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ABSTRACT: The development of flexible materials with higher piezoelectric
properties and electrostrictive response is of great significance in many applications
such as wearable functional devices, flexible sensors, and actuators. In this study, we
report an efficient fabrication strategy to construct a highly sensitive (0.72 kPa−1), red
light-emitting flexible pressure sensor using electrospun Eu3+-doped polyvinylidene
fluoride−hexafluoropropylene/graphene oxide composite nanofibers using a layer-by-
layer technology. The high β-phase concentration (96.3%) was achieved from the
Eu3+-doped P(VDF-HFP)/GO nanofibers, leading to a high piezoelectricity of the
composite nanofibers. We observed that a pressure sensor is enabled to generate an
output voltage of 4.5 V. Furthermore, Eu3+-doped P(VDF-HFP)/GO composite
nanofiber-based pressure sensors can also be used as an actuator as it has a good
electrostrictive effect. At the same time, the nanofiber membrane has excellent
ferroelectric properties and good fluorescence properties. These results indicate that
this material has great application potential in the fields of photoluminescent fabrics, flexible sensors, soft actuators, and energy
storage devices.

1. INTRODUCTION

In recent years, the application of piezoelectric materials has
been expanding. Piezoelectric materials refer to the internal
polarization phenomenon when deformation by external force,
and the voltage between the two ends of the crystal material,
can transform mechanical energy into electrical energy.1

Electroactive polymers convert electrical energy into mechan-
ical energy with their intrinsic ability, especially under the
stimulus of the applied electric field change size or shape (i.e.,
bending, contraction, or expansion).2 Organic piezoelectric
materials represented by polyvinylidene fluoride (PVDF) and
its copolymers have good piezoelectric, ferroelectric, and
electrostrictive response properties, which have been widely
used in sensors, actuators, energy storage applications,
waterproof coatings, and other fields.3−7

PVDF and its copolymers mainly have α, β, and γ crystal
types. Among them, the β crystal structure with full “TTTT”
anticonformation has the largest polarity and exhibits good
piezoelectric and electrostrictive properties.8 Therefore,
choosing an appropriate method to increase the content of
the β phase is an important research direction to improve the
piezoelectric properties of PVDF-based materials, which has
important practical application significance. At present,
scientists mainly use methods such as high electric field,
electrostatic spinning, and polarity induction of nanofillers to
increase the content of the β phase.9−11 The multilayer porous
media film prepared using the electrospinning technology has

the advantages of easy control, small pore size, and high
specific surface area. Under the action of the applied electric
field, the polarization effect and the high tensile ratio of the
high static electric field in the electrospinning process are
similar to uniaxial mechanical drawing, which promotes the
increase in the β phase content.12,13 At the same time, based
on the excellent conductivity of conductive fillers, nanofiber
membranes are endowed with excellent electrodeformation
characteristics under the application of electric field, which
opens up the application of piezoelectric nanofiber modified
materials for soft actuators.
The doping of rare-earth ions often improves the piezo-

electric properties of piezoelectric materials. Eu3+ ions were
doped in the polyvinylidene fluoride−hexafluoropropylene
[P(VDF-HFP)] matrix as fillers to nucleate electrically active
β.14 During electrospinning, the uniform distribution of Eu3+ in
PVDF nanofibers greatly enhanced the interaction between
single Eu3+ and adjacent PVDF segments, thus improving the
thermal stability of photoluminescence.15 Among conductive
fillers, graphene oxide (GO) is a two-dimensional carbon
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structure with sp2 hybridization, with high specific surface area,
mechanical strength, thermal stability, and a variety of other
properties noted. Its surface is bound with a variety of oxygen
functional groups, including −COOH and −OH,16,17 which
has a high affinity with surrounding molecules and can
promote hydrophilicity and absorption capacity.18,19 Adding
very small amounts of GO with a weight percentage of less
than 1% to polymer membranes improves the physicochemical
properties of the membranes and generates new functions.20

