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Abstract: The research, fabrication and development of
piezoelectric nanofibrous materials offer effective solutions to
the challenges related to energy consumption and
non-renewable resources. However, enhancing their electrical
output still remains a significant challenge. Here, a strategy of
inducing constrained phase separation on single nanofibers via
shear force was proposed. Employing electrospinning
technology, a polyacrylonitrile/polyvinylidene difluoride
(PAN/PVDF) nanofibrous membrane was fabricated in one
step, which enabled simultaneous piezoelectric and
triboelectric conversion within a single-layer membrane.
Each nanofiber contained independent components of PAN
and PVDF and exhibited a rough surface. The abundant
frictional contact points formed between these heterogeneous
components contributed to an enhanced endogenous
triboelectric output, showcasing an excellent synergistic effect
of piezoelectric and triboelectric response in the nanofibrous
membrane. Additionally, the component mass ratio
influenced the microstructure, piezoelectric conformation and
piezoelectric performance of the PAN/PVDF nanofibrous
membranes. Through comprehensive performance
comparison, the optimal mass ratio of PAN to PVDF was
determined to be 9:1. The piezoelectric devices made of the
optimal PAN/PVDF nanofibrous membranes with rough
nanofiber surfaces generated an output voltage of 20 V,
which was about 1.8 times that of the smooth one at the
same component mass ratio. The strategy of constrained
phase separation on the surface of individual nanofibers
provides a new approach to enhance the output performance
of single-layer piezoelectric nanofibrous materials.
Keywords: nanofibrous membrane; constrained phase
separation; endogenous triboelectric effect; dual-component;
piezoelectric property
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0 Introduction

The extensive consumption of fossil fuels and
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associated environmental concerns have garnered global
attention, driving researchers to explore alternative
renewable energy sources including bioenergy, hydrogen
energy and mechanical energy''®'. Among these,
mechanical energy stands out as a readily available
source, and the emerging piezoelectric materials excel at
harvesting mechanical energy and converting it into
electricity "' Novel  piezoelectric  nanogenerators
(PENGs) developed based on this demonstrate significant
potential for various applications in wearable sensors'” |
implantable  health monitoring  devices'®, energy
storage' "' | etc. However, it is important to highlight that
their electrical output currently remains modest.

Extensive research has been conducted to enhance
the electrical output of PENGs'*”. Traditional ceramic-
based piezoelectric materials, such as zinc oxide and
barium titanate, have been widely used for mechanical
energy conversion. However, these materials still suffer
from poor structural flexibility, which often leads to
brittle fractures or fatigue cracks''’. In contrast,
polymeric piezoelectric materials, exemplified by
polyvinylidene difluoride ( PVDF ), offer excellent
flexibility and piezoelectric performance. However, with
the continuous evolution of electronic devices,
conventional PVDF-based PENGs with limited output
performances face challenges in meeting the increasing
energy consumption requirements'''’. It has been
demonstrated that maximizing the proportion of the
ferroelectric B-phase and achieving proper polarization
direction are crucial strategies to address this issue''’.
Electrospinning enables the efficient fabrication of
self-polarized PVDF nanofibers, characterized by a high
B-phase content, attributed to the strong mechanical
stretching forces generated by high electric fields ™'.
However, further enhancing the electrical output of
PENGs remains a daunting challenge.

Currently, most PENGs based on electrospun
nanofibers consist of a single polymer component, and
the piezoelectric conversion is mainly attributed to the
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deformation of nanofibers''*'. In contrast, triboelectric

