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Piezoelectric nanogenerators (PENGs) are the core components of self-powered devices used in sensors, ecofriendly wearable
gadgets, and biomedical implants. This study introduces and demonstrates a flexible PENG with supersonically cold-sprayed
films of cobalt titanate (CTO) and polyvinylidene fluoride (PVDF). An electrically poled PENG produces a maximum output
voltage of 34.8 V under a tapping force of 20 N, whereas a CTO/PVDF-based PENG exhibits 25.4 V across a loading resistance
(R,) of 50MQ and generates a short-circuit current of 30 yA at 0.1 MQ. Furthermore, the maximum power density is
25 uW-cm™ at Ry = 0.6 MQ. Cyclic tapping and bending test results show that open-circuit voltages (V) of 25.4 and 5.8V are
produced under the tapping cycle of Ny, =4200 and bending cycle of Ny,q =750, respectively, confirming the mechanical

durability of the PENG. Thus, the potential of CTO/PVDF films for use in PENGs with various functionalities can be

confirmed based on the V. values generated from bending, mobile tapping, walking, and lifting movements.

1. Introduction

Self-powered microelectronic devices, such as biomedical
implants, portable electronics, and wireless sensors, require
electrical energy, which can be converted from readily avail-
able ambient mechanical energy via piezoelectric nanogen-
erators (PENGs) [1-4]. PENGs harvest electrical energy
using ambient mechanical energy to produce power in the
range of microwatts to milliwatts [5-7], and this power is
sufficient for use in microelectronic devices [8]. Moreover,
small PENGs can power light-emitting diodes (LEDs) under
tapping and bending conditions, indicating their usefulness
in display applications [9]. PENG-based detection of human
body movements is also gaining attention owing to emer-
gence of wired or wireless human-machine interfaces and
soft bioelectronics [10, 11]. Many of these applications
require flexible and conformable components.

Flexible PENGs that use elastic polar organic polymers,
resulting in a uniform distribution of the applied force, have
been explored for pacemakers, artificial intelligence, and
wearable electronics [12-14]. Polyacrylonitrile (PAN), poly
L-lactic acid (PLLA), polyamide 11 (PA), polydimethylsilox-
ane (PDMS), and polyvinylidene fluoride (PVDF) are widely
used to fabricate flexible PENGs [15]. The piezoelectric
properties of PAN were first reported in 1984 [16]; however,
PAN-based nonwoven fiber mats currently exhibit a piezo-
potential of only 6V [17]. PLLA-based PENGs, which
exhibit a moderate piezoelectric coefficient (3pm/V), are
used as bio-e-skin [18]. However, reports suggest that
PLLA-based PENGs exhibit poor reproducibility, and their
low output power poses a challenge [19, 20]. Thus, among
the various polymer matrices, PVDF and its copolymers
are more suitable piezopolymers for PENGs [21]. Various
copolymers of PVDF (e.g., PVDF-co-hexafluoropropylene
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(PVDF-HFP) and PVDF-trifluoroethylene (PVDE-TrFe))
have been thoroughly investigated, indicating that they are
more useful as polar polymers for flexible PENGs. The main
constituents of PVDF are nonpolar a- and polar f-phases,
which provide mechanical stability and energy-harvesting
capability, respectively [22, 23]. Although the a-phase is
dominant in PVDF, various methods can transform it to
yield fB-phase-rich PVDF, which improves piezoelectric
properties [21].

Enhancement of the electroactive phase of PVDF has
been reported using various techniques, for example, elec-
trospinning owing to a high electric field [24, 25], spin
coating owing to the high-speed rotation of a viscous
PVDF-based sol-gel [26], and cold spraying owing to shear
stress and stretching due to the deposition of precursor drop-
lets with supersonic velocity [9]. However, in each of these
techniques, due to the absence of ceramics, the PVDF-based
PENG experiences significant constraints, i.e., low piezopoten-
tial output caused by the insufficient transformation of the -
phase in PVDF [26]. Therefore, the PVDF matrix requires
fillers to improve the piezoelectric performance of the PENG.
Titanate-based piezoceramics such as BaTiO,, PbTiO;, and
PbZrTiO, are used because of their high piezoelectric coef-
ficients [6, 27]. They possess a higher dielectric constant
than PVDF, which introduces a dielectric mismatch and
requires a higher concentration of ceramic fillers.