The addition of modified particles in the electrospinning
process can make the interaction between the polymer and
modified particles produce higher charge density, promote the
mutually reinforcing crystallization of β, improve its crystal-
linity, and improve the piezoelectric properties.21 GO-based
composites exhibit significant thermal and mechanical proper-
ties attributed to the chemical groups of GO, improving
interfacial interactions with other materials/substrates.22 The
mechanical properties of the composites can be optimized by
the synergistic effect of multiple fillers, and the piezoelectric
properties of the nanocomposite fibers can be enhanced by
using multiple fillers.23

Multiple conductive fillers were used to improve the electric
field distribution or conductive characteristics of the matrix so
that the internal charge of the material could be effectively
exported to the material surface. Local electric field can be
used to make other fillers in the material fully express the effect
of electrical coupling.24 Layered, core-shell, and sandwich
structures have been extensively and deeply studied.25

Sandwich structure polymer nanocomposites can overcome
the contradiction between the dielectric constant and break-
down strength, and they have excellent energy storage
performance,26 which contributes to improve the comprehen-
sive performance of composite films. Ahmad et al.27 found that
GO filler had good adsorption performance on the P(VDF-
HFP) polymer matrix, and the addition of GO made P(VDF-
HFP) PEM have good thermal stability, electrolyte absorption,
and morphology. Gao et al.28 used porous thermoplastic
polyurethane (TPU) as a flexible substrate and silver
nanowires (AgNWs) as a conductive network system to easily
achieve a “sandwich” composite conductive material with high
flexibility and low resistance. Rochel and Yalcinkaya29 prepared
PVDF nanofiber multilayers with good hydrophilicity and high
mechanical properties through the lamination process,
providing a new approach for the design and development of
electrospinning filter membranes. Therefore, the development
of multifunctional composite piezoelectric materials modified
by a foundation structure design is of great significance in
many future applications.
In previous studies, we studied the synergic effect of the

BaTiO3 system
30 to enhance the function of inorganic fillers

and substrate material P(VDF-HFP) and prepared multifunc-
tional nanofiber films with fluorescence, piezoelectric, and
ferroelectric properties, which can be used for flexible pressure
sensors and energy storage devices. Two-dimensional con-
ductive filler GO has its own unique and excellent perform-
ance, which can better improve the mechanical properties and
piezoelectric output of the material. Herein, we use two-
dimensional conductive filler GO and fluorescent complex Eu
(TTA)3(TPPO)2 to form a double filler system and further
explore the influence of double filler components on polymer
properties and applications. The β-phase content of the double
packing Eu(TTA)3(TPPO)2/GO system is up to 96.3%, which
is used as a sensor with a sensitivity of up to 0.72 kPa−1, 4.5 V

ultrahigh output voltage, and 7 mm electroforming variable,
and it has good fluorescence characteristics. The multifunc-
tional piezoelectric polymer films developed are of great
significance in many application fields such as intelligent
wearable devices, flexible sensors, and actuators.

2. EXPERIMENTAL SECTION
2.1. Materials. P(VDF-HFP) (Mw = 400,000) was kindly

provided by the Sigma Aldrich (Shanghai) Trading Co., Ltd.;
GO (0.92 wt%, diameter: 1 nm, length: 300−1000 nm) was
purchased from Shandong OBO New Material Co., Ltd.;
thermoplastic polyurethanes (PU, SOFT 45A) were all
obtained from BASF (Germany); tetrahydrofuran (THF)
and N,N-dimethylformamide (DMF) were obtained from
Shanghai Titan Scientific Co., Ltd. Acetone (Ac) was
purchased from Beijing Chemical Works.

2.2. Preparation of Composite Nanofibers. GO
aqueous solution (GO: 0.05 wt%) (0.675 g) was dissolved in
4 mL of DMF and 2 mL of Ac mixed solvent, stirred for 10
min, and dispersed by ultrasonication for 30 min to make it
evenly dispersed. P(VDF-HFP) particles (1.08 g) were added
and stirred at 65 °C for 6 h with magnetic force and dispersed
by ultrasonication for 6 h until completely dissolved to obtain
20% (w/v, g/mL) electrostatic spinning precursor solution.
Filler fluorescent complex Eu(TTA)3(TPPO)2 (10 wt%) was
added (the preparation method used in our previous report,30