nanogenerators ( TENGs ) operate by converting
mechanical energy into electrical energy through the
electrostatic  induction and triboelectric  coupling
effect"™ . It should be noted that the electrical output of
TENGs is typically higher than that of PENGs. In order
to enhance the electrical output of nanofibrous
membranes, considering the simultaneous occurrence of
inter-fiber contact and slip phenomena during the
compression, a promising approach involves constructing
multi-component  fibers within a  single-layer
membrane'"*’. This enables the generation of additional
frictional charges through the frictional contact between
different fibers. Considering the cumulative output of
triboelectric effects, polyacrylonitrile ( PAN) with its
excellent stability, piezoelectric performance and high
positive charge affinity is selected as the optimal polymer
phase'”’. However, the fiber-to-fiber contact in the
membrane mainly consists of point contacts, limiting the
effective contact points between the heterogeneous
polymer single fibers. To address this issue, researchers
have employed co-electrospinning of PAN and PVDF to
prepare nanofibrous membranes incorporating both
heterogeneous components within a single fiber to
enhance inter-fiber friction points'®'. However, the
smooth surface of these nanofibers constrains further
increase in contact points.

In this work, we design dual polymer phases within
single nanofibers featuring a rough groove surface through
surface-constrained  phase  separation.  During the
electrospinning process, the jet containing both PVDF
and PAN undergoes shear-induced phase separation on the
surface of individual nanofibers under high-speed
whipping, leading to numerous frictional contact points
between dual components within single nanofibers and
among nanofibers. This significantly enhances the
endogenous triboelectric effect, resulting in the membrane
exhibiting superior piezoelectric output performance
compared to the dual-component single nanofiber with a
smooth surface. Furthermore, we investigate the impact
of the component mass ratio in nanofibers on the

microstructure , piezoelectric conformation and
piezoelectric performance of membranes, and validate the
enhancement mechanism of the endogenous triboelectric
effect in rough dual-component nanofibers.

1 Materials and Methods

1.1 Materials
PAN (M. =149 000 - 151 000), PVDF (M, =

320 000) , N, N-dimethylformamide ( DMF) and acetone
were all obtained from Shanghai Titan Technology Co.,
Ltd., China. Polyethylene terephthalate (PET) film and
aluminum foil were bought from Taizhou Tongjida New
Material Co., Ltd., China.
1.2 Fabrication of PAN/PVDF nanofibrous membranes
The preparation procedure of PAN/PVDF
nanofibrous membranes is displayed in Fig. 1. Firstly,
PAN powder was dissolved into DMF and stirred at room
temperature for 8 h. Subsequently, PVDF powder was
introduced into the solution, and the resulting mixture
was stirred at 80 C in a water bath for another 6 h,
obtaining a uniform spinning solution. The total polymer
mass fraction in the resulting solution was 14% , and the
mass ratio of PAN to PVDF was 5:5, 7:3 and 9:1,
respectively. Additionally, pure PAN and pure PVDF
solutions at equivalent mass fraction were prepared using
the same method. Five syringes were used to individually
extract 8 mL spinning solution for electrospinning. The
applied voltage was 23 kV, accompanied by a feed rate of
1.2 mL/h and a receiving distance of 15 cm. The
aluminum foil as the receiving substrate was wrapped
around the drum rotating at 100 r/min. Throughout the
process, the temperature was (25%2) C and the relative
humidity was (40 =5)%. Each solution underwent a
spinning time of 3 h, then the obtained membranes were
dried at 70 C to remove residual DMF. Based on the
mass ratio of PAN to PVDF in the spinning solution, the
nanofibrous membranes were named N F , where N and

xT oy

F represent PAN and PVDF, respectively; x and y
represent the mass proportions of PAN and PVDF,
respectively.

Fig.1 Schematic diagram of PAN/PVDF nanofibrous membrane fabrication via electrospinning
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The PAN/PVDF nanofibrous membranes with a
smooth nanofiber surface were obtained by a similar
process as mentioned above, with the differences that
PAN and PVDF powders (the mass ratio of PAN to
PVDF was 9:1) were dissolved in a mixed solvent of
DMF and acetone at a volume ratio of 4 : 6, and the
applied voltage during electrospinning was adjusted to
15 kV. The thickness and the nanofiber diameter of the
nanofibrous membranes were controlled to be similar to
those of rough PAN/PVDF nanofibrous membranes.

