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erties, sensitivity, ferroelectric properties, and piezoelectric output of monolayer

and sandwich structure composite nanofiber membranes used as sensors were
studied. The results show that the synergistic effect of double fillers increases
the content of B-phase with piezoelectric properties by nearly 20%, reaching

96.9%. The sandwich structure of the PU/P(VDF-HFP)-Eu(TTA);(TPPO),-

FeCl;-6H,O/PU flexible sensor has high sensitivity (~ 0.29 kPa~ '), high

piezoelectric output (~ 3.7 V), high strain (~ 230%), and fluorescence charac-

teristics. It is expected to be applied in wearable flexible sensors, photoelectric
devices, and other fields.
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1 Introduction

In recent years, the application of piezoelectric
materials has been expanding. Piezoelectric materials
can produce electric field due to mechanical defor-
mation or mechanical deformation due to electric
field action [1, 2]. Traditional piezoelectric or ceramic
materials have been widely used to collect energy
from mechanical energy, but the low flexibility and
high weight of such ceramics limit their application
in different fields. Compared with inorganic materi-
als, organic piezoelectric materials represented by
Polyvinylidene fluoride (PVDF) and its polymers
have high chemical stability, good bending and ten-
sile properties, and have the advantages of piezo-
electric, dielectric, thermoelectric, flexible, easy
processing, etc., which are widely used in sensors,
actuators, and energy storage applications [3-5].
PVDF and its polymers mainly have three crystal
forms: «, f, and y, among which o-crystals are the
most stable thermodynamically and f-phase PVDF
with a polar crystal structure can exhibit strong
piezoelectricity and also shows better ferroelectric,
thermoelectric, and dielectric properties [6]. How-
ever, PVDF is mainly composed of a-phase, so the
key to improve the piezoelectric properties of PVDF
material is to increase the content of f phase. At
present, most of the researches mainly use various
methods to increase f-crystal content, such as elec-
trostatic spinning, mechanical drawing and adding
polarity induction of nanoparticles. Among them, the
nanofiber membrane prepared by electrospinning
technology has the characteristics of large specific
surface area, high porosity, easy control of size, and
easy functionalization of the surface. At the same
time, the polarization effect of the high electrostatic
field and the high draw ratio during the electro-
spinning process are similar to uniaxial mechanical
stretching can cause f-phase transformation [7-9]. In
addition, the addition of filler particles can induce the
formation of B-phase crystals in the composite film,
thereby achieving the purpose of enhancing the
piezoelectric performance [10]. A large number of
studies have shown that by adding rare earth ions
(RE®") into the polymer nanofibers, the electronic and
structural properties of the nanofibers can be chan-
ged, and the transformation of a- to f-phase in PVDF
can be promoted, thus further improving its piezo-
electric properties [11-13]. Moreover, the interaction
between RE’" ions and surrounding molecules will
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affect the spectral characteristics of the system [14],
thus greatly expanding the application range of
functional nanofibers.

Adhikary et al. used Eu®"-doped P(VDF-HFP) to
prepare hybrid nanocomposite films with high-volt-
age electrical properties for the preparation of ultra-
sensitive wearable piezoelectric nanogenerators
(WPNGs) [15]. Li et al. used ferric chloride as oxi-
dant, and PVDF nanofibers with high proportion
were prepared by electrospinning fS-phase PVDF
nanofibers and PVDF beads [16]. In addition, mixed
spinning and superimposed spinning are conducive
to the improvement of nanofiber film morphology
and mechanical properties. Among them, the com-
posite film obtained by superimposed spinning is
thinner [2, 17, 18]. Andreas Greiner and Markus
Retsch et al. used porous thermoplastic polyurethane
(TPU) as a flexible substrate and silver nanowires
(AgNWs) as a conductive network system to easily
realize a “sandwich” composite conductive material
with both high flexibility and low resistance [19]. The
development of multifunctional composite piezo-
electric materials is of great significance in many
applications in future. However, there are few
reports on integrating multiple functions. Therefore,
the development of a high-performance, multifunc-
tional piezoelectric material is our research direction.

