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The relatively low sensitivity of flexible piezoelectric nanogenerators (PENG) is the most urgent problem to be
solved for their applications in internet of things and artificial intelligences. To improve the piezoelectricity of
polymeric fibers without discount of flexibility, BaTiO3 nanowire (BTNW) with high aspect ratio is introduced
into the piezoelectric P(VDF-TrFE) (denoted as PT) electrospun fibers to form coaxial composite nanofibers for
improving the sensitivity towards external mechanical loads. To reinforce the organic-inorganic interfacial
interaction for the improvement of the piezoelectric response, a nanolayer of polydopamine (PDA) is uniformly
coated on the surface of BTNW (denoted as pBTNW) to form PT/pBTNW nanofibers. The introduction of 7 wt%
PpBTNW into the fibers significantly improves the polymeric f-phase conformation and mechanical properties,
simultaneously, resulting in an optimal piezoelectric output of 18.2 V under an impact force of 5 N with excellent
sensitivity of 4.3 VN1, Through both theoretical simulation and experimental characterization, the PT/pBTNW-
based PENG exhibits a higher electrical output than the equivalent nanoparticle-based PENG. The optimized
PENG sensor can be used for self-powered and sensitive biomonitoring of physiological movements, finger
identification and voice recognition. Overall, this work offers a reliable method for enhancing piezoelectricity of
flexible polymeric nanofiber and designing high-performance PENG for wearable fabric-based sensors.

1. Introduction with films and other bulk materials [9-11]. Recently, many researchers

have successfully developed fabric-based PENGs for speaker recognition

Nowadays, the booming development of flexible and wearable bio-
electronics especially in the internet of things and artificial intelligence
is penetratively influencing the way that people understand themselves
and communicate with their surroundings [1,2]. The next-generation
bioelectronics are urgently calling for the eco-friendly and sustainable
power supply for distributed sensing. Among the different energy con-
version pathways to harvest abundant energies from the environment
and human bodies [3,4], piezoelectric nanogenerators (PENGs) have
stand out due to the capability to convert tiny ambient mechanical en-
ergy into electricity through piezoelectric effect [5], which have shown
potential applications in self-powered systems [6], wearable electronics
[71, and sensory devices [8]. For the fabrication of PENGs, the fiber and
fabric-based materials exhibit the unique wearable, breathable, and
flexible properties for sensing biomechanical movements compared
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[12], breath detecting [13], cardiovascular monitoring [14], self-
powered sensors [6], and battery-free electrical neurostimulation [15].

For the fabrication of fabric-based PENGs, piezoelectric polymers
and their copolymers such as polyvinylidene fluoride (PVDF) and its
copolymer poly(vinylidene fluoride-trifluoride ethylene) (P(VDF-TrFE))
are suitable candidates with the intrinsic flexibility, ease of manufacture
and high biocompatibility, compared with the rigid piezoceramic ma-
terials [16]. Unfortunately, the low piezoelectric coefficient of piezo-
electric polymers is the main ceiling for sensing tiny biomechanical
movement and stress [17-21]. For improving the mechano-electrical
conversion capability [22-24], typical methods including micro-
engineering, surface physicochemical modification, modulation of
structural parameters have been carried out to enhance the output
performance [25,26]. Specially, inorganic nanofillers have been
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composited into the polymer matrix to enhance the piezoelectricity.
Inorganic ceramics most frequently used include barium titanate
nanoparticles (BTNP) [15], potassium sodium niobite (KNN) [27], and
lead zirconate titanate (PZT) [28,29], or conductive materials such as
reduced graphene oxide (rGO) [30,31], MXene [32], and polyaniline
(PANI) [33]. However, the isotropous inorganic nanoparticles tend to
downgrade the stress transfer process, and increase interfacial defects
and cracks once agglomeration [34], Moreover, the mismatching of the
mechanical modulus between the rigid inorganic nanoparticles and
flexible polymer might induce inhomogeneity of the composite fibers as
well as yield poor mechanical property due to the high surface energy,
which largely limits enhancing effect on the piezoelectric output espe-
cially under bending force, and is detrimental to satisfactory perfor-
mance of the corresponding PENGs [35-37]. Although several facial
strategies have been reported to optimize the incorporation of nano-
particles, such as surface functionalization by couple agents [38], sur-
factants [39], and in situ polymerization from the nanoparticle surface
[40], which could only partially solve the intrinsic problems for most
nanoparticle fillers. Thus, it is highly required to develop new inorga-
nic-organic composite fibrous structure for realizing both high elec-
tromechanical coupling efficiency and mechanical property in the
application of flexible sensors [41]. Piezoceramics with one-dimensional
(1D) nanowire structure have more significant strain response than
nanoparticles, which is conducive to stress transfer along the axial di-
rection of the fiber and piezoelectric output when applied as highly-
sensitive wearable sensor [42,43]. For wearable electronics composed
of eco-friendly lead-free piezoelectric materials, BaTiOs fillers
commonly exist in the form of nanoparticles [44]. Although the shape of
BaTiO3 nanorod/nanowire has been reported to enhance the piezo-
electricity, the electrical output and sensitivity of the devices are poor
and hard to be further improved based on structure due to the mismatch
of physiochemical properties of different components and low degree of
polarization [30,45].

Herein, and by taking into consideration the aforementioned prob-
lems, we have fabricated a fabric-based PENG for biomechanical sensing
with ultra-high sensitivity and stability, in which high-aspect-ratio 1D
BaTiO3 nanowires (BTNW) with surface polydopamine (PDA) modifi-
cation was incorporated into piezoelectric P(VDF-TrFE) fiber (PT) to
form composite nanofiber (PT/pBTNW) via electrospinning technique
for the first time (Scheme 1). We speculate that the bi-component of 1D
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BTNW and flexible piezoelectric P(VDF-TrFE) fibers, as well as the PDA
effect of interfacial compatibility, which can exhibit hierarchical cor-
e-shell organo-inorganic structure for effectively perceiving external
mechanical stress with a harmonious behavior, will generate flexible,
mechanical-reinforced and highly piezoelectric fibers for improving
sensing performance of PENG. The PDA nanolayer coated on the
nanowires was conducted via a low-cost encapsulation process and
assisted in improving dispersibility of the inorganic phase in the organic
matrix with perfect organic-inorganic interfacial interaction. Through
theoretical simulation and calculation, the hierarchically structural
composite nanofibers and the interfacial enhancement exactly exhibit
improved piezoelectric response and stress-strain response, which was
instrumental in enhancing its wearability and sensing performance.
Compared with the PENG made from neat P(VDF-TrFE) fibrous film, P
(VDF-TrFE) fibrous film incorporating non-coated BTNW (PT/BTNW),
and P(VDF-TrFE) fibrous film incorporating pBTNP (PDA-coated BTNP),
the optimized PT/pBTNW-based PENG had higher sensing sensitivity
and electrical signal outputs. Towards practical applications, the wear-
able and flexible piezoelectric sensor had rapid response time (~20.4
ms) and long-term durability after 9000 period cycles (<2.3 % decline)
with a high sensitivity of 4.3 V N~! under small force (<1.5 N). In
addition, the PENG-based sensor could harvest multiple low and high-
frequency mechanical signals of human body. We hope to pave a cost-
effective way to develop high-performance and self-powered wearable
bioelectronics for wearable bioelectronics in human biomechanical
sensing.