referred to as C), stirred for 10 min, ultrasonic-dispersed for 30
min, magnetically stirred for 12 h until completely dissolved,
and then, 2 mL of the solution was extracted for electro-
spinning to prepare the nanofiber membrane named PFPCGO.
The HD-1311 electrospinning machine of Beijing Yongkang
LeYe Technology Development Co., Ltd. is used for
electrospinning, and the nanofiber film is collected on the
aluminum foil attached to the receiving hub. As a contrast,
pure P(VDF-HFP), P(VDF-HFP) spinning solution doped
with fluorescent complex C, and P(VDF-HFP) spinning
solution doped with GO were prepared at the same time.
The nanofiber membranes were prepared by electrostatic
spinning and named PFP, PFPC, and PFPGO.

2.3. Fabrication of Sandwiched-Structure Compo-
sites. In this work, a sandwiched-structure composite
nanofiber membrane was specially designed as the functional
layer of the flexible pressure sensor. PU (1.0 g) was dissolved
in 2 mL of DMF and 8 mL of THF mixed solution and stirred
at room temperature for 5 h until the solution was fully
dissolved, which was used to prepare the surface PU nanofiber
layer. Through the layer-by-layer spinning method, 2 mL of
PU nanofiber layers were spun on both sides of four kinds of
PFP, PFPC, PFPGO, and PFPCGO nanofibers, and the four
composite nanofibers were successively named PU/PFP/PU,
PU/PFPC/PU, PU/PFPGO/PU, and PU/PFPCGO/PU. The
specific operation is to electrospun 2 mL of PU spinning
solution on aluminum foil paper, continue electrospinning 2
mL of sample liquid under the condition of controlling the
same humidity and temperature as possible, and finally
electrospun 2 mL of PU spinning solution. The working
parameters of electrostatic spinning are as follows: the
extrusion rate was set to 1.0 mL/h with a microsyringe
pump. The spinning voltage was 18 kV, and the receiving
distance was 16 cm. The temperature was maintained at 25 ±
2 °C, and the relative humidity was kept at 40 ± 5%. After
drying for 12 h at 25 °C in a vacuum drying oven with a
completely volatile solvent and pressing for 5 min at room
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temperature, the dense PVDF nanofiber membrane was
obtained for further experimental characterization.
2.4. Preparation of the Flexible Pressure Sensor. Four

kinds of composite nanofiber membranes PU/PFP/PU, PU/
PFPC/PU, PU/PFPGO/PU, and PU/PFPCGO/PU were
used as the functional layers of the sensor. The composites
films were cut into 4 cm × 4 cm, put aluminum foil tape on the
two sides of the film, and led out with two thin copper wires.
2.5. Characterization. The surface morphological study of

the electrospun composite nanofibers was investigated by a
COXEM EM-30PLUSFE-SEM.The diameter of the composite
nanofibers was measured using Image J software. Fourier
transform infrared (FT-IR) spectra of all the composite
nanofibers were recorded using a FTIR-850 FT-IR spectrom-
eter. An FS5 fluorescence spectrometer was used to test the
fluorescence of composite nanofibers. The crystalline struc-
tures were investigated by X-ray diffraction (XRD). A Setline
thermogravimetric analyzer was used to obtain differential
scanning calorimetry (DSC) and thermogravimetric curves at a
rate of 10 °C/min in the temperature range from room
temperature to 800 °C. Atomic force microscopy (AFM) was
employed to investigate the surface topography using an AFM
machine (MFP-3D, Asylum Research, U.S.A.). Specific probe
(AC240TS-R3, Asylum Research) specifications have an elastic
coefficient of 2 N/m and a resonance frequency of 70 kHz.
The water contact angle (WCA) of the membrane was
measured using an optical contact angle and surface
tensiometer (SL200KS, KINO USA) using deionized water
(5 μL). With the help of a TH2828 Precision LCR Meter

Digital Bridge Instrument, the sensitivity of the packaged
sensor was tested. A tensile testing machine was used to test
the tensile strength of the fiber films, and the polarization−
electric field (P−E) hysteresis of the composite nanofibers
were studied using a TF2000E ferroelectric analyzer. The
electric actuation test was carried out using self-assembled
equipment. We used homemade pressure equipment which
exerted periodic impact force. A picoammeter (Keithley 6487)
and digital oscilloscope (GDS-2102) were used to record
piezoelectric current and voltage. The piezoelectric charge
coefficient (d33) was measured by ZJ-3AN Piezoelectricity
Instrument of Beijing Jingke Zhichuang Technology Co.,
LTD., China. The sample was prepared by scratch coating with
a size of 1 cm × 1 cm and a thickness of about 7 μm. The
surface of the sample was sprayed with gold. The sample was
polarized for 30 min at 3 kV voltage and stood for 24 h after
polarization for testing. All measurements were carried out at
room temperature.