In this paper, a high performance and multifunc-
tional sandwich piezoelectric nanofiber membrane
was prepared by layer by layer spinning, which was
enhanced by doping Eu®" electrospinning P(VDF-
HFP)/FeCl;-6H,O nanocomposite. The doping addi-
tion further reduces the fiber diameter and enhances
the piezoelectricity. The content of f-phase increased
by nearly 20-96.9%. The sensitivity of the sandwich
structure nanofiber membrane was increased 3.6
times. The strain can reach 230%, and it also has
certain fluorescence characteristics. In this work,
multifunctional piezoelectric nanofiber materials
have been successfully prepared, which is expected
to be applied in the fields of wearable electronics,
intelligent sensors, and optoelectronic devices.

2 Experimental

2.1 Materials

Polyvinylidene fluoride hexafluoropropylene
(P(VDF-HFP), M,, = 400,000), Sigma-Aldrich
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(Shanghai) Trading Co., Ltd, Iron(Ill) Chloride Hex-
ahydrate (FeCl;-6H,O) Shanghai Titan Scientific Co.,
Ltd., and tetrahydrofuran (THF) and N,N-Dimethyl-
formamide (DMF) were all obtained from Shanghai
Titan Scientific Co., Ltd. Acetone (Ac) was purchased
from Beijing Chemical Works. 2-thienylformyltriflu-
oroacetone (TTA), triphenylphosphine oxide (TPPO),
and europium nitrate hexahydrate (Eu(NOj3)3-6H,0)
from Beijing ] & K SCIENTIFIC LTD.

2.2 Preparation of P(VDF-HFP) composite
nanofibers

P(VDF-HFP) was dissolved in the mixed solvent of
DMF and Ac at 60 °C and stirred for 3 h and then a
certain amount of Eu complex (recorded as C: pre-
pared by the method we reported previously [20])
and FeClz-6H,O(recorded as Fe) were added and
stirred for 12 h to obtain electrospinning solution. At
room temperature and 40 & 5% humidity, 2 ml
spinning solution was extracted with the needle of
inner diameter 0.4 mm, a feed rate of 1 ml/h, and the
voltage of 21 kV to prepare composite nanofiber
membrane. The receiving distance between the nee-
dle tip and the collector is 15 cm. The fiber was col-
lected by an aluminum roller drum. The nanofiber
films obtained from the control experiment and
doping C, Fe and the mixture of C and Fe were
recorded as PFP, PFPC, PFPFe, and PFPCFe, respec-
tively, as detailed in Table 1. At the same time, the
prepared PU spinning solution dissolved in the
mixed solvent of DMF and THF was spun layer by
layer on the upper and lower surfaces of PFP, PFPC,
PFPFe, and PFPCFe fiber membranes to prepare
sandwich-structured membrane, which were recor-
ded as PU/PFP/PU, PU/PFPC/PU, PU/PFPFe/PU,
and PU/PFPCFe/PU, respectively.

2.3 Characterizations

The fiber morphology was observed by COXEM EM
30 PLUS high-precision secondary electron detector
and EDS analysis was carried out with Oxford
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X-max. Each fiber size distribution was calculated
from each SEM images using the measurement tool in
Image] software. FTIR-850 Fourier transform infrared
spectrometer was used to test the fiber film. Photo-
Iuminescence spectra were obtained on FS5 fluores-
cence spectrometer. The X-ray diffraction (XRD)
spectra of the samples were measured by XRD-7000
X-ray diffractometer, scanning range of 20 from 5° to
30°, stride length of 0.02°, and scanning rate of 1 °/
min. The AFM test was obtained by MFP-3D Origin
(Oxford Instruments Co., USA). DSC and TG curves
were obtained by Setline thermogravimetric analyzer
(TGA) at a rate of 10 °C/min from room temperature
to 800 °C. The tensile strength of film was tested by
High-Temperature Tensile Testing Machine GP6220
of Suzhou Gaopin Testing Instrument Co., Ltd. The
sensitivity of the packaged sensor was tested by the
TH2828 Precision LCR Meter Digital Bridge Instru-
ment and the ferroelectric properties of the composite
nanofibers were studied using the TF2000E Ferro-
electric Analyzer. We used home-made pressure
equipment which could exert periodic impact force.
Picoammeter (Keithley 6487) and digital oscilloscope
(GDS-2102) were used to record piezoelectric current
and voltage. All measurements were carried out at
room temperature.