2. Results and discussion

Fig. la displays the hydrothermal synthetic process of the BaTiO3
nanowires (BTNW) and surface modification of the nanowires with
polydopamine (PDA) via in situ polymerization of dopamine. For con-
venience, the resultant PDA-coated BTNW (PDA@BTNW) is abbreviated
as pBTNW. The morphology of the obtained pBTNW was characterized
by scanning electron microscopy (SEM) (Fig. 1b) and transmission
electron microscopy (TEM) (Fig. 1c). From the TEM image, the PDA
nanolayer with thickness of 18-25 nm uniformly wrapped the whole
BTNW. The corresponding precursor Na,TisO; and H,TisO7 nanowires
had a statistical diameter of about 100 nm (Fig. S1). The average
diameter of BTNW and pBTNW was ~ 232.1 + 32.54 nm and 254.2 +
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Scheme 1. Scheme of fabrication process and configuration of the composite fiber-based piezoelectric sensor and corresponding electrospinning apparatus.
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Fig. 1. Synthesis and structural characterization of pBTNW. (a) Synthetic scheme of pBTNW via two-step hydrothermal process and post-modification. (b) SEM, (c)
TEM, (d) HRTEM (upper) and SAED (lower) images of pBTNW. Scale bar = 1 pm. (e) EDS mapping of Ba, Ti, O and N element on an individual nanowire. (f) EDS
profiles of Ba, Ti, O, and N elements perpendicular to the length direction of one BTNW. (g) FT-IR spectra, (h) XRD patterns, and (i) Raman spectra of BTNW before

and after PDA modification. Piezoresponse results of BTNW and pBTNW involving

45.78 nm, respectively, while their length was within the range of 3 ~
3.78 pm, indicating a large aspect ratio about 15 (Fig. S2). From the
high-resolution TEM (HRTEM) image and selected area electron
diffraction (SAED) of pBTNW (Fig. 1d), the lattice spacing of 2.8 A was
in accordance with the (101) lattice plane of tetragonal BaTiO3 (BTO)
and the diffraction pattern suggested the single-crystal characteristic of
the BTNW. These results implied the homogeneity of the obtained
nanowires without obvious defect or impurity.

(j) amplitude butterfly-loop and (k) phase hysteresis curves.

To visualize the element distribution, the two-dimensional and line-
scan energy-dispersive spectrometer (EDS) element mapping were
collected. As displayed in Fig. le, Ba, Ti, O and N were distributed
throughout the nanowire. From the line-scan EDS, N element originated
from PDA was mainly distributed in the shell area, verifying the suc-
cessful coating of the PDA layer (Fig. 1f). In the Fourier transform
infrared (FT-IR) spectrum for pBTNW, the peaks of 1264 em™!, 1485
em ! and 1623 ecm ™! that corresponded to the modes of C—0, C—C
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stretching vibration and N—H bending vibration, respectively, further
proved the existence of PDA (Fig. 1g). Considering that the crystal
structure of BTO determines its piezoelectricity, the crystal and phase
structure of pPBTNW were determined through X-ray diffraction (XRD)
and Raman spectra. As shown in Fig. 1h, the XRD patterns of BTNW and
PBTNW presented typical tetragonal perovskite structure without other
phases. Moreover, the peak intensity of pBTNW was slightly higher than
that of the BTNW, demonstrating that the introduction of PDA nanoshell
did not change the crystalline structure of BTNW. In the Raman spec-
trum (Fig. 1i), the peaks at 250, 306, 513 and 718 cm™! implied the
existence of tetragonal phase BTNW [46], and the two bands at 1361
and 1581 cm ™! were attributed to the stretching of benzene ring in PDA
[47,48].

Notably, the surface modification of BTNW with PDA significantly
improved the dispersion stability of the nanowires in the electrospun
DMF/acetone mixture (Fig. S3), which was expected to enhance the
interfacial bonding between the nanowire filler and the polymer matrix.
Compared with BTNW, the negative zeta potential of pPBTNW was
further reduced due to the positive PDA coating. As a reflection of
variation in particle size, the polydispersity index (PDI) of pBTNW
(0.097) was also decreased compared with that of BTNW (0.258), sug-
gesting an improved dispersion of the modified nanowires (Fig. S4). It
can be attributed to the potential chemical reaction between the hy-
droxy groups of BTNW and the phenol groups of PDA, thus contributing
to the formation of benzene groups near the surface of BTNWs to
partially inhibit aggregation [49]. Additionally, the grafted PDA layer is
beneficial for mitigating surface energy of BTNWs, thereby increasing
the interfacial compatibility with organic matrix [50,51].

Piezoelectric response of BTNW before and after PDA coating was
evaluated by the piezoresponse force microscopy (PFM) measurement.
To ensure the full contact between the samples and the PFM probe,
nanowire with diameter of about 1 pm was specifically selected for the
detection, and corresponding topography, amplitude and phase images
were exhibited in Fig. S5. The maximum amplitude of the pBTNW
reached 0.21 nm and 0.41 nm at the highest positive (+10 V) and
negative (-10 V) tip bias, respectively, where the BTO dipoles were
aligned along the direction of the electric field (Fig. 1j). And the
calculated ds3 coefficient of the BTNW and pBTNW reached 39 and 41
pm V1, respectively. The pBTNW showed a near 180° switching of the
phase curve and larger hysteresis area than the uncoated BTNW, sug-
gesting a higher local polarization (Fig. 1k). These results suggested that
the pBTNW with a high aspect ratio and excellent dispersion presented
good piezoelectricity. It was beneficial for the external loading trans-
mission, which laid a vital foundation for the enhancement of the
piezoelectric response and electromechanical conversion capability.
Considering the possible impact of the aspect ratio of BTNW on its
piezoelectricity, we selected two middle values of aspect ratios (AR)
between the existing nanoparticles (AR = 1) and nanowires (AR = 15),
and conducted simplified simulation and calculation to analyze their
piezopotential differences under the same stress status. As shown in
Fig. S6, the piezopotential increased with increased AR, and the highest
potential reaches 0.79 V when the AR is 15, which may be associated
with the enhanced stress conduction on the top and bottom surface of
BTNWs. Future experimental studies involving the preparation and
analysis of physiochemical properties on BTNWs with different aspect
ratios would be necessary to further clarify the deep enhancement
mechanism.