In contrast, a smaller number of low dielectric con-
stant fillers are appropriate for the PVDF matrix to fabri-
cate PENGs [28]. Moreover, fillers with a high dielectric
constant are more susceptible to electrical breakdown;
hence, the use of fillers with a low dielectric constant in
PVDF has attracted considerable attention from the
research community [28, 29]. Recently, transition metal
(M) titanates (where M =Fe, Mn, Ni, or Co) as fillers in
PVDF have gained attention for improving PENG perfor-
mance in terms of higher piezocurrent and power. These tran-
sition metals are beneficial for improving the conductivity of
electrons generated during mechanical energy harvesting.
Because the electrical conductivity of PVDF is poor, charge
accumulation and electron transfer are limited; hence, fillers
are required to enhance the piezopotential. Nevertheless,
exceedingly high conductivity, which subsequently reduces
the output power of the PENG device, is not suitable for devel-
oping potential at the extreme surface of piezomaterials.
Therefore, to achieve a high PENG output power, the addition
of transition metal-based oxides to a PVDF matrix as a filler is
advantageous [30]. For example, cobalt can enhance the piezo-
electric coefficient of piezocomposites; therefore, cobalt tita-
nate (CTO) is a potential candidate for the filler of the
PVDF matrix [31, 32]. Moreover, the presence of fillers in
the PVDF/N,N-dimethylformamide (DMF) solution is benefi-
cial to achieve 3-phase-rich PVDF and a highly effective pie-
zoelectric coeflicient. To the best of our knowledge, the use
of CTO-based flexible PENGs has not been reported.

Herein, we report the synthesis of cobalt titanate (CTO)
using a wet chemical process, followed by air annealing at
600°C. The annealed CTO powder was then dispersed in
PVDF/DMF to prepare a precursor solution for supersonic
cold spraying. The supersonic cold-spraying technique is vac-
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uum-free, fast, and scalable and can produce crystalline poly-
mer phases owing to its supersonic speed, which can result in
high stretching rates for polymer coatings [33, 34]. The super-
sonic air velocity in the cold spray drives the droplets that
carry PVDF and CTO, and the viscous nature of PVDF and
dispersed CTO results in shear forces during motion and
deposition. The shear forces and stretching of PVDF in the
presence of CTO rearrange PVDF at the macromolecular
level, leading to phase transformation of PVDF, which
improves the piezoelectric output [9, 35]. The CTO/PVDF
concentration was optimized and tested under tapping and
bending forces. In addition, electrical poling was performed
to enhance the piezoelectric potential. Moreover, the capabil-
ity of the CTO/PVDF-based PENG was demonstrated with
biomechanical bending and tapping movements such as
grasping (bending and compressive force impact), elbow
bending, and keyboard typing.

2. Experiments

2.1. Materials. Cobalt(II) acetate tetrahydrate (Co(CH,.
C0O0),4H,0, ACS reagent, >98%, Sigma-Aldrich, USA),
titanium(IV) butoxide (Ti(C,HyO),, 99.999% trace metal
basis, Sigma-Aldrich, USA), ethylene glycol (99%, DUK-
SAN, Republic of Korea), poly(vinylidene fluoride) (PVDF,
average M, ~ 534,000, Sigma-Aldrich, USA), deionized
water (DI water, SAMCHUN, Republic of Korea), ethyl
alcohol (ethanol, 99.9% GR grade, DUKSAN, Republic of
Korea), and N,N-dimethylformamide (DMF; anhydrous,
99.8%, Sigma-Aldrich, USA) were used to synthesize CTO
and CTO/PVDF composite films. Polyimide tape (thickness:
50 um), Cu tape (thickness: 100 ym), and Cu foil (thickness:
100 m) were used to fabricate the PENG.

2.2. Synthesis of CTO Particles and CTO/PVDF Precursor
Solutions. Cobalt titanate particles were prepared by mixing
cobalt(Il) acetate tetrahydrate, titanium(IV) butoxide, and
ethylene glycol. Initially, 7.47 g cobalt(II) acetate tetrahydrate
was added to 300 mL of ethylene glycol, and the solution was
stirred (HSD-180 magnetic stirrer, Misung Scientific Co.,
Republic of Korea) at 500 rpm for 5 min. Then, 10.2 mL of tita-
nium(IV) butoxide was added dropwise to the cobalt(II) ace-
tate tetrahydrate solution with stirring at 500rpm. The
mixture was then stirred at 500 rpm for 2h. The red-colored
solution turned light pink, indicating the formation of a
metal-glycolate polymer chain. The obtained precipitate was
washed five times with DI water and ethanol in a centrifuge
(Rotofix 32 A, Hettich, USA) at 4000 rpm for 5 min to remove
impurities. The washed particles were kept on a hot plate at
90°C overnight for drying. Finally, the dried separated parti-
cles were heated at a ramp rate of 5°C/min and annealed at
600°C for 5h, yielding green-colored crystalline CTO particles.