3 Results and discussion

3.1 Characterization of fluorescent
complexes Eu(TTA);(TPPO),

Figure la is the infrared spectrum of fluorescent
complex Eu(TTA);(TPPO), (C). It can be found that
the peak of the complex is concentrated in
2000—600 cm ™', the vibration absorption peak of
benzene ring is at 1606 cm ™!, and the out-of-plane
bending of benzene ring C-H is at 900—690 cm ™.
The obvious absorption peak at about 740 cm™
indicated that the coordination of Eu and O was
successful, which proved that the synthesis of fluo-
rescent complex Eu(TTA);(TPPO), was successful.

1

Table 1 Eu(TTA);(TPPO),/

FeCl;-6H,0 system Sample P(VDF-HFP)/g (DMF + Ac)/ml Eu(TTA);(TPPO),/g FeCl;-6H,0/g
experimental formulation PFP 15 442 0 0

PFPC 1.5 442 0.15 0

PFPFe 1.5 442 0 0.02

PFPCFe 1.5 4+2 0.15 0.02
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Fig. 1 FTIR spectra for a the complex Eu(TTA);(TPPO),, b comparison of Eu(TTA);(TPPO),, P(VDF-HFP), and P(VDF-HFP)/

Eu(TTA)3(TPPO),

FT-IR (Fig. 1b) showed that P(VDF-HFP) character-
istic peaks were found at 1400 cm ™' and 1185 cm ™/,
corresponding to asymmetric vibration absorption
peaks of CH; and bending vibration and stretching
vibration absorption peaks of CF,, respectively. The
absorption band at 840 cm™' is the characteristic
absorption band of amorphous f-phase. After dop-
ing, the characteristic peaks of Eu(TTA);(TPPO), and
P(VDF-HFP) moved to high frequency slightly. This
indicated that the complex Eu(TTA);(TPPO), was
effectively integrated into the P(VDF-HFP) polymer
matrix and its vibration frequency changed.
Fluorescence experiments were carried out on the
complex Eu(TTA);(TPPO),. The excitation spectra
were obtained by fixing the emission wavelength at
617 nm, and the absorption peak at 298 nm was the
best. The emission spectrum in Fig. 2 shows that the
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Fig. 2 Complexes Eu(TTA);(TPPO), excitation and emission
diagrams
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decibel of the emission peak at 579, 593, 617, and
652 nm corresponds to the *Dy—"Fy, °Dy—’Fy,
*Dy—"F,, and °Dy—’F; transition of Eu®>", wherein
the °Dy—F, transition is the strongest emission peak,
followed by °Dy—"F; transition. At the same time, the
prepared complex powder can emit Eu®* character-
istic red fluorescence under UV light, which further
confirms that the preparation of Eu(TTA);(TPPO); is
successful. Further, the PFPCFe nanofibers were
prepared by doping the polymer matrix P(VDF-HFP),
fluorescence complex Eu(TTA);(TPPO),, and filler
FEC13'6H20.

Figure 3 shows the presence of C, O, Eu, P, S, F, Cl,
and Fe elements in PFPCFe fiber, which not only
confirms that the complex Eu(TTA);(TPPO); has been
successfully prepared but also indicates that it is
successfully integrated into P(VDF-HFP) polymer
matrix with FeCl;-6H,0O. At the same time, the uni-
form distribution of Eu and Fe elements in Fig. 5 also
confirms this.

In addition, thermal properties of the complex
Eu(TTA);(TPPO), were also analyzed. Figure 4a and
b are DSC and TG curves, respectively. The phase
transition temperature of the fluorescent complex is
about 149.3 °C, which is much higher than that of
P(VDF-HFP) at 141 °C. Therefore, the doping of the
complex can help improve the thermal performance
of the nanofiber membrane. Meanwhile, according to
the TG-DTA (Thermogravimetry-Differential thermal
analysis) curve in Fig. 4b, the complex degrades at
250-450 °C for three times, which is consistent with
the matrix and ligand of the complex. It was further
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Fig. 3 EDS spectra for
PFPCFe composite film
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Fig. 4 a DSC and b TG diagram of the complex Eu(TTA)3(TPPO),

confirmed that the complex Eu(TTA);(TPPO), was
successfully prepared.

