AS (blue), AN (green), AS-P (red) and 
AN-P (black) samples of the 70:30, 75:25 and 80:20 copolymers. The black 
vertical lines indicate the temperatures of annealing and poling for 
each copolymer.

Fig. 3. a) Plot of the crystallite size (D) against the crystallinity degree (χc), 
both were extrapolated from the WAXD diffraction patterns of the samples: AS 
(circle), AN (triangle), AS-P (crosses), and AN-P (short dash). The points are 
colored red for the 70:30 copolymer, green for the 75:25 copolymer and blue for 
the 80:20 copolymer. b) Plot of Curie enthalpy (ΔHC) against χc, we applied the 
same color-coding and shape-coding as described previously.
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correlation analysis. This is evidenced by its negative correlation with 
the β/α ratio and positive correlations with gauche defect descriptors.

Finally, we address the piezoelectric coefficient (d33). The complete 
dataset of d33 values collected can be found in Table S5. Due to the 
intrinsic difference between the two sides of the sample (one yielding 
negative d33 values and the other positive) we reported the values of 
both sides, although we employed the mean absolute value in the 
following discussion. This choice is supported by a paired two-tailed t- 
test, which indicates no significant difference between the two distri
butions at 95 % confidence (p = 0.061). This parameter was not included 
in the correlation plot for two reasons: we obtained non-zero d33 values 
only for the polarized samples, and the 80:20 sample posed challenges. 
Fig. 3 shows that the 20-AN-P sample, after annealing and poling at 
133 ◦C, has a TC of 140 ◦C and a low d33 value of 13.5 ± 0.4 pC N− 1 

(Fig. 6A). With the intent to improve its piezoelectric charge coefficient, 
this sample was subjected to a second poling process at 140 ◦C, after 
which the d33 value increased to 26 pC N− 1, albeit being lower compared 
to the corresponding 20-AS-P sample having a d33 of 34.3 ± 0.6 pC N− 1. 
Furthermore, the poling at 140 ◦C, close to the Tm, caused partial 
melting of the sample leading to porosity loss (Fig. S5). Due to these 
considerations, data from the sample 20-AN-P were excluded from the 
following discussion regarding the influences of annealing and poling on 
the d33. For the 70:30 and 75:25 copolymers, annealing improved the 
d33 values from 33 ± 2 pC N− 1 to 36.9 ± 0.3 pC N− 1 and from 35 ± 2 pC 
N− 1 to 41 ± 2 pC N− 1, respectively. Fig. 6B, C, and D show a strong 
correlation between d33 values and crystallinity parameters: d33 in
creases with higher χc and larger D. Conversely, d33 decreases with an 
increase in gauche defects, exemplified by the absorbance at 906 cm− 1. 
The correlation between d33 and a linear combination of these param
eters is very strong, with an R2 value of 0.98 (Eq. (4), Fig. 6E). 

d33 = 1.1 • 10− 3 •
χC • D
A906

+25.71 (4) 

The apparent discrepancy in the behaviour of the 80:20 sample can 
be rationalized as follows. Experimental results indicate that the 20-AS 
sample possesses a crystalline phase rich in imperfections, which 

Fig. 4. a) Overlay of the normalized FT-IR spectra of the as-spun samples of the 
70:30 (red), 75:25 (green), and 80:20 (blue) copolymers. We highlighted the 
peaks that were selected for a systematic comparison, as discussed in the 
manuscript. b) ferroelectric to paraelectric phase ratio (β/α) determined with 
Eq. (3) from FT-IR data.