3. RESULTS AND DISCUSSION
3.1. Membrane Morphology. Nanofiber membranes

were prepared by electrospinning. The scanning electron
microscopy (SEM) image and fiber diameter distribution are
shown in Figure 1a−c. The figures show randomly oriented
fibers without any lumps and an irregular fibrous morphology.
Compared with PFP fibers, the diameter of PFPC and
PFPCGO nanocomposite fibers decreased from 1000∼2000
nm to 400∼700 nm and 600∼800 nm because of the addition
of C and C/GO. This is because the addition of the filler

Figure 1. SEM images and diameter distributions of (a) PFP fiber, (b) PFPC nanocomposite fibers, and (c) PFPCGO nanocomposite fibers.
Diameter distribution of (d) PFP fiber, (e) PFPC nanocomposite fibers, and (f) PFPCGO nanocomposite fibers. (g) PFPCGO nanofiber element
distribution total spectrum. (h) Eu, (i) O element distribution total spectrum.
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increases the electrical conductivity of electrostatic spinning
solution, and the electrostatic repulsion and Coulomb force on
Taylor’s cone increase during spinning, leading to the
reduction of the fiber diameter.31 There is no obvious granular
bulge on the fiber surface, indicating that the doped filler has
been well dispersed into the PFP matrix. As can be seen from
the energy dispersive X-ray spectroscopy (EDS) in Figure 1d−
f, the element composition is complete, and the element is
evenly dispersed without aggregation. The uniform dispersion
of C with fluorescent properties and conductive GO lays a
good foundation for the improvement of P(VDF-HFP)
properties.
3.2. Structure and Phase Transformation. The three

common conformations of P(VDF-HFP) crystals are α crystal,
β crystal, and γ crystal, among which β crystal exhibits
piezoelectric properties because of its spontaneous polar-
ization.32 Different crystal types of P(VDF-HFP) correspond
to different FT-IR absorption peaks. The characteristic
absorption peaks of the α phase are located at 530, 615,
763, 796, 976, and 1383 cm−1, and the characteristic
absorption peaks of the β phase are located at 510, 840, and
1278 cm−1. The peaks at 1234 and 841 cm−1 are attributed to
the γ-phase and the superimposed β- and γ-phases of P(VDF-
HFP), respectively.33 In order to determine the content of β-
phases in the sample, 763 and 840 cm−1 were selected to
represent the absorption peaks of α and β crystals, respectively.
As shown in Figure 2a, it is obvious that the peak height
decreases significantly after the doping filler at 763 cm−1

because the addition of the filler promotes the transformation
of P(VDF-HFP) from the thermally stable α-phase to the
metastable β-phase, thus producing more β crystal types. The β

crystal content calculated using the Lambert−Beer law is
shown in Figure 2b. The β crystal content of the PFP sample is
only 80.8%, while the β crystal content of the three samples
doped with the filler is 94.1, 96.1, and 96.3%, respectively. It
can be seen that the codoping of complex C and GO double
packing can promote the increase of the β crystal content,
which is 15.5% higher than that of PFP. This result was also
confirmed by XRD (Figure 2c) for pure PFP films, and the
peaks at 18.4° and 20.0° correspond to the (020) and (110)
crystal planes of the P(VDF-HFP) α phase. With the addition
of the filler, the characteristic diffraction peak of the α phase
almost disappears, and the characteristic diffraction peak of the
(100/200) crystal surface of the β phase at 20.4° gradually
increases. A special interaction between P(VDF-HFP) and GO
further improves the transfer from α to β phases. With the
addition of the filler, the intensity of the α phase diffraction
peak gradually decreases or even disappears, while the intensity
of the β phase diffraction peak gradually increases.
Figure 3 shows the mechanism by which P(VDF-HFP)