3.2 Morphology analysis

The morphology and diameter distribution his-
togram of electrospun PFP, PFPC, and PFPCFe
nanofibers are shown in Fig. 5a—c. It can be seen from
the figure of the common random orientation struc-
ture, with the increase of feed, the average fiber
diameter decreased from 700 to 625 nm and 480 nm.
The pores formed by the overlapping of finer nano-
fibers are smaller than those formed by larger fibers.
In addition, with the introduction of additives, the
fibers become more evenly distributed, and more
excellent electrochemical properties and good
mechanical properties can be obtained. This phe-
nomenon may be due to the fact that many functional
groups on the surface of filler particles and better

conductivity promote the elongation process of PFP
fiber. The EDS-layered image of PFPCFe shown in
Fig. 5d—f shows that Eu and Fe elements are evenly
distributed, which confirms the success of additive
doping and shows that the doped nanoparticles are
evenly distributed in the whole fiber.

3.3 XRD and FTIR analyses

As a copolymer of PVDF, P(VDF-HFP) has the same
infrared absorption spectrum as PVDF. An identifi-
cation of absorption bands at 490, 613,763, 794, 1149,
1209, and 1383 cm ™! indicates that these bands are
associated with the a-phase and those located at 443,
474, 510, 840, and 1275 cm™ ! are associated with the
p-phase. In the process of study, we mainly take the
characteristic peak of a-crystal form as 763 cm™ ' and
p-crystal form as 840 cm™ ! as the research object. The
crystallographic structure of the electrospun PFP,
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Fig. 5 a—c SEM images of the PFP, PFPC, and PFPCFe, d EDS-layered image of PFPCFe, e—f EDS-layered images of Eu and Fe

elements in PFPCFe

PFPC, PFPFe, and PFPCFe nanofiber membranes was
characterized by FTIR spectra and XRD patterns. The
higher the B-phase content, the better the piezoelec-
tric properties of PVDF fiber [21]. The results of FTIR
spectroscopy (Fig. 6b) show that the doping will
affect the content of P(VDF-HFP) nanocomposite
fibers f-phase formation, in which the simultaneous
doping of C and Fe can enhance the maximum ability
in the composite fiber B-phase content. The relative
fraction of f-phase is calculated by Lambert— Beer
law (Eq. 1):

R(p) = — 0

_ _ 1
1.26A, + Ay )

where F(f) represents the relative content of f-
phase, A, and Ay are the corrected heights of char-
acteristic peaks at 763 cm™' and 840 cm™' respec-
tively, that were measured by OMNIC software.
Figure 6 shows that in PFPCFe the content of f-phase
96.9% is nearly 20% higher than that of PFP 76.7%,
indicating that the addition of additives successfully
induced polarity f-phase formation. Figure 7 shows
the XRD in the range of 15°-30° in 20, and 20 = 18.4°
and 20° correspond to the (020) and (110) crystal
planes of the «-phase. Compared with PFP, the
sharper diffraction peaks of PFPC, PFPFe, and
PFPCFe on the (020) crystal plane and (110) crystal
plane are weakened or disappeared. At the same
time, a sharper diffraction peak appears at 20.4°,
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(b)100 e

*96.61 amme 96.90
+93.18

*76.7

PFPC PFPFe PFPCFe

Sample

Fig. 6 a FT-IR and b the f-crystal form calculation results of PFP, PFPC, PFPFe, and PFPCFe nanofibers
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Fig. 7 a The f-crystal form calculation results of PFP, PFPC, PFPFe, and PFPCFe nanofibers; b fi-phase induction mechanism

which corresponds to the f-phase (020) and (110)
crystal planes, indicating that the addition of addi-
tives promotes the transformation of the a-phase to
the f-phase in the P(VDF-HFP) nanocomposite fiber.
This conclusion was just consistent with FTIR spec-
tral results. Specifically, this is because the two fillers
and the electrospinning process work synergistically
to orient the electropositive CH, dipole to one side of
the PVDF chain (Fig. 7b), inducing the formation of
the f-phase [22].

3.4 Atomic force microscopy (AFM)
analysis

The AFM images were obtained by MFP-3D Origin
(Oxford Instruments Co. USA) using the tips
(AC240TS-R3, Asylum) with 2-N/m spring constant
and 70-kHz resonance frequency. Phase Retrace
represents the lag of the drive signal phase and the
sample feedback phase on the tip, the polarization
direction of the surface sample, such as domain ori-
entation, shape, size, and distribution. Amplitude
Retrace represents the amplitude of the feedback
signal, which is used to indicate the magnitude of the
polarization and reflect the strength of the piezo-
electric signal. In general, can use the Amplitude
Retrace and Phase Retrace to compare together to
confirm whether the sample has piezoelectricity and
the difference in piezoelectric properties in different
regions.