Electrospinning is regarded as a versatile method to prepare piezo-
electric fibers with incremental p-phase benefit from the stretching force
applied on the electrified liquid [52,53]. It has been found that the
involved stretching and electric poling process can promote the align-
ment of dipoles in P(VDF-TrFE), thereby enhancing the piezoelectric
sensitivity under an external stimulation. On the other hand, it is ex-
pected that the addition of the inorganic fillers will further help nucle-
ation of the piezoelectric phase in the P(VDF-TrFE) [54]. Thereby, the
composite nanofiber composed of P(VDF-TrFE) and pBTNW were
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fabricated through electrospinning. For convenience, the obtained
composite films with consistent P(VDF-TrFE) contents and different
pBTNW fractions of 0 wt%, 3 wt%, 5 wt%, 7 wt% and 10 wt% are
denoted as PT/pBTNW-0, PT/pBTNW-3, PT/pBTNW-5, PT/pBTNW-7
and PT/pBTNW-10 nanofibers (NF), respectively. The SEM images of the
fiber films with different pBTNW content (0-10 wt%) are displayed in
Fig. 2a-e. The statistical results showed that the average diameter of the
fibers slightly increased with the increased pBTNW contents from 768 +
31.8 nm to 803 + 19.08 nm, but without significant difference (Fig. S7).
In addition, the thickness of all the fiber films was kept consistent by
controlling the electrospinning time so as to eliminate the unwanted
influence (Fig. S7f). From the SEM images, the bare BTNW without
surface PDA modification were seriously agglomerated in the fiber
matrix, which even punctuated the surface of the fiber when the mass
fraction of BTNW reached 10 wt% (Fig. S8a). And the diameter of the
fibers became more nonuniform, which might decrease the generation of
piezoelectricity and weaken the feasibility of the prepared devices due
to the possible crevices (Fig. S8b).

In contrast, the P(VDF-TrFE)/pBTNW nanofibers (PT/pBTNW NF)
exhibited a smooth morphology free of bead and nanowire aggregation.
The pBTNW was uniformly distributed in the P(VDF-TrFE) matrix and
well-oriented along the extensive direction of the fiber (Fig. 2f, g). From
the EDS element mapping (Fig. 2g), C and F element from polymer
distributed in the whole fiber, while Ba, Ti, O and N elements from
pBTNW located in the interior of the fiber. For comparison, P(VDF-
TrFE)/pBTNP nanofibers (PT/pBTNP NF) incorporating pBTNP were
prepared following the same nanoparticle surface modification and
electrospinning process (Fig. S9-11). To illustrate the interaction be-
tween the pBTNW and the polymer matrix, XRD and Raman spectros-
copy were conducted again. XRD spectra showed that the peak at 20 =
20.59° corresponding to the reflection from (110/200) crystal planes of
B-phase became sharper as the pBTNW content increased (Fig. 2h). As
shown in the enlarged image ranging from 18° to 26° (Fig. 2i), the peak
area of p-phase extended with the increasing mass fraction of pBTNW,
revealing the addition of pBTNW promoted the formation of p-phase in P
(VDF-TrFE). In the Raman spectra (Fig. 2j), the band intensity of 840
em™! and 1430 cm™! representing p-phase in P(VDF-TrFE) was
strengthened with the increasing content of pBTNW. It might be
attributed to the enhanced electrostatic interaction between —-OH/-NH,
in PDA and —~CH,/-CF, in P(VDF-TIFE) [14].

Differential scanning calorimetry (DSC) and FT-IR spectroscopy was
used to quantify the crystallinity and p-phase of all the nanofiber sam-
ples. As shown in the DSC curves (Fig. 3a), the pPBTNW content affected
the thermal properties of the P(VDF-TrFE) nanofiber, as confirmed by
the melting temperature peak shift of the nanofibers from 159.5 °C to
158.4 °C as the pBTNW content increased to 7 wt%. And the peak in-
tensity remarkably enhanced with the content of pPBTNW increased to 7
%, representing improved crystallinity in P(VDF-TrFE). The FT-IR
spectra showed the typical characteristic peaks from p-phase at 840
em 1, 1290 ecm ™! and 1430 cm ™! for all the samples, while the bands at
763 cm ™! and 976 cm™! corresponding to the non-polar a-phase were
not observable, validating the dominant presence of p-phase (Fig. 3b).
Among all the samples, the PT/pBTNW-7 NF had the highest p-phase
content (Table S1), which was also higher than the PT/pBTNP NF with
equal BTNP mass fraction (7 wt%). It was noteworthy that the peaks at
882, 1123 and 1176 cm ™! of the PT/pBTNW NF shifted towards lower
wavenumber relative to the neat P(VDF-TrFE) (Fig. S12). It can be
ascribed to the formation of hydrogen bonds between —-NH, groups in
PDA and -CF- groups in P(VDF-TrFE) [55]. The crystallinity and $-phase
content of P(VDF-TrFE) calculated from the DSC and FT-IR results
showed that both crystallinity and f-phase content reached a highest
value of 96.1 % when pBTNW mass fraction was 7 % (Fig. 3c). Appro-
priate content of the pBTNW in the P(VDF-TrFE) nanofibers could
benefit crystallization of the polymer and act as a heterogeneous
nucleating agent in polymeric matrix chains [56,57]. However, further
increase of pPBTNW mass fraction to 10 % induced decrease of B-phase.



X. Wan et al.

Chemical Engineering Journal 451 (2023) 139077

[ ]
N

PT/pBTNWs-10 (J

eeaige®

7 A —0%—23% — 5%
(200} a0 @0 @0) | M. 7% 10%
I —7% (NP -t
i i PTHBTINWS0 O PT/pBTNWs-7 © (NP p14300m
- S IRy s b P e commmsssassuiin] T
o j L | PTBTNWs7 | . OPT/PBTINPS7 | @ |
; i pont ; | e Supsmamsistauamisio) ;
= J_ PT/PBTNPs-7 | = - =
@ i - /\\ OPT/pBTNWs-5 | @
= c N",,r % 8 <
2 K PT/bBTNWs-5 ,8 i Nty X e o] 3
£ k c A OPTpBTNWs3 | £
— o »}.{ T 1
o _ PT/pBTNWs-3 B - S "S- A
)\ P(VDF-TrFE ﬁqfn‘x; (VOF-TFE) 5

&) R ey

10 20 30 40 50 60 18 20

20 (degree)

20 (degree)

24 26 720 900 1080 1260 1440
Raman shift (cm™)

Fig. 2. Characterization of the electrospun composite films. SEM images of the as-synthesized fiber film with (a) PT/pBTNW-0 NF, (b) PT/pBTNW-3 NF, (c) PT/
pBTNW-5 NF, (d) PT/pBTNW-7 NF and (e) PT/pBTNW-10 NF. Scale bar = 5 pm. (f) TEM and (g) dark field-TEM and EDS mapping of C, F, Ba, Ti, O, and N
element in a single PT/pBTNW NF. Scale bar = 1 pm. (h) XRD patterns, (i) enlarged view of 18-26° from XRD pattern, and (j) Raman spectra of the composite fiber
films with different mass fraction of pPBTNW. As a control, the results of the fiber film with pBTNP were also shown.