Fig. 5. Correlation plot of the descriptors defined for the twelve nanofibrous samples obtained through electrospinning and subsequent thermal and poling treat
ments. The color bar ranges from –1 (strong negative correlation, blue) to + 1 (strong positive correlation, red). Blank squares indicate non-significant correlations (p 
> 0.05). The variables are listed in the text.
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renders the polymer chains highly susceptible to polarization when 
maintained at 133 ◦C, near the Curie temperature. At this temperature, 
the molecular chains exhibit enhanced mobility, facilitating their 
alignment under an applied electric field. Consequently, the 20-AS-P 
sample shows a significant increase in its piezoelectric coefficient, 
reaching a d33 value of 34.3 pC N− 1. In contrast, the 20-AN-P sample 
underwent substantial crystal quality improvement during the anneal
ing process conducted in the absence of an electric field. This led to a 
notable reduction in the number of defects within its crystalline phase. 
The lower defect density hinders both the reorganization of the crys
talline structure and the alignment of dipoles during the subsequent 
poling process, resulting in a lower d33 value (13.5 pC N− 1) compared to 
the 20-AS-P sample (34.3 pC N− 1). The attempt to repolarize the 80:20 
sample at 140 ◦C led to an increase in d33 to 26 pC N− 1. Nevertheless, 
this value remains considerably lower than that of the 20-AS-P sample, 
supporting the hypothesis that improved crystalline quality limits the 
ability of the material to reorganize under an electric field, thereby 
reducing its overall polarizability. In contrast, the 75:25 and 70:30 co
polymers, due to their higher TrFE content, exhibit a less compact 
crystalline structure than the 80:20 copolymer. This more open structure 
enhances polarizability, even after defect reduction via annealing. As a 
result, for copolymers with higher TrFE content, poling of annealed 
samples leads to a substantial increase in d33.

Overall, the highest d33 values were found for the AN-P samples, 
being 42.7 pC N− 1 measured for 75–25 copolymer and 36.9 pC N− 1 for 
the 70–30 copolymer. To the best of our knowledge, these results 
represent the highest d33 values reported for nanofibrous PVDF-TrFE 
mats (Fig. 7 and Table S6), when considering only literature studies 
on electrospun fluoropolymer fibers in which the d33 values were 
measured using the same methodology employed in the present work 
(Berlincourt method), thereby enabling a consistent comparison.

3. Conclusion

This study investigated the influence of annealing and polarization 
on the structure and piezoelectric properties of PVDF-TrFE nanofibrous 
mats (70:30, 75:25, 80:20 molar fractions). Characterization techniques 
including SEM, DSC, WAXD, FT-IR, and piezometry were employed to 
correlate various structural and morphological parameters with piezo
electric properties. Results indicated no significant morphological dif
ferences between as-spun and annealed samples or across different 
molar fractions. However, poling led to the collapse of the morphology 

Fig. 6. a) Average values of d33 of the AS-P and AN-P samples. b) Plot of the d33 values as a function of the absorbance at 906 cm− 1 (related to the gauche defects). c) 
Plot of the d33 values as a function of χc. d) Plot of the d33 values as a function of D. e) Plot of the d33 values as a function of the product between χc and D divided by 
the absorbance at 906 cm− 1. In b, c, d, and e plots, we excluded the d33 value of the 20-AN-P sample, and we also reported the trend line (dashed black line) with the 
corresponding regression coefficient.

Fig. 7. Comparison between d33 absolute values reported in this work and 
other piezoelectric PVDF-based electrospun nanofibers, including PVDF, 
[45,73–76] PVDF-TrFE 80:20 [37,38,77–80], PVDF-TrFE 75:25 [81,82], and 
PVDF-TrFE 70:30 [83,84,85]. The arrow indicates samples for which the d31 
piezoelectric coefficient was reported, rather than d33.
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on the side of the mat connected to the generator, unless preceded by 
annealing. The crystalline phase was characterized using WAXD data 
which highlighted that annealing strongly improved the crystallinity 
degree (χc), while poling significantly increased the crystallite size (D). 
Therefore, combined annealing and poling yielded the highest values for 
these parameters. As previously reported, FT-IR analysis revealed that 
annealing promoted the disappearance of gauche defects (1238 and 906 
cm− 1). Herein we found how these positively correlate with α-phase 
peaks (808 and 760 cm− 1) but negatively correlated with β-phase peaks 
(1284 and 841 cm− 1). Gauche defects were also found to correlate 
negatively with χc and Curie enthalpy (ΔHC). The piezoelectric coeffi
cient (d33) exhibited a positive correlation with χc and D but a negative 
correlation with FT-IR absorbances associated with gauche defects. 
Therefore, the synergic effect of annealing and poling treatment allowed 
to obtain some of the highest values of d33 ever reported in the literature 
for electrospun materials.