We scraped the electrospinning solution of sample
PFPCFe for AFM test. Figure 8 shows the domains
where the polarization direction is out of plane in the
nanofibers. By analyzing them, we can easily see that
the polarization direction of PFPCFe has a relatively

uniform distribution out of plane. The surface of the
sample is rough and presents a Mongolian yurt roof
shaped, and a layered structure appears on the sur-
face, which may be induced by solvent f-phase, f-
phase stacking is the reason for this layered fold. It
shows that it has a certain piezoelectric response and
piezoelectricity. The results are consistent with those
of FT-IR (Fig. 3) and XRD (Fig. 4).

3.5 DSC and mechanical stability analyses

The double peak in the DSC results of P(VDF-HFP)
polymer is due to its polymorphic structure [23]. FT-
IR (Fig. 6) showed that there were - and f-phase in
P(VDF-HFP), corresponding to the endothermic
peaks in DSC melting curve (Fig. 9), respectively. As
shown in the figure, with the addition of filler, the
double peaks became more obvious, and the peaks
representing f-phase with the higher crystalline
melting temperature (T,,) were dominated. After
doping the complex and inorganic filler, the melting
peak becomes wider, which may be due to the syn-
ergistic effect of filler to rearrange the crystal in
P(VDF-HFP), resulting in the formation of f-phase
[24]. As can be seen from Table 2, The T,, of PFP is
about 141.05 °C and degree of crystallinity (X.) value
is 17.54%, while the T,, of PFPCFe is about 149.94 °C
and the X is 34.39%. The T,, and X, values of P(VDF-
HFP) were increased by doping the complex and
inorganic filler, which is because the T, of the com-
posite was increased and the crystallization was fas-
ter, and the X. of f-crystal was improved. It also
indicates that the doping of the complex and inor-
ganic filler acts as nucleating agent for the f-crystal of
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Fig. 8 AFM images of (a)
PFPCFe a amplitude retrace;
b phase retrace

— PFP
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——PFPFe
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Fig. 9 DSC curves of PFP, PFPC, PFPFe, and PFPCFe nanofibers

Table 2 Melting temperature and degree of crystallinity of PFP,
PFPC, PFPFe, and PFPCFe nanofibers

Sample To/°C AHJ(kI kg™ 1 X/100%
PFP 141.05 18.42 17.54
PFPC 150.34 18.71 17.82
PFPFe 152.74 20.83 19.84
PEPCFe 149.94 36.11 34.39

P(VDF-HFP). The DSC results are consistent with
those of FI-IR (Fig. 6) and XRD (Fig. 7).

After the sample crystallization melting is deter-
mined by DSC, the crystallinity of the sample is cal-
culated by DSC curve, as shown in Eq. (2):

X, — AHj

~AHY

x 100%, (2)

@ Springer

100nm} i 850

J Mater Sci: Mater Electron (2022) 33:22183-22195

118°

where X, is the degree of crystallinity, 4H; is the
melting heat of the crystalline part of the polymer
film, AH! is the melting heat of 100% crystallization
of the polymer, and AH? of P(VDF-HFP) is 105 J g~ 1

Polyurethane elastomer (PU) is a kind of thermo-
plastic elastomer. The mechanical properties can be
greatly improved by spinning PU films on both sides
of the sensor functional layer by spinning layer by
layer. It can be seen from Fig. 10 that the mechanical
properties of the sandwich-structured nanofiber
membranes are all greater than that of a single layer.
The constructed nanofiber membrane with sandwich
structure has relatively high maximum elongation
and high tensile strength, while the Young’s modulus
is reduced. This shows that doped additives will lead
to lower crystallinity and small Young’s modulus,
which is conducive to enhancing the tensile tough-
ness and higher tensile strength of the film. Mean-
while, PU/PFPCFe/PU as a sensor has a strain as
high as 230%, making it more suitable for a variety of
scenarios.

3.6 Ferroelectric analysis

To study the ferroelectric properties, room-tempera-
ture hysteresis loop (P-E) of composite nanofibers
and sandwich-structured films is plotted as shown in
Fig. 11 at a frequency of 10 Hz. Before performing
this experiment, the two sides of the film were coated
with copper tape to act as electrodes.