The possible explanation to support this result might be that the
increased defects caused from the high-loading pBTNW blocked the
segmental motion as well as the alignment of the P(VDF-TrFE) chain and
further hindered the segment from forming asymmetrical p-phase, and
the great amount of p-phase might merge each other and form sym-
metrical a-phase, which resulted in the F(f) reduction to 86.9 % [58,59].
Moreover, in comparison with PT/pBTNP NF with equal BTNP mass
fraction, PT/pBTNW NF possessed higher crystallinity and p-phase
content. This was mainly attributed that the 1D nanowire structure well-
aligned inside the fiber served as an enhanced nucleating agent, which
might form more effective interaction with the flexible polymer matrix
due to the more longitudinal shape than 0D nanoparticles.

The enhanced interaction can be further characterized by the X-ray
photoelectron spectroscopy (XPS). The XPS survey spectra verified the
existence of O and N elements from PDA in the composite fibers
(Fig. 3d). The O 1 s peak was fitted into three photoelectron peaks at
binding energy of 530.9, 532.2 and 533.55 eV, which corresponded to
the oxygen element in BTNW, and C—=0 and C—O groups in PDA,
respectively (Fig. 3e). From the deconvoluted N 1 s spectrum (Fig. 3f),
the peaks at binding energy of 399.6 and 401.5 eV represented -N = and
N—H in PDA. The corresponding XPS spectra of Ba and Ti element were
shown in Fig. S13. After introducing the pBTNW into P(VDF-TrFE), the
peak area of C-CFy and C-CF groups decreased accompanied by the
increased peak area and intensity of -CFy group due to the strong
interaction between -NHj; in PDA and -CF; in P(VDF-TrFE) (Fig. 3g and
S13d). These results clarified the covalent linking between BTNW and
PDA through -C—O- bonding and the pBTNW showed strong

intermolecular interactions with P(VDF-TrFE) to promote the dipole
orientation [60]. Combined with the above DSC and FT-IR data, these
results revealed that the PDA shell reinforced the interaction and
compatibility at the organic-inorganic interface, and the addition of
pBTNW acting as a nucleating enhancer promoted the self-alignment of
P(VDF-TrFE) to oriented f-phase, as depicted in the schematic (Fig. 3h),
which was expected to improve piezoelectricity of the composite fiber
largely.

Considering the flexibility requirement of wearable sensors, me-
chanical properties of all the samples were characterized. Among all the
samples, the PT/pBTNW NF displayed the best tensile strength with 42
% strain, suggesting higher mechanical properties than P(VDF-TrFE)
and PT/pBTNP NF (Fig. 3i). The improvement in the mechanical prop-
erties is probably attributed to the good adhesion and the excellent
coupling action of PDA, building up strong intermolecular forces exerted
between the matrix and the PDA shell on BTNW [34,55]. From the
tension stress-strain curves of the composite fibers, the Young’s
modulus of the PT/pBTNP film (25.08 MPa) was higher than the PT/
pBTNW fiber film (21.16, 23.62, and 22.39 MPa for PT/pBTNW-3, PT/
pBTNW-5, PT/pBTNW-7, respectively (inset, Fig. 3i). It was caused from
the anisotropic structure of the nanowires and the PDA-promoted
interfacial interaction and compatibility inside the fibers. Among all
samples, the PT/pBTNW-10 exhibited the highest Young’s modulus,
which was attributed to the rich doping of BTNW crystal significantly
increasing stiffness of polymer fibers, although in Fig. 3c the crystallinity
of PT/pBTNW-10 decreased probably due to that the higher amount of
PDA disrupted the crystallization of polymer. These results implied that
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the addition of the pBTNW into P(VDF-TrFE) matrix to form coaxial
structure gave rise to the decreased Young’s modulus as well as pro-
moted the tensile strength compared with the typical nanoparticle
doping. It will endow the final device with enhanced flexibility,
stretchability, and be favorable to perceive external mechanical stress.
However, too low Young’s modulus was not beneficial for the device to
resist external strains. Therefore, integrating the result of piezoelec-
tricity, the PT/pBTNW-7 NF film was chosen as an optimized sample in
following experiments.

The piezoelectric property as well as the presence of stable and
switchable polarization of the composite fiber film PT/pBTNW-7 NF
were verified through the PFM and P-E measurements. Fig. 4a-d show
the corresponding topography, amplitude, phase and 3D topography
image of PT/pBTNW-7 NF, in which the phase with high contrast
matched well with the dark and bright region in the amplitude image,
indicating the existence of polarization domains. The phase and ampli-
tude butterfly-shaped curves are displayed in Fig. 4e. The maximum
amplitude of the composite fiber film reached 7.07 nm and 7.25 nm at
—10 V and + 10 V tip bias, respectively. The near 180° switch of the
phase loop from —10 V to + 10 V was typical for the domains switching
triggered by the external electric field. For comparison, we also con-
ducted the PFM test on pristine P(VDF-TrFE) film as shown in Fig. S14.
The maximum amplitude only reached 20 pm and 45 pm at the same tip

bias, and the phase switch of positive and negative voltage was about
130°, reflecting a relatively weaker piezoresponse than the composite
films (Fig. S14d). From the P-E hysteresis curves (Fig. 4f), the polari-
zation switching appeared as the nonlinear ferroelectric hysteresis loop
with the addition of pBTNWs and pBTNPs into P(VDF-TrFE) fibers. The
value of remnant polarization (Pr) increased from 1.4 pC cm ™2 of pure P
(VDF-TrFE) fibers to 4.85 pC cm 2 of PT/pBTNWs-10. This result indi-
cated that the polar axes of the randomly oriented grains was switched
along the exogenous electric field of the same driving voltage, leading to
the larger polarization with the increased doping of the incorporated
pBTNWs into the polymer matrix. Notably, the control sample PT/
pBTNP-7 (red dot line) exhibited lower Pr, proving the superiority of
the nanowires than the nanoparticles on improving ferroelectricity,
which was consistent with the above-mentioned analysis of crystal
structure. In further evaluation of the piezoelectric coefficient (ds3) as a
direct index reflecting piezoelectricity, it was found that the dss value
also increased with the increase of pBTNW content and reached the
maximum of 34 pC N -1 for PT/pBTNW-7 (Fig. S14e).