4. Experimental section

4.1. Materials

PVDF-TrFE copolymers with molar composition (VDF:TrFE) of 
70:30 mol% (Solvene® 300), 75:25 mol% (Solvene® 250), and 80:20 
mol% (Solvene® 200) were kindly provided by Solvay Specialty Poly
mers. Dimethylformamide (DMF, Sigma-Aldrich, ACS reagent, ≥99.8 %) 
and acetone (Ac, Sigma-Aldrich, ACS reagent, ≥99.5 %) were used 
without any further purification. The dielectric ester oil FR3 was sup
plied by CARGIL and was used after drying in a vacuum oven at 110 ◦C 
for 3 h.

4.2. Preparation of PVDF-TrFE electrospun mats

4.2.1. Electrospinning
PVDF-TrFE copolymers were dissolved in a 60:40 v/v Ac:DMF so

lution at a concentration of 19 % w/v in the case of 70:30 and 75:25 
copolymers, and at 16 % w/v for the 80:20 copolymer. The solutions 
were stirred for 2 h at room temperature (RT) before being electrospun 
by using a home-made electrospinning apparatus composed of a SL 50 
P10/CE/230 high-voltage power supplier (Spellman, New York, USA), a 
KDS-200 syringe pump (KDScientific Inc., Massachusetts, USA), a glass 
syringe containing the polymer solution, a stainless-steel needle (with an 
inner diameter of 0.5 mm) connected with the power supply electrode 
set at 22 kV, and a grounded plate collector positioned at a distance of 
25 cm from the needle. The polymer solution was dispensed at the rate of 
1.08 mL h− 1. The resulting mats (which ranged in thickness between 
0.03 and 0.1 mm) were labelled as X-AS, where X indicates the molar 
content of TrFE units and AS stands for “As Spun”.

Annealing treatment. Following established procedures [86,87], the 
AS samples were placed in a pre-heated oven for 24 h at their corre
sponding Curie Temperature. The latter was determined by Differential 
Scanning Calorimetry (DSC) from the second heating scan after 
controlled cooling at 10 ◦C min− 1. Specifically, annealing temperatures 
of 98 ◦C, 115 ◦C, and 133 ◦C were chosen for 30-AS, 25-AS, and 20-AS, 
respectively. The annealed samples were labelled as X-AN, where X in
dicates the molar content of TrFE units and AN stands for “Annealed”.

4.2.2. Poling treatment
X-AS and X-AN samples were placed in the poling cell (Fig. S1) 

submerged in a temperature-controlled dielectric ester oil bath (FR3 
natural ester, Cargil) as previously reported [38,77]. In a typical pro
cedure, a 4 cm2 sample was positioned between the high voltage elec
trode (1.8 cm2) and a grounded electrode at a distance of 0.18 mm and 
gently immersed in the oil. The temperature program involved heating 
from room temperature (RT) to the previously defined Curie tempera
ture, followed by a 30 min isothermal hold, and then cooling back to RT. 
After the first heating ramp, an electric field of 30 kV mm-1 was applied 

gradually using a Fug HCN 35 generator, and held constant for 30 min. 
Once at RT, the electric field was switched off. Afterwards, the mats 
were washed three times in cyclohexane to remove the oil. After drying, 
the edge of the sample that extend beyond the electrode (which served 
to prevent electrical breakdown) was cut away. Finally, both sides of the 
samples were grounded overnight to remove residual electrostatic 
charges. The poled samples were labelled either X-AS-P or X-AN-P, 
where X indicates the molar content of TrFE units, AS stands for “As 
Spun”, AN stands for “Annealed” and P stands for “Poled”. Additionally, 
the side of the mats adjacent to the high-voltage electrode was indicated 
as “live electrode side” (LES), while the one in contact with the grounded 
electrode was indicated as “grounded side” (GS).