1.3 Piezoelectric property test

The nanofibrous membrane was assembled into a
piezoelectric device as shown in Fig. 2, and its
performance was tested. First, the nanofibrous membrane
was cut into a square sample with a size of 4 cmx4 cm.
Then, aluminum foil was used as electrodes and tightly
attached to both sides of the nanofibrous membrane, with
slightly smaller dimensions to prevent any formation of
conductive paths. Finally, the entire device was coated
and secured with PET film, ensuring that each layer was
tightly adhered to the adjacent layer without any gaps.
The assembled device was attached to an acrylic board
that connected with a force gauge. A motor was used to
cyclically impact the device in a vertical direction, with
the motor speed adjusted to apply a pressure of
approximately 10 N. The electrostatic meter ( Keithley
6514, Tektronix, USA) was connected to the extended
part of the aluminum foil to collect the voltage signals
generated by the device, and the data was recorded using
LabVIEW software.

Fig.2 Schematic diagram of piezoelectric device assembly

1.4 Characterization

A scanning electron microscope ( SEM) (SU8010,
Hitachi, Japan) was employed to observe the microscopic
morphologies of nanofibers. A Fourier transform infrared
(FTIR) spectroscope ( Nicolet 6700, Thermo Fisher,
USA ) was applied to determine the content of
piezoelectric conformation. X-ray diffraction ( XRD )
(D8 Advance, Bruker, Germany) was used to analyze
the crystal structures of the nanofibrous membranes.

2 Results and Discussion

2.1 Morphology control and analysis of nanofibrous

membranes

Different morphologies of nanofibrous membranes
were achieved by adjusting the mass ratio of PAN to
PVDF (Fig.3). Notably, the nanofibers in N,F, exhibit
random orientation with some fine nanofibers, indicating
a low uniformity in the nanofiber diameter. This can be
attributed to the instability of the jet during the
electrospinning process. As the PAN mass fraction in the
solution progressively increases, the content of fine
nanofibers in the membrane decreases. This is a result of
the higher viscosity of the spinning solution caused by the
increased PAN mass fraction, resulting in the increased
nanofiber diameter with a more uniform distribution.
Further analysis of the nanofiber diameter, as shown in
Fig. 4, reveals an increase in the diameter with increasing
PAN mass fraction in the nanofibers. The average
nanofiber diameters of N,F,, N.F, and N F, are 468.9,
508.9 and 547.1 nm, respectively. Overall, the
PAN/PVDF nanofibers have similar diameters, around
500 nm, which facilitates the subsequent analysis and
comparison of their piezoelectric properties. Moreover,
all the nanofiber surfaces exhibit rough groove structures,
which arises from the phase separation of the two-phase
polymer components in the spinning solution under the
high-speed shearing force of the jet''’. The energy-
dispersive spectroscopy (EDS) mapping reveals that both
elements N and F, representing PAN and PVDF
respectively, are distributed on the surface of the
nanofibers, demonstrating the coexistence of these two
polymers within individual nanofibers ( Fig.5).

Fig.3 SEM images of samples: (a) N;F;; (b) N;F;; (c¢) NoF,
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Fig.4 Nanofiber diameter distributions of samples: (a) N;F;; (b) N;F,; (c¢) NyF,

59

Fig. 5 EDS mappings of NyF, : (a) selected area; (b) C; (¢) N; (d) F

2.2 Piezoelectric conformation analysis

The crystal structures of PAN/PVDF nanofibrous
membranes, as well as PVDF nanofibrous membranes
and PAN nanofibrous membranes, were characterized
by XRD (Fig. 6). PVDF molecular chains exhibit the
all-trans planar zigzag conformation, a defining feature
of the B-phase known for its indispensable role in
enhancing the excellent piezoelectric properties. The
PVDF nanofibrous membranes show distinct B-phase
diffraction peaks at 260 = 20. 6°, corresponding to the
(110) and (200) crystal planes, indicating that the

synergistic effect of mechanical stretching and in-situ
polarization during the electrospinning process
promotes the transformation to the B-phase’'®’. PAN is
an ethylene-based amorphous polymer with an all-trans
planar zigzag conformation formed by the repulsive
forces between neighboring cyano groups, enabling it
to exhibit piezoelectric responsiveness. Characteristic
peak corresponding to the (010) crystal plane of PAN is
observed at 20 =17.0'™'. The PAN/PVDF nanofibrous
membranes exhibit characteristic peaks at both 17.0° and
20. 6° in the XRD patterns (Fig. 6(b)).