increases the β phase content. Fluorescence complexes
Eu(TTA)3(TPPO)2 and GO as nucleating agents provide a
substrate for the nucleation of P(VDF-HFP) crystals and
induce β phase formation through strong interfacial
interactions. Because of the high voltage electrostatic field
during electrospinning and the high electronegativity of
graphene, the H atoms of P(VDF-HFP) tend to be close to
the GO surface. The electric field of electrospinning itself, the
fluorescence complex, and the local amplified electric field of
conductive GO can all generate induced charges, resulting in a
stronger Coulomb force, which attracts the P(VDF-HFP)
chain to the GO surface to form hydrogen bonds and

Figure 2. (a) FT-IR spectra for polymer membranes. (b) β crystal content diagram. (c) XRD pattern of the polymer membranes.

Figure 3. Schematic diagram of increasing the β phase content.
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crystallize into the β phase, promoting the increase of the β
phase in P(VDF-HFP) composite nanofibers.
DSC thermographs are provided in Figure 4a. The addition

of the filler obviously affects the thermal behavior of
nanocomposites. For pure PFP, the exothermic peak is 143.6
°C and there is only one large melting peak. With the addition
of filler, it is obvious that the melting peak develops into a
double wide peak, and the maximum wave peak moves towards
high temperature. The melting peak displacement of PFPCGO
samples doped with double fillers is the largest, and the
exothermic peak is 153.5 °C. The higher melt peak
displacement is attributed to the uniform distribution and
nucleation of nanoparticles.34 The GO layer has a good affinity
with the polar P(VDF-HFP) chain, resulting in substantial
nucleation in the polymer matrix, thus promoting the increase
of β crystal content. Figure 4b,c shows the thermogravimetric
analysis (TGA) and differential thermal analysis (DTA) curves
of the composite. All curves show typical weightlessness at

around 470 °C because of the degradation of the polymer
chain. Although all samples showed similar degradation
characteristics, the percentage of residual mass of the
PFPCGO sample was higher than that of other nano-
composites, indicating that the thermal resistance of this
particular sample was slightly higher.35 PFPC and PFPCGO
samples have a weightlessness platform corresponding to the
weightlessness of the fluorescence complex C at 300 °C, which
also proves that the doping of fillers is successful.
PFPCGO spinning solution was scraped and coated with a

thickness of about 5 μm. The AFM test was performed. Figure
5 shows the AFM amplitude, height, and phase images of the
PFPCGO scratch-coated film. In these images, the brightest
areas display the highest point of the membrane surface, and
the dark regions represent valley or membrane pores. It can be
inferred from AFM images that there are fine particles on the
surface of the film, which is due to the diffusion of the
nanofillers into the P(VDF-HFP) phase so that the synergistic

Figure 4. (a) DSC results of polymer membranes. (b) TGA and (c) DTA curves for polymer membranes.

Figure 5. AFM (a) amplitude, (b) height, and (c) phase images of the PFPCGO composite membrane.

Figure 6. (a) Stress−strain curves and mechanical properties of the nanofibers. (b) Contrast diagram of Young’s modulus.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02024
ACS Omega 2022, 7, 23521−23531

23525

https://pubs.acs.org/doi/10.1021/acsomega.2c02024?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02024?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02024?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02024?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02024?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02024?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02024?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02024?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02024?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02024?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02024?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02024?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


effect of the double fillers promotes the increase in the β crystal
content.
3.3. Mechanical Property Analysis. The stress−stain

curves of electrospun nanofibers are depicted in Figure 6a,b,
and the sandwich structure of the PU/PFPCGO/PU nanofiber
membrane has a maximum strain of 200%, showing an
excellent Young’s modulus of 1.0 MPa, but the strain is low,
only 1.5 MPa. The maximum strain of the PU/PFPCGO/PU
nanofiber membrane of the sandwich structure is doubled than
that of pure PU/PFP/PU, while the Young’s modulus is
reduced by more than three times. It can be seen that doping
GO can significantly improve the elongation at break and
significantly reduce the Young’s modulus of the material, which
is far superior to doping complex C. The synergistic effect of
the two fillers to enhance the mechanical properties is that the
composite nanofibers obtain the maximum elongation at break
and the lowest Young’s modulus, which makes it more effective
in the application of flexible pressure sensors.
3.4. Ferroelectric Performance Analysis. Figure 7