4.3. Characterization methods

Scanning Electron Microscopy (SEM) observations were carried out 
using a Leica Cambridge Stereoscan 360 at an accelerating voltage of 20 
kV. Morphological observations were performed on samples sputtered 
with gold. The distribution of fiber diameters was determined through 
the measurement of about 200 fibers and the results were reported as the 
average diameter (d) ± standard deviation (SD). The Student’s t-test was 
used to verify the statistical significance of the difference between the 
mean values (p < 0.05). The collected data are reported in Table S1.

Differential Scanning Calorimetry (DSC) measurements were carried 
out using a TA Instruments Q2000 DSC, equipped with a Refrigerated 
Cooling System (RCS) system. To determine the annealing and poling 
temperatures, the samples were subjected to a first heating scan at 20 ◦C 
min− 1 from − 90 ◦C to 200 ◦C, a controlled cooling at 10 ◦C min− 1 down 
to − 90 ◦C and a second heating scan at 20 ◦C min− 1, in a nitrogen at
mosphere. To measure the thermal properties of the nanofibrous mats, 
only the first heating scan was considered. The collected data are re
ported in Table S2.

Wide-Angle X-ray Diffraction (WAXD) was performed on a PAN
alytical X’Pert PRO diffractometer equipped with a fast solid state 
X’Celerator detector. CuKα radiation was used (40 mA, 40 kV). The 2θ 
range was from 10◦ to 50◦ with a step size of 0.033◦, a time/step of 60 s, 
and a scan speed 0.07 ◦ s− 1. WAXD was used to determine the crystal
linity and average domain size of the PVDF-TrFE mats. The diffracto
grams were analyzed with Fityk software to determine the relative area 
of the crystalline phase to the total area of the diffractogram. The 
crystalline fraction (χc) was calculated according to literature [63,88], 
using Eq. (1). Meanwhile, the average size of the crystalline domains (D) 
was calculated, according to literature [89], using the Scherrer Eq. (2). 
The collected data are reported in Table S3. 

χc(%) =
CrystllineArea

CrystllineArea + AmorphousArea
• 100 (1) 

D =
k • λ

β • cosθ
(2) 

where: k (the Scherrer constant) = 0.89, λ is the X-ray wavelength, β is 
the full width at half maximum (FWHM) of the diffraction peak, θ is the 
diffraction angle.

Fourier-transform infrared spectroscopy (FT-IR) spectra of the mats 
were collected on a Bruker model Alpha spectrophotometer equipped 
with ATR, in the 1600–600 cm− 1 range with a resolution of 3 cm− 1. All 
spectra were normalized, according to literature [65], to the maximum 
peak at 1180 cm− 1. Following the literature [71,78], Eq. (3) was applied 
to determine the ratio of polar and non-polar polymorphs. 

β/α(%) =
A840

K840
K766

• A766 + A840
• 100 (3) 

where: K840 = 7.7e + 4 and K766 = 6.1e + 4, while A840 and A766 are the 
absorbances at 840 and 766 cm− 1 after normalization, respectively. The 
collected data are reported in Table S4.

M. Zanoni et al.                                                                                                                                                                                                                                 European Polymer Journal 236 (2025) 114159 

7 



The piezoelectric effect was evaluated by measuring the piezoelectric 
d33 coefficient (pC N− 1), using high-precision piezometer (PiezoMeter 
System PM300, Piezotest, Singapore) by compressing the samples with 
an oscillating sinusoidal force of 0.25 N at 110 Hz with a grip force of 10 
N. Three specimens for each type of sample were analysed by taking five 
measurements at both sides (the one in contact with the live electrode 
and the one in contact with the grounded electrode) and the d33 values 
were reported along with the corresponding standard deviation in 
Table S5.