To further reveal the mechanism of PDA modification on the pro-
motion of organic-inorganic interface coupling, which strengthened the
surface stress and brought forth excellent mechanical properties, finite
element method (FEM) was used to simulate the response of PT/BTNW
and PT/pBTNW using COMSOL Multiphysics [61]. The external load on



X. Wan et al.

Chemical Engineering Journal 451 (2023) 139077

(h)

0.57 . . . .
» MPa = . Vv .
0.00 . T 0.18 =
. 4 he . .
-0.57 . = . 0.16 *
.13 - os ° - o.145
. . " 012 |
2250 & o « = 04 =
t200 . E . 0.08 =
e 04 = = .
41150 F . s = 0.06 =
@ 1 - .
-10O:o . 02 * . 0.04 ©
+50 E - _ 0.02 .
Lo E = E o .
-1'0 _'5 6 5 10 : I AR AR R EEERRERRENRNENRRERHNHSE,] : :. LA AR AR ERERRERERERNENRNERNSHN,] I.
DC bias (V) ) .
(f) 12 —— P(VDF-TIFE) (|) (1)0-20
Ll 9]—PT/PBTNWs-3 0.84 —=BINW. |  keesssssreeies ——BTNW
E J1—PT/pBTNWS5 —— pBTNW $o15] == n — pBTNW
o ----PT/pBTNPs-7 %064 f <V
Q 6] —prpsTNws7 - | ]
= PT/pBTNWngE:::—' T %’OA- £ 0.101
2 = g 2
g 0 = : 200
8 21— & 0.2 9 0.054
8 31 =X = | — g
| ]
& 6\ 0.0-/’—\J 0.00-------doccdoooe
500 -250 0 250 500 2000 -1000 0 1000 2000 2000 10000 1000 2000
Electric field (kV cm™) Y axis (nm) Vaxis (nan
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reader is referred to the web version of this article.)

the nanowire was considered as tensile strain under the bending con-
dition, and thereby the nanowire would generate a tensile stress and
corresponding piezopotential due to the bending impact (Fig. 4g, h).
Owing to the obvious distinct Young’s modulus of P(VDF-TrFE) and
BTNW, the surface stress in the composite fibers for both PT/BTNW and
PT/pBTNW is mostly concentrated on the inner BTNWs (Fig. 4g). As
shown in the extracted line graph from the marked area (Fig. 4i), the
induced stress on BTNW increases from 731.3 kPa to 815.7 kPa after
PDA modification. Correspondingly, the enhanced stress increases the
piezoelectric output of BTNW, and the potential differences increase
from 161.1 mV to 183.5 mV (Fig. 4j). These results indicated that the
PDA modification increased the stress distribution as well as the stress
transfer, consequently leading to the optimized piezoelectric property of

pBTNWs. To further clarify the mechanism on the BTNW-induced
piezoelectricity enhancement compared with nanoparticles, COMSOL
was also used to simulate the response of individual BTNW or BTNP.
Fig. S15 depicts the piezopotential, stress, and displacement distribution
of BTNP, BTNW, PT/BTNP, and PT/BTNW, respectively. The maximum
piezoelectric potential under a bending force was calculated to be 0.78 V
and 3.5 V for BTNW and PT/BTNW while the value for the BTNP and
PT/BTNP was only 0.18 V and 1.32 V under the same condition
(Fig. S15a-d, i). This difference was due to the higher mechanical
tolerance, stress reinforcement within the fiber, and greater deformation
of the nanowire (6.07 nm) than the nanoparticle (0.29 nm) (Fig. S15a-d,
i, iii). Through the simulation analysis from these two aspects, the
modified PDA promoted interface interaction and stress transfer from P
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(VDF-TrFE) to inner pBTNW, leading to the optimized piezoelectric
output performance.

The piezoelectric output of the composite PT/pBTNW NF was sys-
tematically investigated. Fig. 5a displays the device design of the
assembled piezoelectric nanogenerator (PENG). The five-layers device
contained the middle layer of electrospun piezoelectric fiber film, two
layers of conductive fabric as the top and bottom electrodes, and the
flexible polyurethane (PU) films for encapsulation to protect the device

Conductive fabric

ﬂ P(VDF-TrFE)/pBTNW nanofiber

(b) Pressing
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from unpleasant environment or deconstruction. The whole thickness of
the fabricated device was about 200 pm (Fig. S16a), and the morphology
of the woven structure of conductive layers is displayed in Fig. S16b. it is
evident that all layers are closely connected with each other. The optical
picture shows the deformed device bent by a tweezer, indicating the
flexibility suitable for wearable application. Fig. 5b elucidates the
working principle of the PENG device during pressing and releasing
movement. Initially, the dipoles maintain in an equilibrium state due to
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Fig. 5. Mechanism and analysis of the enhanced output performance. (a) Configuration design of the PENG and optical image of the device bent by a tweezer. The
enlarged picture of the red circle region shows the cross-section SEM image of the whole device. (b) Working principle of piezoelectric output at an impacting/
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that spontaneous polarization is constant [62]. When a continuous
pressing force is subjected to the piezoelectric device, the electric di-
poles oscillate and the negative and positive charges change in sym-
metry [63]. It results in decreased total polarization and increased
dipole momentum, and the consequent charges/electrons flow through
the external circuit, thus generating the electrical potential/current
[52]. When the impacting force is withdrawn, the deformed device is
gradually released, followed by generating an opposite electrical po-
tential/current.

To clarify that the generated electrical signal upon external load was
come from piezoresponse properties rather than electrostatic or tribo-
electric phenomenon, the switching polarity test was conducted by
reversing the circuit connection mode (Fig. 5¢ and S17). Both voltage
and current output were reversible due to the induced charges flowing
back and forth, achieving a ~ 8 V and 0.6 pA piezoelectric output with
the same pressing motions. It confirmed that the force-responsive output
was indeed derived from the piezoelectric nature of the fiber film itself.
To further exclude the possibility of artificial triboelectric signals, the
electrical performance of the device composed of un-poled piezoelectric
PT/pBTNW NF film was supplemented. As displayed in Fig. S18, it was
evident that the voltage (~0.4 V) and current (~0.02 pA) output were
considerably low compared with that of the poled one (Fig. 5¢c and S17).
It was partly because that the internal electric dipoles were randomly
aligned in the piezoelectric domain and led to almost no polarity
without poling treatment. When subjected to a vertical pressure, the
total polarization remained unchanged. Therefore, the piezopotential
cannot be efficiently created, proving that the recorded electrical output
of the PENG was attributed to the piezoelectric rather than triboelectric
effect. Nevertheless, the generated electrical output was not zero, which
might be attributed to the electrospinning-induced self-polarization. The
voltage and current output performance of the PENG fabricated from
different nanofiber film were detected under a periodic impacting/
releasing motor. For the detection, the impacting force and frequency of
displacement were constantly maintained at 5 N and 1 Hz, respectively.
Exactly as expected, the PENG made from PT/pBTNW-7 NF presented
both higher voltage and current than the neat P(VDF-TrFE) fibers
(Fig. 5d and S19). With the mass fraction of pBTNW increased in the
fibers, the output performance of the fabricated PENG device was
correspondingly increased, which was resulted from the increased
piezoelectricity of the composite fiber films. The values of voltage/
current output for the devices increased from ~ 3.3 V/0.13 pA for neat P
(VDF-TrFE) NF to the maximum of ~ 18.2 V/1.5 pA for the PT/pBTNW-
7 NF. When the BTNW mass fraction was further increased to 10 wt%,
the voltage output kept constant as that of 7 wt%, while the current
output was slightly decreased. Moreover, in comparison with PT/
pBTNP-7 NF-based PENG, the PT/pBTNW-7 NF-based PENG exhibited
about 2.24- and 2.42-folds piezoelectric output for both voltage (18.2 V
v.s. 7.5 V) and current (0.97 pA v.s. 0.4 pA), respectively (Fig. S20).
Therefore, the PENG based on PT/pBTNW-7 NF was chosen for the
following sensing applications.