describes the ferroelectric properties of nanofiber samples. It

can be seen that the addition of the filler and sandwich
structure design obviously enhances the ferroelectric properties
of the material. Saturation polarization (Ps) was significantly
enhanced, in which Ps‑PFP: 0.028 μC/cm2, Ps‑PU/PFP/PU: 0.033
μC/cm2, Ps‑PFPCGO: 0.039 μC/cm2, and Ps‑PU/PFPCGO/PU: 0.055
μC/cm2. The remnant polarization (Pr) of 4.0 × 10−3 μC/cm2

is obtained for PU/PFPCGO/PU, which is higher than that of
PFPCGO (a negligible value of 1.7 × 10−3 μC/cm2),
indicating that the sandwich structure can improve the
ferroelectric properties of the material efficiently. Although
the sandwich structure conductive filler system can also
improve the ferroelectric properties of materials, the residual
polarization and saturation polarization values are far less than
those of the inorganic filler system [Eu(TTA)3(TPPO)2/
BaTiO3].
3.5. Surface WCA of Electrospun Membranes. The

surface hydrophobicity of different nanofibrous layers was
evaluated using dynamic WCA measurements [Figure 8a−c].
The WCA over 90° means that nanofibers surface is
hydrophobic in nature. PU has a hydrophobic surface with a
WCA of 117°. The WCA of PFPCGO nanofiber membrane
was 122°. We found that the sandwich structure of the PU/
PFPCGO/PU nanofiber membrane WCA was 123° close to

the PFPCGO nanofiber membrane, which maintained the
surface hydrophobicity of the material. Therefore, the obtained
PU/PFPCGO/PU film exhibited great hydrophobicity, making
it a promising candidate to be fabricated into a flexible press
sensor and some intelligent wearable devices.

3.6. Fluorescence Properties of Electrospun Mem-
branes. Figure 9 shows the fluorescence emission spectrum of

the PFPCGO nanofiber membrane. The emission peak is
strong at 593 and 617 nm, corresponding to the 5D0 →

7F1 and
5D0 →

7F2 electron transitions of Eu3+. The emission peak is
the strongest at 617 nm, which is the characteristic peak of
Eu3+. The calculated peak points (x = 0.65, y = 0.33)
correspond to red emission in CIE color coordinates, which
provides a basis for the realization of flexible pressure sensors
that can be fluorescently labeled.

3.7. Sensitivity of the Flexible Pressure Sensor. The
flexible pressure sensor is prepared using the method explained
in Section 2.4. Our flexible pressure sensor has a positive
capacitance change and can show a capacitance curve that
increases with the application of pressure when applied. When
the external pressure, the top and bottom when the distance
between the electrodes is reduced, the internal nanofibers in
thickness can be reduced, nanofibers the increase of contact
area, and separation to shorten the distance between electrode
lead to pressure sensor capacitance increased significantly
when compressed, so within the scope of the low pressure with
high stress sensitivity. The flexible pressure sensor based on the
piezoelectric sandwich nanofiber membrane acts as a capacitor.
Therefore, when the piezoelectric voltage is generated under
applied stress, the induced charge accumulates on the electrode
surface, which will cause the change of the capacitance of the

Figure 7. Polarization−electric field (P−E) hysteresis of composite
nanofibers.

Figure 8. WCA images of (a) PFPCGO, (b) PU/PFPCGO/PU, and
(c) PU composite nanofibers.

Figure 9. Fluorescence spectra of PFPCGO.
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device. The sensitivity of the device can be measured by the
change in the capacitance value with the change in pressure. As
shown in Figure 10a, when the pressure is less than 1 kPa, it is
obvious that the PU/PFPCGO/PU film has an excellent
sensitivity of 0.72 kPa−1, about 4.8 times that of the PFPCGO

sample (0.15 kPa−1), and much higher than that reported in

some literature.36−39 [Figure 10b]. With increasing pressure,

sensitivity decreases and tends to equilibrium. Therefore, in

the low-pressure range, the pressure sensitivity is more

Figure 10. (a) Comparison of the sensitivity of PFPCGO and PU/PFPCGO/PU sensors. (b) Comparison of the sensitivity of sensors in this study
and the reported literature.