4.4. Statistical analysis

The correlation plot was produced with MATLAB, namely using the 
corrplot function, by calculating the Pearson’s correlation coefficients 
and setting a 95 % confidence level. The variables employed were: χc, D, 
TC, the Curie enthalpy (ΔHC), the melting temperature (Tm), the melting 
enthalpy (ΔHm), TrFE%, β/α, and the FT-IR absorbances at: 1123, 1238, 
906, 1284, 841, 974, 808, 760, 1399, 1083, 883 cm− 1.
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Figure S1. Scheme of the poling apparatus. The cell consists of a live electrode and a grounded 

electrode. The distance between electrodes was set at 0.18 mm since samples varied in thickness 

from 0.03 and 0.1 mm. This setup prevents the nanofibrous sample (in yellow) from being 

compressed by the electrode, thereby ensuring that the applied electric fields remain consistent. 

The cell is then immersed in the thermostated oil bath. 

 

 

Table S1. Mean diameters (d) and corresponding standard deviations (SD) of the nanofibrous 

mats determined by scanning electron microscopy (SEM). LES = Live Electrode Side; GS = 

Grounded Side. 

 

Sample d  

[nm] 

SD  

[nm] 

30-AS 392 142 

30-AN 384 138 

30-AS-P (LES) 461 168 

30-AS-P (GS) 460 159 

30-AN-P (LES) 542 236 

30-AN-P (GS) 468 244 

25-AS 337 152 

25-AN 304 91 

25-AS-P (LES) 375 158 

25-AS-P (GS) 337 99 

25-AN-P (LES) 389 153 

25-AN-P (GS) 338 114 

20-AS 323 110 

20-AN 320 124 

20-AS-P (LES) 374 106 

20-AS-P (GS) 378 111 

20-AN-P (LES 399 139 

20-AN-P (GS) 419 141 
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Table S2. Curie temperature (TC) with its peak enthalpy (ΔHC) and melting temperature (Tm) 

with its peak enthalpy (ΔHm) determined from the second DSC heating scan. 

 

Sample TC 

[°C] 

ΔHC 

[J g-1] 

Tm 

[°C] 

ΔHm 

[J g-1] 

30-AS 90 10 143 21 

30-AN 97 24 145 28 

30-AS-P 99 24 144 23 

30-AN-P 103 23 143 24 

25-AS 104 11 144 26 

25-AN 116 32 146 31 

25-AS-P 115 31 142 25 

25-AN-P 121 33 145 29 

20-AS 119 12 144 26 

20-AN 134 38 149 31 

20-AS-P 134 39 145 25 

20-AN-P 140 44 150 26 

 

 

 

Table S3. Crystallinity degree (χc) and crystallite size (D) of the nanofibrous mats determined 

by wide-angle X-ray diffraction (WAXD). 

 

Sample χc 

[%] 

D 

[nm] 

30-AS 43 8.4 

30-AN 67 10.7 

30-AS-P 61 12.3 

30-AN-P 69 13.4 

25-AS 50 9.6 

25-AN 66 11.7 

25-AS-P 66 14.7 

25-AN-P 71 14.5 

20-AS 54 9.4 

20-AN 69 12.2 

20-AS-P 67 11.7 

20-AN-P 69 13.0 
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Figure S2. Second DSC heating scans performed after the complete melting and the controlled 

cooling at 10 °C min-1 on PVDF-TrFE 70:30 (red), PVDF-TrFE 75:25 (green), and PVDF-TrFE 

80:20 (blue).  

 

 

 
Figure S3: WAXD diffractograms of AS (first row), AN (second row), AS-P (third row), and 

AN-P (fourth row) samples for the three 70:30 (first column), 75:25 (second column), and 80:20 

(third column) copolymers. The green dotted lines represent the original data. Red and blue 

curves are deconvoluted areas, representing the amorphous and crystalline phases, respectively. 