The piezoelectric performance of the PENG devices was further
investigated under different frequencies from 0.5 to 2 Hz, which rep-
resented the normal frequency range of human motion (Fig. 5e). The
results revealed that the current output proportionally increased as the
impact frequency increased, for all the PENG devices based on the neat P
(VDF-TrFE) fiber film, and the composite ones with pBTNP, BTNW and
PBTNW. To be specific, the voltage output of the PT/pBTNW NF-based
PENG was increased from 6 V to 18.65 V with increasing impact fre-
quency from 0.5 to 2 Hz, which was significantly higher than those from
the BTNW, pBTNP and neat P(VDF-TrFE). Of note, the voltage peak
shape and value of the PT/pBTNW NF-based PENG were consistent,
suggesting that the piezoelectric sensor can satisfy the demand of
repeatable human biomechanical sensing. In contrast, the voltage sig-
nals from the PT/BTNW NF-based PENG showed poor repeatability
especially at the frequency of 1 Hz, which was mainly due to the
insufficient organic-inorganic interfacial interaction without PDA
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modification (Fig. 5e). Response time of PENG is another essential basis
for the assessment of a sensor. Upon finger impacting, the PT/pBTNW
NF-based PENG had the shortest response time of 20.4 ms, in contrast to
64.9 ms, 70 ms and 115 ms for the PENGs based on PT/BTNW, PT/
pBTNP, and neat P(VDF-TrFE), respectively (Fig. S21). It can be mainly
attributed to that the addition of pBTNW induced more sensitive stress
response that optimized stress and strain transfer, as depicted by simu-
lation results, while the other devices exhibited longer response time
due to the modulus mismatch at the two-phase interface and weaker
stress-energy dissipation ability [64].

The voltage and current output were further recorded under a series
of force from 0.05 to 10 N (Fig. 5f, g and S22). The result showed that the
PENG can detect small force as low as 0.05 N, with an output of 1.73 V
and 0.15 pA. According to the relationship between the applied force
and the piezoelectric output, both the voltage and current values
exhibited a good linear relationship with the applied forces (Fig. 5h).
Through fitting and calculation, the PT/pBTNW NF-based PENG had a
sensitivity of 2.76 V N! (equal to 6 kPa~ 1) and linearity relevance (Rz)
of 0.98 in the force range of 2.5-10 N. In comparison, in the same force
range, the sensitivity of the PT/pBTNP NF and P(VDF-TrFE) NF-based
PENGs was 1.72 VN~ ! and 0.94 V N’l, respectively (Fig. 523). How-
ever, the sensitivity of PT/pBTNW NF-based PENG was higher than 4.3
VN! (equal to 9.4 kPa 1) when the force was lower than 1.5 N, which
meant that the sensor device had an excellent mechano-electro rele-
vance and a high sensitivity in the range of low forces (Fig. S23). In
addition, the instantaneous electric power outputs of the three kinds of
PENGs were compared (Fig. 5i and S24). The output of PT/pBTNW NF-
based PENG reached 18.2 V and 1.56 pA with the maximum output
power of 12.8 pW at a loading resistance of 50 M(, which was 1.47 and
5.85 times of the maximum output power of the PT/pBTNP NF and P
(VDF-TrFE) NF-based PENG at the same loading resistance, respec-
tively. The maximum instantaneous power density of the PT/pBTNW
NF-based PENG was calculated to be 3.175 pW cm™2. The load of the
external circuit was the same as the internal impendence of the device,
which was slightly lower than that of the PT/pBTNP NF and P(VDF-
TrFE) NF-based PENGs, probably due to the enhanced induced charges
transport at the organic-inorganic interface [20,21]. The potential use
of PENG-based devices as power sources for wearable electronics has
also been noticed [65]. To further investigate the energy harvesting
property, capacitors (1.0, 3.3, or 4.7 pF) were connected to the PENG
through a rectifier bridge and the corresponding charging curves were
depicted in Fig. S25. The charging voltage of the 1.0, 3.3 and 4.7 pF
capacitor reached 12.4, 6.7 and 2.9 V within 100 s, respectively, and the
smaller capacitors obtained the larger charging rate. We compared the
output performance of our optimized device with that reported in pre-
vious literatures, as listed in Table S2. The sensitivity and the maximum
instantaneous power density in this work were superior to other PENGs
with similar functional materials, suggesting that our optimized method
is promising for enhancing the electrical performance of PENGs.
Considering the practical application of wearable sensor in daily life, the
PT/pBTNW NF-based PENG realized stable output after 9000 contin-
uous pressing/releasing cycles, confirming the excellent stability of the
sensor (Fig. 5j). Also, the output current (~1.5 pA) had almost no change
during the 7-days-lasting test, suggesting the good stability and reli-
ability (Fig. S26). For the wearable devices, it is necessary to investigate
the waterproof performance, which is crucial for the long-term stability
and feasibility of the device. After 5-days immersion in phosphate buffer
saline (PBS) at room temperature, the PENG output performance
showed no obvious weakening, and no liquid was penetrated into the
PENG, indicating the good performance even in the liquid condition
(Fig. $27).

The flexibility and excellent adaptability of the PENG sensor is ad-
vantageous as wearable sensor. The flexible sensor can be bended to up
to 90°, for which the voltage output was in proportion to the bending
angles (Fig. 528). Similarly, the reliable stability under bending status
was also verified, which ensured the feasibility of the sensor upon
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attached to different parts of body (Fig. S29). Based on the sensitive
piezoelectric response, the optimized PENG composed of PT/BTNW-7
NF was applied for monitoring a series of human physiological move-
ment (Fig. 6). For improving the comfort and adaptability of the sensor,
the flexible device was attached directly on the skin by stretchable PU
tape. The piezoelectric sensor was firstly mounted on elbow, wrist and
knee, the three most representative human movement locations asso-
ciated with joints (Fig. 6a-c). Obviously, the sensor did not generate any
electrical output when the joints were straight forward. With the
bending degree increasing gradually, the device went through an
enhanced voltage output from ~ 0.2 V to 1.5 V for wrist, ~0.25 V to
3.58 V for elbow and ~ 1 V to 4 V for knee, respectively. Therefore, it
can be applied for identifying the amplitude of the joint movement. The
piezoelectric sensor can also distinguish the frequency of human motion.
Fig. 6d presents the signal outputs generated by the sensor attached
under the foot. The voltage output reached the maximum of 6.25 V
under running, which was slightly higher than that under foot steeping
(3.88 V). This difference in voltage output and frequency indicated the

[
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different instantaneous impacting stress and frequency. In addition to
perceiving motions with large amplitude, the piezoelectric sensor can
also perceive weak signals generated by subtle motions. Fig. 6e shows
the electric output of a low-frequency gentle blink and a fast-forced
blink when the flexible sensor was attached on the corner of the vol-
unteer’s eye. When the eyes blinked faster and stronger, the voltage
output increased from 250 mV to 450 mV, demonstrating the fast
response and high sensitivity of the sensor.