Figure 11. (a) Schematic diagram of the piezoelectric response measurement system. Output voltage of (b) the forward connection and (c) the
reverse connection.

Figure 12. Piezoelectric output (a−c) voltage and (d−f) current of the nanocomposites under different frequencies (1∼3 Hz).
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excellent, making it useful as an electronic skin to detect small
vibrations such as pulse and heart rate.39

3.8. Piezoelectric Studies of the Flexible Pressure
Sensor. Figure 11a shows the schematic diagram of the
piezoelectric response measurement system. The computer
control terminal can ensure that the linear motor can provide a
certain frequency and a certain value of pressure. Test results
are displayed and recorded on the output terminal. We
conducted a polarity test by reversing electrode connection, as
shown in Figure 11b,c, the output voltage is basically the same,
but the opposite polarity, which confirmed the arrangement of
dipole. It also shows that when the sensor is subjected to
external stress changes, piezoelectric potential will be
generated due to the existing polarization changes, that is,
the measured output electrical signal is generated by the
piezoelectric effect.
It is observed that the piezoelectric property of polymer

nanocomposites strongly depends on the crystalline structure
of the polymer, as well as on the electroactive polar phase
formation in the nanocomposite.35 In order to study the
piezoelectric properties of the prepared flexible pressure
sensor, the output voltage and current were tested at the
same pressure of 20 N and different frequencies (Figure 12).
The output voltage is not only dependent on the β crystal
content but also depends on the effect of the vibration
frequency applied to the sample.40 It can be seen from the
figure that the output voltage and current are proportional to
the frequency, which means that the sensor can have good
response under different environmental changes. With the
addition of the filler, when the test condition is 3 Hz, the
voltage output of PFP, PFPC, and PFPCGO is 0.8, 2.2, and 3.8
V, respectively. The voltage output of PU/PFP/PU, PU/
PFPC/PU, and PU/PFPCGO/PU with the sandwich structure
is 1.7, 3.2, and 4.5 V, respectively. The output of the sandwich
structure is better than that of the single layer structure, and
the addition of the filler is better than that of pure P(VDF-
HFP). By providing more nucleating sites, GO increased the β

phase proportion and therefore enhanced the electrical
properties of PVDF.41 The study found that at 3 Hz, the
piezoelectric output of the PU/PFPCGO/PU double-packing
system with the sandwich structure was the highest, with an
output voltage of about 4.5 V and an output current of about
35 nA, which were far better than those reported in the
literature, as shown in Table 1. In order to better demonstrate
the piezoelectric properties of the material, the piezoelectric
charge coefficient (d33) of the PFPCGO spinning solution is 4
pC/N after scraping and coating the film, which proves that
the material has certain piezoelectric properties. There is still a
certain gap with some reported data in Table 1. The reason
should be that the electrode prepared by nanofiber film will
always be broken down, and the scraping process is adopted.
Therefore, the device can be used for pressure detection, signal
monitoring, and electronic skin sensing.

3.9. Electrostrictive Test. The electrostrictive test device
and schematic diagram is shown in Figure 13. The sample was
clamped with a clamp to expose it for 20 mm, and the laser
table was adjusted so that the laser hits 5 mm upward at the
bottom of the sample, that is, the displacement (D) at 15 mm
away from the fixed position. The positive and negative power
supplies are connected to the conductive glass, and the electric
field spacing is 40 mm. Without prepolarization, the electro-
strictive test was carried out. The electrostrictive test is to
gradually increase the voltage from 400 to 6400 V and increase
the interval by 50 V/0.01 s each time. The electrostrictive test
cycle test is to momentarily apply a voltage of 4500 V, maintain
for 20 s, disconnect for 20 s, and cycle 10 times. The cycle test
is to continue after the electrostrictive test of the same sample.
The nanofiber layer was spun on the surface of aluminum foil
using the layer spinning method. The difference is that
electrospun 6 mL (expanded by 3 times) of PU/PFP/PU, PU/
PFPC/PU, PU/PFPGO/PU, and PU/PFPCGO/PU precur-
sors are electrically driven samples. The PU nanofiber layer (2
mL) was electrospun on both sides of the surface, and the

Table 1. Compared with Other Reported Piezoelectric Outputs

materials area [cm2] frequency [Hz] force [N] d33 [pC/N] voltage [V] current [nA] ref.