The black curve is the sum of the two. Note that the green and black lines are almost perfectly 

superimposed.  
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Table S4. Absorbances (A) of thirteen significant peaks in the range 1600 - 600 cm⁻¹ 

determined by Fourier-transform infrared spectroscopy (FT-IR). LES = Live Electrode Side; 

GS = Grounded Side. The asterisked values were averaged between the LES and GS sides. For 

each peak, we tested for statistically significant differences between the values obtained from 

the LES and GS sides using a paired two-tailed t-test, which showed no significant difference 

between the two distributions at 95% confidence. 

 
Sample A1399 A1284 A1238 A1123 A1083 A974 A906 A883 A841 A808 A760 

30-AS 1.04 0.56 0.72 1.27 1.02 0.24 0.20 1.38 0.91 0.22 0.09 

30-AN 1.10 0.68 0.62 1.01 0.77 0.16 0.12 1.35 0.88 0.18 0.06 

30-AS-P (LES) 0.97 0.72 0.69 1.25 0.98 0.17 0.15 1.48 1.22 0.21 0.05 

30-AS-P (GS) 1.14 0.70 0.63 1.05 0.80 0.14 0.08 1.32 0.88 0.12 0.01 

30-AS-P* 1.05 0.71 0.66 1.14 0.88 0.15 0.10 1.40 1.02 0.15 0.02 

30-AN-P (LES) 1.01 0.79 0.61 1.08 0.81 0.11 0.10 1.46 1.25 0.18 0.05 

30-AN-P (GS) 1.05 0.67 0.59 0.99 0.72 0.06 0.08 1.35 0.90 0.13 0.02 

30-AN-P* 1.03 0.73 0.60 1.04 0.77 0.09 0.09 1.41 1.08 0.16 0.04 

25-AS 1.13 0.63 0.75 1.11 0.91 0.21 0.22 1.46 0.94 0.21 0.08 

25-AN 1.32 0.79 0.61 0.85 0.69 0.13 0.09 1.44 0.92 0.14 0.04 

25-AS-P (LES) 1.24 0.81 0.60 1.02 0.85 0.22 0.08 1.60 1.18 0.19 0.05 

25-AS-P (GS) 1.05 0.82 0.69 1.10 0.89 0.18 0.15 1.68 1.36 0.23 0.06 

25-AS-P* 1.15 0.82 0.65 1.06 0.87 0.20 0.12 1.64 1.27 0.21 0.06 

25-AN-P (LES) 1.10 0.91 0.60 0.95 0.76 0.12 0.10 1.63 1.44 0.18 0.05 

25-AN-P (GS) 1.25 0.78 0.57 0.87 0.69 0.06 0.06 1.53 1.05 0.15 0.05 

25-AN-P* 1.18 0.85 0.59 0.91 0.73 0.09 0.08 1.58 1.25 0.17 0.05 

20-AS 1.16 0.68 0.76 1.06 0.90 0.23 0.22 1.57 1.02 0.22 0.07 

20-AN 1.35 0.86 0.59 0.79 0.69 0.13 0.09 1.63 1.11 0.14 0.04 

20-AS-P (LES) 1.16 0.87 0.69 0.96 0.79 0.16 0.14 1.67 1.26 0.19 0.06 

20-AS-P (GS) 1.33 0.86 0.58 0.78 0.65 0.10 0.07 1.58 1.09 0.09 0.02 

20-AS-P* 1.25 0.87 0.64 0.87 0.72 0.13 0.11 1.63 1.18 0.14 0.04 

20-AN-P (LES 1.22 0.89 0.60 0.89 0.72 0.12 0.07 1.60 1.23 0.13 0.03 

20-AN-P (GS) 1.15 0.87 0.63 1.03 0.79 0.16 0.08 1.52 1.13 0.14 0.05 

20-AN-P* 1.19 0.88 0.62 0.96 0.76 0.14 0.08 1.56 1.18 0.14 0.04 
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Figure S4: Overlay of FT-IR spectra. From top to bottom: overlays of AS, AN, AS-P, and AN-