Fig. 6 XRD patterns of samples: (a) PVDF and PAN nanofibrous membranes; (b) PAN/PVDF nanofibrous membranes

Subsequently, further characterization analysis of
the aforementioned nanofibrous membranes was
performed using FTIR. In the FTIR spectra ( Fig. 7) ,
the peak at 840 cm™' corresponds to the 8-phase, while
the peak at 763 cm™' is indicative of the non-polar
a-phase of PVDF.

The B-phase content of the membrane can be
calculated as""

I 840

P =
g (K840/K763) X [763 + [840

x 100%, (1)

where P, represents the content of B-phase; I, and I,
denote the absorption intensities at the corresponding
wavenumbers; K,, and K,, are the corresponding
absorption coefficients, which are 7. 7x10* cm®/mol and

6. 1x10* cm®/mol, respectively.
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Fig. 7 FTIR spectra of PAN/PVDF, PVDF and PAN nanofibrous membranes

The calculated [B-phase contents for PVDF
nanofibrous membrane, N.F,, N.F, and NF, are
90.62% , 88.58% , 68. 75% and 71.01% , respectively.
For PAN molecules, the vibrational bands at 1 252 cm™
and 1 230 cm™ in the FTIR spectrum correspond to its
all-trans planar zigzag conformation and irregular helical
conformation, respectively. Based on the FTIR
spectrum, the content of the piezoelectric conformation is
calculated as"*"

51252
P =———— X 100% 2
: 51252 + S]23O ' ( )
where P_ is the content of PAN all-trans planar zigzag
conformation, representing the content of the
piezoelectric conformation; S, and S, are the peak
areas at 1 252 cm™' and 1230 cm™', respectively.

Due to the overlapping of PAN vibration bands at
1252 cm™ and 1 230 cm™ with characteristic bands of
PVDF, the peak-differentiating and imitating approach
was employed to distinguish these peaks. The calculated
contents of the piezoelectric conformation for PAN
nanofibrous membrane, N,F,, N.F, and NyF, are
61.23%, 74.45% , 74.88% and 74.46% , respectively.
The piezoelectric properties of piezoelectric polymers
stem from the polarization of dipoles in the structure, and
the calculation of the total dipole moment D in

PAN/PVDF nanofibrous membranes is as follows"*'’ .

D =aD, P, + bD,P_, (3)

where a and b represent the mass fractions of PVDF and
PAN in the nanofibers, respectively; D, and D, are the
dipole moments in the corresponding piezoelectric
conformations of the polymers, D, =2.1 Debye (D),
and D,=3.5 D.

The total dipole moments calculated for the PVDF
nanofibrous membrane, N.F., N.F,, NyF, and PAN
nanofibrous membrane are 1. 90, 2.23, 2.27, 2. 50 and
2.14 D, respectively. It can be concluded that N F, has
the highest total dipole moment.

2.3 Piezoelectric property investigation

The trend of the output voltage of nanofibrous

membranes is consistent with the trend in the total dipole

1252 1230

moment, whereby a higher total dipole moment within
the membrane results in a higher output voltage ( Fig. 8).
However, PAN/PVDF nanofibrous membranes only
exhibit a 1. 0—1. 3 times increase in total dipole moments
compared to the single-component nanofibrous
membranes, yet the output voltage increases by 2. 2—-4. 8
times. This can be attributed to the additive contribution
of interfacial frictional polarization between PAN and
PVDF components, induced by the phase separation on
the individual nanofiber surface. Furthermore, the
increase in the output voltage exhibited by PAN/PVDF
nanofibrous membranes, with regard to varying polymer
mass ratios, deviates from a linear correlation with the
total dipole moment. This observation suggests a
synergistic effect between the piezoelectric output from
nanofiber deformation and the polarization via inter-
polymer friction. Among the tested ratios, N,F,
demonstrates the highest output voltage (20 V), leading
to the selection of NyF, for further experimental analysis.