Large hysteresis rings are often observed in normal
ferroelectric polymers due to high spontaneous
polarization switching, and their normal ferroelectric
properties are closely related to crystal structure and
morphology. The normal ferroelectric properties of
ferroelectric polymers result from high spontaneous
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Fig. 11 Room-temperature hysteresis loops (P-E) of a monolayer b sandwich nanofibers

polarization within ferroelectric domains and high
compensation polarization or inter-domain coupling
outside ferroelectric domains. For pure P(VDF-HFP),
the coercive electric field (E.), the residual polariza-
tion value (P,), and saturated polarization (P, val-
ues are relatively low (Fig. 11; Table 3), which are
39.8 kV em™ !, 0.002 pC em™ 2, and 0.07 pC cm™ 2,
respectively. With the increase of packing concen-
tration, these three values are greatly increased. The
E. of PFPCFe increased by 3.6 times to 143.6 kV
cm™ !, P, increased by 25 times to 0.05 pC cm™ 2 and
P, increased by 3.3 times to 0.23 uC cm™ 2. Com-
pared with PFPCFe nanofibers, the electric field of
sandwich PU/PFPCFe/PU nanofibers decreased
slightly, but P, and Ps,; increased by 2.8 and 1.8 times,
respectively, to 0.14 pC cm™ ? and 0.43 pC cm™ % The
discharge energy densities (U.) of PFP, PFPCFe and
PU/PFPCFe/PU  nanofiber =~ membranes  are

calculated according to discharge energy density
formula, Eq. (3):

U, = / EdD (3)
0

where D is the potential shift, Dn, is the potential
shift under the highest electric field intensity, and E
is the electric field intensity.

The calculated U. of PFP, PFPCFe and PU/
PFPCFe/PU nanofiber membranes are 1.29, 11.14,
and 12.52 mJ cm 2, respectively. It can be seen that
the filler and sandwich structure can greatly increase
the ferroelectric properties of P(VDF-HFP). In f-
phase, H and F are arranged in opposite direction
giving rise to a nonzero dipole moment responsible
for the ferroelectric and piezoelectric properties [25].
The interfacial and space charge effects between filler
and matrix improve the polarization of polymer
composite system and affect the content of
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Table 3 Ferroelectric performance parameters of each sample
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Sample The coercive electric field (E.) The remanent polarization (P,) The saturation polarization (Pgy)
(kV ecm™ Y (uC cm™ ?) (uC cm™ ?)
PFP 39.8 0.002 0.07
PFPC 95.7 0.003 0.13
PFPFe 111.7 0.03 0.20
PFPCFe 143.6 0.05 0.23
PU/PFP/PU 26.6 0.001 0.06
PU/PFPC/PU 58.5 0.05 0.18
PU/PFPFe/PU 82.5 0.10 0.28
PU/PFPCFe/PU 109.1 0.14 0.43

electroactive f-phase [26]. The results of ferroelectric
properties are consistent with those of FT-IR (Fig. 6),
XRD (Fig. 7), and DSC (Fig. 9), which indicates that
there is a direct relationship between crystallinity and
f-phase enhancement and ferroelectric properties.

3.7 Sensitivity and CIE analysis

A simple 4 cm x 4 cm flexible sensor was fabricated
by covering both sides of the prepared nanofiber film
with aluminum foil and using wires as electrodes.
The most critical parameter of the sensor is the sen-
sitivity, and the sensor sensitivity calculation formula
is Eq. (4):

s@, (4)

where C is the output capacitance when pressure P is
applied to the sensor and Cpis the initial output
capacitance. As shown in Fig. 12a, we found that by

comparing PFPCFe and PU/PFPCFe/PU sensitivity
tests, PU/PFPCFe/PU has a higher sensitivity (S5;.
=029 kPa~ ') in the low pressure range (0-5 kPa),
which is 3.6 times that of PFPCFe (S, = 0.08 kPa™ ).
Much higher than the sensitivity values of 0.77% [27],
0.0224 [28], and 0.09 [29] kPa~ ' are reported in the
current literature. It can be found that the sandwich
structure can not only improve the mechanical
properties of the sensor but also greatly enhance the
sensitivity of the sensor.