The CTO/PVDF precursor solutions were prepared by
varying the concentration of CTO (0.05, 0.1, 0.2, and 0.3 g,
referred to as CTO1, CTO2, CTO3, and CTO4, respectively)
in PVDF/DMF for the deposited flexible composite films
(Table 1). The PVDEF/DMEF solutions were prepared by add-
ing 1g of PVDF to 30 mL of DMF and stirring at 80°C and
500 rpm for 3 h. Subsequently, the CTO particles (0.05, 0.1,
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TasLE 1: Concentrations of CTO, PVDF, and DMF for various
flexible CTO/PVDF composite films.

Case CTO (g) PVDF (g) DMF (mL)
CTO1 0.05 1 30
CTO2 0.10 1 30
CTO3 0.20 1 30
CTO4 0.30 1 30

0.2, and 0.3g) were added to the PVDF/DMEF solutions,
yielding the four different CTO/PVDF precursor solutions.

2.3. CTO/PVDF Film Deposition. The supersonic cold-
spraying process included an air compressor (Padc-50, Asea
Tacs, Republic of Korea), air heater (F076250, Joowon
heater, Republic of Korea), converging—-diverging supersonic
nozzle (de Laval nozzle), atomizer (VCX134, Sonics &
Materials, Inc., USA), and syringe pump (Legato 210,
KD Scientific Inc., USA) [36-38]. Figure 1(a) shows the
cold-spraying process of the CTO/PVDF composite film
onto a Cu foil mounted to the X - Y stage. Various sam-
ples were deposited by maintaining an air temperature of
250°C and an air pressure of 2 bar using a compressor.
The air passed through the nozzle and accelerated to
supersonic velocity. The CTO/PVDF precursor solution was
supplied at 1.5 mL/min (through a syringe pump) to an atom-
izer placed at the nozzle outlet to form aerosols. DMF was
vaporized during the supersonic spraying of the CTO/PVDF
precursor solution; therefore, only CTO/PVDF was deposited.
The CTO/PVDF films were deposited using ten passes
(N =10) of the X - Y stage. The operating conditions of the
supersonic cold-spraying process are listed in Table 2.

2.4. Characterization. Field emission scanning electron
microscopy (FE-SEM; 653 S-5000, Hitachi, Ltd., Japan) was
used to observe the surface morphologies of the composite
films. Atomic force microscopy (AFM, NX-10, Park Systems,
USA) in the piezoresponse force microscopy (PFM) mode
was used to obtain the converse piezoelectric effect in the sam-
ples by detecting variations in the PEM tip amplitude. These
variations were used to calculate the effective piezoelectric
coefficient (d;;") using the following equation [39]:

. 3 xPFM amplitude 1

dy; = X (1)

" sensitivity x DCgain = V'

Here, “sensitivity” denotes the vertical sensitivity of the tip
(~33%10°V-m™), the DC gain is 3.4, and V-, denotes the tip
bias (AC) maintained at 1 V.

X-ray diffraction (XRD; SmartLab, Rigaku, Japan) was
performed at 0.5°/min to determine the crystalline structures
of the CTO and PVDF particles. Fourier transform infrared
spectrometry (FTIR; Spectrum GX, PerkinElmer Inc., USA)
was used to analyze the a- and -phases of PVDF. The mor-
phology and elemental mapping of the CTO2 composite
film were acquired by transmission electron microscopy
(TEM; JEM 2100F, JEOL, Inc., Japan) and energy dispersive
X-ray spectroscopy (EDS), respectively. High-resolution

TEM (HRTEM) and selected-area electron diffraction (SAED)
were used to analyze the interatomic spacing of the CTO2
film. A focused ion beam (FIB; FEI Helios G4 UX, Thermo
Fisher Scientific, USA) was used to prepare samples for TEM.