The sensing device was also fabricated into a data acquisition glove
via integrating five independent sensors onto a nitrile glove. Fig. 6f and
S30 shows that slight bending and strengthening movements of each
finger were all precisely detected. Through Fast Fourier transform (FFT),
the output voltage can easily discriminate the vibration of bending
motion of each finger (Fig. 6g).

Distinct from the joint movement under relatively low frequencies,
the ability of the PENG sensor as a proof-of-concept voice recognition
device under high frequencies was explored using a loudspeaker as the
sound wave source with multiple frequencies involving frequency range
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of human voices (100-1000 Hz) [66]. The voltage and current output of
the PENG sensor first increased with vibration frequencies increasing
from 100 Hz to 600 Hz, and then decreased with vibration frequencies
further increasing from 600 Hz to 1000 Hz. It suggested the good
mechano-electrical conversion performance in response to the high-
frequency sound waves that contained the frequency of human voices
(Fig. S31a, b). From the zoom-in views of the maximum voltage and
current (Fig. S31c, d), it was found that the electrical outputs were
basically stable under the external vibrations with constant frequency.
Through FFT, the frequencies of the output signals were in line with the
external frequencies (Fig. 6h), suggesting the response of PENG to the
dynamic changes of frequencies. It can be observed that the current
output of the sensor had different variations under the sweeping fre-
quencies, and the maximum value was achieved at about 620 Hz, which
might be the resonance frequency of the sensor (Fig. 6i). These results
may promote us on implementing the applications of acoustic sensors
and artificial cochlear [67]. Accordingly, the piezoelectric sensor was
then attached on the neck of a volunteer. Considering that the when the
volunteer spoke “Nano”, “Hello” and “Signal”, the distinguished piezo-
electric signals were triggered by the vibration of the throat, matching
the pronunciation characteristics of each word (Fig. 6j). The spoken
words of “Nano” and “Signal” presented a disyllable pronunciation with
a stress accent coming first. Thus, the sensor detected voltage profile
contributed to a strong peak followed by a weak peak. In contrast, the
voltage output showed different modes in pronouncing “Hello”, of which
the stress accent was located at the second syllable. In addition, a ~ 560
mV signal generated by the violent vibration in the process of coughing
can also be accurately detected, which was higher than that of speaking
calmly (~290 mV) (Fig. 6j). These signals were regular and stable,
proving a satisfying reproducibility for sensing. All these results indi-
cated that the PT/pBTNW NF-based piezoelectric sensor possessed
excellent flexibility to perceive various human movements, and is sen-
sitive to the environment changing including signal amplitude and fre-
quency. It showed great potential especially in the remote control of
human-machine interaction and internet of things [8,68].

3. Conclusion

In this work, we have successfully integrated PDA-modified BTNW
into polymeric P(VDF-TrFE) matrix to form highly flexible and piezo-
electric nanofiber with coaxial and hierarchical architecture via elec-
trospinning process. The PDA nanolayer coated on BTNW acted as an
effective interfacial connector between the P(VDF-TrFE) polymer and
anisotropic BTNW, thus reinforcing the stress transference through the
interfacial interaction and promoting the piezoelectric output. The
piezoelectric PENG composed of PT/pBTNW-7 NF achieved a maximum
output of 18.2 V, 1.5 pA and output power of 12.8 pW, which were 2.24,
2.42 and 1.47 times of the PENG based on equivalent BTNP. Its flexi-
bility can match well with human skin to meet the need of future
wearable device. As a wearable and self-powered sensor, the piezo-
electric sensor can sensitively detect various human physiological mo-
tions such as joint movement and eyes blinking with different strength
and frequency. Also, the short response time (20.4 ms) enables the
sensor to precisely recognize the voice pronunciation. We wish this work
can propose a cost-efficient approach to develop high sensitivity and
performance sensors which displays great potentials in personalized
healthcare and remotely controlling of human-machine interaction
interface, and deepening the basic understanding of the mechanism of
piezoelectric composites.

4. Experimental section
4.1. Materials

Tris-base and dopamine hydrochloride (DA-HCI) were supplied by
Sigma-Aldrich. Titanium dioxide powders (TiO2, 99 %, anatase), barium
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hydroxide octahydrate (Ba(OH),'8H20, ACS, 98 %), N, N-dimethyl
formamide (DMF), and acetone were purchased from Macklin
(Shanghai, China). Poly (vinylidenefluoride-co-trifluoroethylene) (P
(VDF-TrFE), 75/25 mol%) was purchased from Piezotech (Piezotech,
ARKEMA, France). The other reagents and chemicals were all purchased
from Peking Reagent (Beijing, China) and used directly without further
treatment.

4.2. Synthesis of BaTiOs nanowires (BTNW)

The BTNW were synthesized using a two-step hydrothermal reaction
as previously reported with a slight modification [36,69]. 3 g TiOs
powder was mixed with 60 mL sodium hydroxide (NaOH) aqueous so-
lution (10 M), magnetically stirred for 18 h, and then sealed in a 100 mL
Teflon-line stainless autoclave. After being heated at 210 °C for 24 h, the
NayTizO7 nanowires were obtained. Subsequently, the NayTi3O7 nano-
wires were soaked in an aqueous 0.2 M HCI solution for 24 h with slow
stirring to produce HyTizOy; nanowires, which acted as the precursor
crystals for the synthesis of BTNW. In the second step, the obtained
H,Ti3O7 nanowires were dispersed in 60 mL Ba(OH),'8H,O aqueous
solution with a molar ratio of Ba:Ti = 2:1, and stirred for 24 h. Then, the
mixed solution was transferred into a 100 mL Teflon-autoclave and kept
at 200 °C for 85 min. The resultant BTNW were dispersed in 0.2 M HCl,
washed with deionized water and ethanol subsequently, and dried at
80 °C for further experiments. BaTiO3; nanoparticles (BTNP) as the
control sample were synthesized as reported previously [70].

4.3. Preparation of PDA@BTNW (pBTNW)

The surface modification of BTNW was performed based on the in-
situ polymerization of dopamine (DA) into polydopamine (PDA). 1 g
BTNW were added into Tris-HCl buffer solution (10 mM, pH 8.5) and
ultrasonically treated for 30 min. Then, DA-HCI (0.2 g mL 1) was dis-
solved in the BTNW suspension and magnetically stirred at 60 °C for 12
h in the air. Afterward, the suspension was centrifugated and washed
with ethanol until the supernatant became colorless, followed by drying
at 60 °C. The color of BTNW powders after polydopamine (PDA)
modification was change to dark brown due to the dopamine polymer-
ization. The PDA@BTNP was synthesized in a similar way. For short, the
resultant PDA@BTNW and PDA@BTNP were abbreviated as pBTNW
and pBTNP, respectively.