P samples (both LES and GS sides are shown for AS-P and AN-P) for the 70:30, 75:25, and 

80:20 copolymers.  
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Table S5. Piezoelectric charge coefficients (d33) measured for each type of sample on three 

specimens (named 1, 2, and 3) on both sides of the mat. The absolute mean values (mean d33) 

and the corresponding standard deviations are also reported. LES = Live Electrode Side; GS = 

Grounded Side. We tested for statistically significant differences between the d33 values 

obtained from the LES and GS sides using a paired two-tailed t-test, which revealed no 

significant difference between the two distributions at 95% confidence. 

 

 
Sample d33 (LES)  

[pC N-1] 

d33 (GS)  

[pC N-1] 

Mean d33 

[pC N-1] 

SD 

[pC N-1] 

30-AS -0.13 -0.17 -0.15 0.08 

30-AN -0.12 -0.16 -0.14 0.12 

25-AS -0.16 -0.17 -0.17 0.14 

25-AN -0.15 -0.30 -0.22 0.17 

20-AS -0.09 -0.03 -0.06 0.04 

20-AN -0.08 -0.04 -0.06 0.06 

30-AS-P (1) -35.80 -34.00 

-33 2 30-AS-P (2) -32.22 -30.04 

30-AS-P (3) -33.98 -33.80 

30-AN-P (1) -37.14 -37.12 

-36.9 0.3 30-AN-P (2) -35.82 -37.24 

30-AN-P (3) -36.64 -37.40 

25-AS-P (1) -36.38 -36.48 

-35 2 25-AS-P (2) -37.40 -35.42 

25-AS-P (3) -34.46 -32.00 

25-AN-P (1) -42.62 -42.82 

-41 2 25-AN-P (2) -39.22 -38.64 

25-AN-P (3) -41.02 -40.06 

20-AS-P (1) -34.70 -34.44 

-34.3 0.6 20-AS-P (2) -34.70 -34.78 

20-AS-P (3) -33.80 -33.30 

20-AN-P (1) -13.64 -13.18 

-13.5 0.4 20-AN-P (2) -13.96 -13.88 

20-AN-P (3) -13.16 -13.26 
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Figure S5: SEM micrographs of the 20-AN-P sample (LES and GS sides) before (left column) 

and after (right column) a second poling step at 140 °C. 

 

 

Table S6. List of the scientific literature reporting piezoelectric coefficients, expressed in pC 

N-1, measured on PVDF-based electrospun materials. 

 
Sample Piezoelectric 

coefficient 

[pC N-1] 

Type of 

piezoelectric 

coefficient 

Poling 

treatment 

Reference 

numbera 

PVDF 0.09 d31 NO 45 

PVDF 27.2 d33 NO 73 

PVDF + 

MnO2/graphene/MWCNTs 

33 d33 YES 74 

PVDF + organosilicate 22.2 d33 YES 75 

PVDF+ BaTiO3 18 d33 YES 76 

PVDF-TrFE 80-20 8.2 d33 YES 37 

PVDF-TrFE 80-20 15 d33 YES 77 

PVDF-TrFE 80-20 28.6 d33 YES 79 

PVDF-TrFE 80-20 20 d33 YES 80 

PVDF-TrFE 80-20 27 d33 YES 38 

PVDF-TrFE 80-20 + 

Nd0.05Bi0.95Fe0.95Co0.05O3 

35 d33 YES 78 

PVDF-TrFE 75-25 15.73 d31 YES 81 

PVDF-TrFE 75-25 22.88 d31 YES 72 

PVDF-TrFE 70-30 35.5 d33 YES 83 

PVDF-TrFE 70-30 31.7 d33 YES 84 

PVDF-TrFE 70-30 2.56 d33 YES 85 

a) the indicated reference number is referred to the bibliographic list of the main manuscript. 
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