Figure 12b and Table 4 show the CIE color coor-
dinate diagram. It has relatively close fluorescence
characteristics, all of which are the characteristic of
red rare earth Eu. Interestingly, the sandwich struc-
ture PU/PFPCFe/PU also showed red fluorescence
under ultraviolet light, which gave the PU/PFPCFe/
PU sensor new performance and more usage
scenarios.

Fig. 12 a PFPCFe-based 11 - 09
.y (2) PU/PFPCFe/PU o (b)
sensor sensitivity 1.0 1 Original o’ 08
comparison; b CIE diagram of 094 —e— Sandwich-structured ’.."“
L ]
C, PFPC, and PFPCFe 084 o ud
§ 0.7 4 :_:'S,=0.29 .‘.,.o" 0.6
8-0.6 1 w4 ‘&‘3
dosd .-" ¥
i .I 04
04 | J an
0.3 o S,=0.08 .nn---'“"‘ 03
' l/' , guunn® .
024 -.-.l.. 0.2
0.1 '..;.- "
o'o T T 1 L] T L} L T L} 1 1 1}
0 2 4 6 8 10 12 14 16 18 20 22 24 00
Stress/kPa o0

@ Springer




] Mater Sci: Mater Electron (2022) 33:22183-22195

Table 4 CIE values of

complex C and nanofibers Point x y

PFPC and PFPCFe | 0.66 032
2 0.67 0.33
3 0.66 0.33

3.8 Piezoelectric output performance

Figure 13a shows the structure and working diagram
of a simple flexible pressure sensor prepared for us.
According to Fig. 13b and c, with the increase of test
frequency, the output open-circuit voltage (Vo) and
short-circuit current (I.) increase, and the output of
sandwich structure is obviously better than that of
single-layer structure. As the frequency increases, the
rate of change of the electric dipole moment in the
bulk is accelerated, resulting in less charge escaped
and more charge accumulated on both surfaces [30].
Under the same area (4 cm x 4 cm) and pressure
(12.5 kPa), PU/PFPCFe/PU can achieve a maximum
Voe of ~ 37V and I, of ~ 24 nA at 3 Hz, far
exceeding the V. and I, of monolayer film under the
same conditions. It is also much larger than 15 mV [3]
and 300 mV [31] reported in relevant literature. As a
device with excellent sensitivity and good piezo-
electric output, it can be wused in practical

(a)

Aluminum foil layer l

Fuuctional layers

———  Copper electrode
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applications, such as health monitoring, pressure
detection, signal monitoring, electronic skin sensors,
and other fields.

4 Conclusion

In summary, we successfully prepared the rare earth
complex Eu(TTA);(TPPO),, and the study found that
Eu3+—doped electrospun luminescent P(VDF-HFP)/
FeCl5-6H,O nanocomposites can effectively enhance
the piezoelectric properties. In this work, the content
of f-phase increased by nearly 20-96.9%. The addi-
tion of filler significantly increases the content of f-
phase of piezoelectric material and improves its
piezoelectric properties. The sandwich structure
design is helpful to improve the overall properties of
the material. The sensor sensitivity of the designed
sandwich structure based on PU/PFPCFe/PU nano-
fiber membrane is improved by 3.6 times to
0.29 kPa~ ! and piezoelectric output is up to 3.7 V. It
has excellent mechanical properties, and the strain
can reach 230%. In addition, the addition of fluores-
cent complex C also gives it good luminescence
properties. Due to the above multifunctional advan-
tages, we believe this work would be beneficial to the

(b)

(©)

5| — — ——prPCF 59| — — ——PFPeF
i — —PUiPFPC;fPU 3Hz —— —— PU/PFPCF/PU 3Hz
3 1Hz 204 2Hz
= ‘ < 1Hz
%2 f:, {
o, ) 10 1
= o
Q0| et 5 ol
> | ] | o
| i
& 10 4
-3 2201
-4 — -
Time(s) Time(s)

Fig. 13 a Flexible pressure sensor structure and working diagram. b The output open-circuit voltage (V) and ¢ short-circuit current (I.)
of the PFPCFe and PU/PFPCFe/PU under different frequencies (1-3 Hz)
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development of novel piezoelectric nanofibrous
materials that promise applications in wearable
electronics, intelligent sensors, and optoelectronic
devices. The switching polarity test, load character-
istics, power density, stability of piezoelectric device,
and applicability on practical fields of our multilayer
nanofiber composites are also very important, which
is exactly the direction we need to work in future.
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