4.4. Fabrication of electrospun piezoelectric nanofibers

P(VDF-TrFE) powders with 20 wt% concentration was first dissolved
in 3:2 (v/v) DMF/acetone mixture (10 mL) by magnetically stirring for
12 h at room temperature. Subsequently, the pBTNW with mass fraction
of 0 wt%, 3 wt%, 5 wt%, 7 wt% and 10 wt% was dispersed in the
polymer solution by ultrasonication for 30 min and stirred for 3 h at
50 °C. For comparison, the P(VDF-TrFE) solution with pBTNP was also
prepared. Electrospinning process was performed by loading 3 mL of the
mixed solution into a 5 mL plastic syringe fitted with a 21 G stainless
steel nozzle. A high voltage supply was set to 18 kV between the nozzle
tip and the collector at a distance of 15 cm. An aluminum foil was
covered on the drum rotator, of which the roller speed was selected to be
500 rpm for collecting the fibers. The solution was delivered at a flow
rate of 1 mL h™! at the humidity of 45 % under the atmosphere tem-
perature. All the electrospun films were obtained under the above-
mentioned conditions for 4 h.

4.5. Configuration of the fiber sensor

The piezoelectric fiber-based sensor was fabricated with the fiber
film, two conductive fabric electrodes and two package layers. Specif-
ically, the as-electrospun fiber films were cut into desired dimension
(2.3 cm x 2.3 cm) and two conductive fabric tapes (2 cm x 2 cm) were
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attached to both sides of the fiber film as the electrodes. And the copper
strips were pasted on the surface of the electrodes acting as the test
leads. Then, the obtained sandwiched configuration was encapsulated
with polyimide tapes. For collecting biomechanical signals, the sensor
was sealed with medical tape to make it fit better with human skin.
Finally, the whole device was subjected to an appropriate compression,
which helped to avoid the generation of triboelectric signal by elimi-
nating the gap between different layers. Informed consent was received
from the volunteer driving the PENG.

4.6. Characterizations and measurements

The morphologies of all the samples were recorded by a field emis-
sion scanning electron microscope (SEM, Nova, NanoSEM, 450, USA)
and transmission electron microscopy (TEM, JEM-2100, JEOL, Japan).
The images of high-resolution TEM (HRTEM), selected-area electron
diffraction (SAED) pattern and energy-dispersive X-ray (EDX) mapping
were characterized using JEM-2100F (JEOL, Japan). The size distribu-
tion of the samples was determined by the Image J software. The crys-
talline structures were analyzed via X-ray diffraction (XRD, PANalytical
Itd., Netherland) equipped with Cu K, radiation and Raman spectros-
copy (LabRam HR evolution, Jobin Yvon, France). The Fourier-
transform infrared (FT-IR) spectra were performed on a Veraex80V
(Bruner Corp., USA) within the range of 400-4000 cm™!. The crystal-
linity of the electrospun fibers was determined by differential scanning
calorimetry (DSC, DSC8500, PerkinElmer, USA) in a nitrogen atmo-
sphere with the heating rate of 10 °C min™! and temperature ranging
from 50 to 200 °C. Chemical modification of all the samples was eval-
uated by X-ray photoelectron spectroscopy (XPS, Escalab 250Xi,
Thermo Fisher Inc., USA). The thickness of all the fiber films was
determined using a digital thickness gauge (YHT780, China) by putting
the film sample between two fixtures. The surface morphology and
piezoelectric properties of the nanowires and fibers were characterized
with a piezoresponse force microscopy (PFM, MFP-3D-SA, Asylum
Research, USA) using a contact mode. The tensile performance of the
fibers was investigated by a universal testing machine (Instron EP3000,
USA). The P-E hysteresis curves were measured by a ferroelectric test
setup (RTI-MultiFerroic, USA). Electrical outputs of the packaged de-
vices were measured by Keithley 6514 electrometer and the corre-
sponding data were recorded by Labview software.

4.7. Calculations and simulations

Calculation of p-phase of P(VDF-TrFE): The FT-IR spectra of all the
samples were used to quantify the proportion of $-phase (F(B)) of P(VDF-
TrFE) by the Equation (1):

A y]

F(ﬂ) = m#(l)

Where A, and A suggest the absorbance values at 763 cm ™! and 840
cm™, respectively [57]. And the factor of 1.27 is calculated by dividing
the absorption coefficients at these two wavenumbers.

Calculation of crystallinity of P(VDF-TrFE): The degree of crystal-
linity (y) is obtained by the Equation (2):

AH;

Siller(wt%)
100

A= x 100%#(2)

AHﬁx(lf

Where AH; is the measured fusion enthalpy, and AH}’ is the enthalpy
of P(VDF-TrFE) with 100 % crystalline (45 J g_l) [71]. The filler (Wt%)
represents the weight percentage of the inorganic filler. The calculation
results of F(f) and . are shown in Table S1.
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4.8. COMSOL simulation

The simulation was conducted through a three-dimensional analysis
via COMSOL Multiphysics software. For the simulation of BTNW and
PBTNW, one side of the nanowire was fixed and grounded while the
other side was set as suspended potential. When simulating the stress
distribution of the nanowire, a pair of opposite tensile strains were
exerted on the left and right ends of the P(VDF-TrFE) matrix, and the
bottom was fixed. For the simulation of inorganic ceramics within the P
(VDF-TrFE) matrix, the constructed model consisted of a cubic BTNP or
an anisotropic BTNW, both with a 25 nm-thickness PDA shell. For
simplification, the model of the composite fiber consisted of a P(VDF-
TrFE) fiber with 750 nm width and 10 pm length. For pBTNP, the po-
larization was aligned with the global co-ordinate z-axis, while the
bottom was fixed and grounded. For pBTNW, the polarization was
perpendicular to the length direction. It was assumed that the analog
impact force on the nanomaterials is 10 N. The other material parame-
ters used in this simulation, such as density, elasticity matrix (cE),
coupling matrix (eES) and relative permittivity (¢;) of P(VDF-TrFE),
BaTiO3 and polydopamine are from COMSOL Multiphysics.

4.9. Statistics analysis

Statistical significance of all the data was performed by measuring
one-way analysis of variance (ANOVA analysis) using the GraphPad
Software. The results are presented as the average + standard deviation
(mean + SD). To statistically analyze and evaluate significant differ-
ences between elected treatments, Turkey’s multiple comparison tests
were utilized. The sampling size (the time of replicates) was three.
Differences were statistically significant at p < 0.05 with the signifi-
cance levels of *p < 0.05, **p < 0.01, and ***p < 0.001.
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