Fig. 8  Output voltages of PAN/PVDF, PVDF and PAN

nanofibrous membranes

To further investigate the role of the rough surface
on the individual nanofiber with dual components in
increasing effective frictional contact points, we prepared
a PAN/PVDF nanofibrous membrane with the same
polymer mass ratio but different surface smoothness by
adjusting the electrospinning voltage and solvent and
compared the piezoelectric performance of the piezoelectric
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devices made of them ( Figs. 9 and 10). The results
indicates that the rough PAN/PVDF nanofibrous
membrane based piezoelectric device reaches an output
voltage of 20 V, while the smooth one exhibits a lower
output voltage of 11 V. The former is about 1. 8 times of
the latter. During friction, PAN is more susceptible to
losing electrons compared to PVDF. The occurrence of
lateral sliding and contact separation between these two
polymers leads to negatively charged PVDF domains and
positively charged PAN domains, with charge intensity

dependent on the total number of contact points between
the two components in the membrane''”. It can be
inferred that for nanofibrous membranes with the same
thickness and nanofiber diameter, the rough surface of
PAN/PVDF nanofibrous membrane provides more
heterogeneous contact points, resulting in a larger total
number of frictional contact points compared to the
smooth one. Consequently, the piezoelectric device made
of the PAN/PVDF nanofibrous membrane with rough
nanofiber surface exhibits a superior output voltage.

Fig. 9 Rough PAN/PVDF nanofibrous membrane based piezoelectric device and its piezoelectric performance; (a) schematic

illustration of the piezoelectric device; (b) output voltage

Fig. 10 Smooth PAN/PVDF nanofibrous membrane based piezoelectric device and its piezoelectric performance: (a) schematic

illustration of the piezoelectric device; (b) output voltage

2.4 Mechanical performance investigation

The tensile performances of nanofibrous membranes
are crucial for their potential applications in practical
scenarios, such as the requirement to maintain structural
integrity without damage when used as wearable sensors
under stretching and deformation from body movements.
As presented in the tensile stress-strain curves in Fig. 11,
N,F, achieves a superior tensile strength of 8.8 MPa,
significantly ~ surpassing both PVDF  nanofibrous
membranes (3.7 MPa) and PAN nanofibrous membranes
(6.0 MPa). Additionally, N F, also exhibits the highest
Young’s modulus but displays a lower elongation
(114.8% ) at break compared to the PVDF and the PAN
nanofibrous = membranes. Therefore, = PAN/PVDF
nanofibrous membranes present superb mechanical
properties for potential applications.

Fig. 11 Tensile stress-strain curves of NyF,, PVDF and PAN

nanofibrous membranes
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3 Conclusions

This study involved the preparation of nanofibrous
membranes using shear-induced phase separation during
electrospinning, resulting in individual nanofibers
containing both PAN and PVDF components with a rough
surface. Characterization and analysis were done on the
membranes to evaluate their morphology, piezoelectric
conformation and piezoelectric performance. The
influence of the component mass ratio on morphology and
piezoelectric performance was examined to determine the
optimal parameters for the fabrication of PAN/PVDF
nanofibrous membranes. The experimental results
revealed that the phase separation of PAN and PVDF on
the nanofiber surface resulted in the exposure of both
polymer components. When subjected to external forces,
the lateral sliding and contact separation between the
rough nanofibers generated substantial endogenous
triboelectric output. These effects, combined with the
piezoelectric conversion, significantly enhanced the
output voltage compared to the single-component
nanofibrous membranes and the smooth PAN/PVDF
nanofibrous membranes. Notably, at a PAN to PVDF
mass ratio of 9 : 1, the nanofibrous membrane based
piezoelectric device exhibited the highest output voltage
of 20 V.
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