P(VDF-HFP)-Co-ZnO 50 2.5 2.8 34
PVDF-GO-BTO 1 2 10 38 2.5 10.5 42
P(VDF-HFP)/MWCNT 15 0.62 43
PVDF-GO/graphene 35 24 2 600 44
PVDF-GO 4 8 12 12.25 2.1 45
PVDF-rGO 20 5 4.38 46
PVDF-GO 35 2 0.49 0.65 0.08 70 47
P(VDF-HFP)-GO-Eu3+ 16 3 20 4 4.5 35 this work

Figure 13. (a) Electrostrictive test device and (b) schematic diagram.
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sample was cut into 40 mm × 5 mm with a thickness of 0.2 ±
0.05 mm. The test results are shown in Figure 13.
It can be seen from Figure 14 and the Supporting

Information Videos 1 and 2 that the sample of the electrostatic
spinning nanofiber film with a sandwich structure deforms
under the action of the applied electric field, and the
deformation is restored after the electric field is removed.48

In the absence of any applied electric field, the dipoles in the
nanofibers are randomly oriented. When an electric field is
applied, the dipoles are oriented according to the electric field,
so the sample will shrink.49 The maximum deformation of
sample PU/PFPCGO/PU is ∼7 mm, which is about 4.4 times
the deformation of sample PFPCGO (∼1.6 mm) and 8.8 times
that of PFP (∼0.8 mm). It can be seen from the curve slope
that the response of the double filler system is also relatively
fast, and the slope increases gradually with the increase in the
electric field, which indicates that the response and
deformation increase sharply with the increase in the electric
field. It can be seen that the double filler system50 and the
sandwich structure can more effectively promote the driving
performance of the film. Figure 14b shows the bending
displacement curve of the sample under the cyclic electric field;
it can be seen that the deformation increases rapidly at the
beginning of applying the fixed electric field, and the
deformation increases slowly with the change in time. After
removing the electric field, the deformation decreases sharply,
but it cannot return to the initial position, where certain
deflection is maintained, and the deflection begins to increase
with the increase in the number of cycles. The double filler
system and the sandwich structure of the nanofiber membrane
have a more obvious electric deformation effect.

4. CONCLUSIONS

In conclusion, the mechanical properties of the conductive
filler system are obviously better than those of the inorganic
filler system, and Young’s modulus is greatly reduced.
Although the sandwich structure conductive filler system can
also improve the ferroelectric properties of materials, the
residual polarization and saturation polarization values are far
less than those of the inorganic filler system. The synergism of
the conductive filler and the fluorescence complex reduced the
fiber diameter and promoted the transformation of α to β
phase in P(VDF-HFP) nanofibers, and the β phase content
increased by 96.3%. In terms of sensor performance, the
sandwich structure sensor is far superior to the monolayer,
with a sensitivity of up to 0.72 kPa−1, an ultrahigh output
voltage of 4.5 V, and an electroforming variable of 7 mm. The
stability, repeatability, durability, and applicability on practical
fields of this multilayer nanofiber composites are also very
important, which is the direction we need to further study in
the future. The sandwich structure nanofiber membrane
prepared has good hydrophobicity and certain fluorescence
properties. The flexible sensor based on the electrostatic
spinning sandwich structure double-packing system nano-
composite fiber has ultrahigh and low voltage sensitivity, high
piezoelectric output, good fluorescence function, excellent
mechanical properties, and so on, which has great application
potential in multifunctional flexible sensors, actuators, and
other fields.

Figure 14. Response performance of samples (40 mm long, 5 mm wide, and 0.2 mm thick) to high voltage electric field. Bending displacements
(D) of (a) monolayer and (b) sandwich structures. Bending displacement curves of (c) monolayer and (d) sandwich structures under cyclic electric
field.
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