2.5. PENG Fabrication. The PENG was assembled as a lay-
ered structure. First, polyimide tape (PI), 6 cm x 6 cm, was
used as an insulating backing layer, and a 5cm X 5 cm cop-
per foil as a current collector was attached to the PIL. In addi-
tion, a Cu foil strip (0.5cm x 6 cm) was cut and attached to
the lower left corner of the copper foil to electrically connect
the PENG to an oscilloscope. The CTO/PVDEF film with
dimensions of 3 cm x 3 cm was placed on top at the center
of the copper foil. Subsequently, a polyimide tape strip
(Icm x 6 cm) was attached to the edges of the CTO/PVDEF/
Cu foil to ensure insulation, and a copper tape (5cm x 5cm)
current collector was attached to the top. Finally, a Cu foil strip
(0.5 cm x 6 cm) was attached to the lower right corner of the
top Cu current collector to connect it to the oscilloscope dur-
ing PENG testing. For simplicity, the PENGs were fabricated
using the CTO1, CTO2, CTO3, and CTO4 composite films,
and the corresponding PENG devices are referred to by the
same name during the discussion of PENG characteristics.
The structures of the CTO-based PENGs under various testing
conditions are shown in Figure 1(b). The inset snapshots and
illustrations show the tapping and bending tests for the CTO-
based PENG, respectively. Figure 1(c) shows how the flexible
CTO-based PENG can be configured on the human body. A
PENG tapping power test and the resulting lighting of LEDs
by the PENG are also shown in Figure 1(c).

2.6. PENG Device Property Measurement Details. The
PENGs made from CTO/PVDEF-based films deposited using
the supersonic cold-spraying technique were subjected to
various tapping forces (1, 5, 10, 15, and 20N) and frequen-
cies (1, 3, 5, and 7Hz) using a tapping machine (SnM,
Republic of Korea). The bending tests (Ocean Science Co.,
Ltd., 722, Republic of Korea) were performed at different
bending radii (R, =1,2,3,4,and 5mm) and bending rates
(0.1, 0.5, 1, and 1.25Hz). Electrical poling was performed
using a high-voltage supply (Glassman High Voltage, Inc.,
USA). An electric field was applied to the PENG sample at
100kV/cm (according to the PENG sample thickness) and
maintained for 5, 10, or 15h. The open-circuit voltages
(V,.) and output voltages across the load (V) of the polar-
ized CTO-based PENG samples were measured using an
oscilloscope (DS1052E RIGOL, China). To calculate the cur-
rent (I) and power (P) of the CTO-based PENG, the output
V was measured while changing the resistance (R) from 0.1
to 50 MQ. Current and power were calculated using the fol-
lowing equations, respectively, based on the measured V.

|4
V2
P=—. (3)
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FI1GURE 1: (a) Supersonic cold spraying of cobalt titanate powder and PVDF for the CTO/PVDF film. (b) Structure and fabrication of CTO-
based PENGs under various tests. (c) Biomechanical piezopotential generation: bending CTO-based PENGs attached to different body parts,
tapping PENG, and lighting red and green LED using the generated piezopotential.

TaBLE 2: Operating conditions of the cold-spray device during
deposition.

Cold-spraying parameter Values
Pressure (bar) 2.0
Heater temperature ("C) 250.0
Solution flowrate (mL/min) 1.5
Traverse speed (mm/s) 15.0
Spraying distance (cm) 18.0
Number of passes 10.0

3. Results and Discussion

3.1. Characterization of CTO/PVDF Films. A CTO/PVDEF
composite film requires that the CTO particles are optimally

incorporated within the PVDF matrix to achieve excellent
piezoelectric performance. Therefore, the morphologies of
the films were analyzed using SEM (Figure 2). The brighter
spots encircled in the SEM images indicate the presence of
CTO particles (Figure 2(a)). The darker regions in most
places and around the brighter spots suggested the presence
of a PVDF matrix (Figure 2(b)). SEM images of CTOL1 are
shown in Figure 2(a), indicating that the CTO particles were
completely immersed in the PVDF matrix owing to their
lower concentration in the precursor solution. The low-
magnification SEM image revealed that the CTO particles
were well dispersed; however, their concentration was lower
in a given unit area. Upon increasing the CTO concentration
in CTO2, numerous particles were well dispersed. The
increase in the number of particles without agglomeration
suggests that the PVDF matrix in the CTO2-based PENG
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FIGURE 2: SEM images of CTO/PVDEF composite films at three different magnifications: (a) CTO1, (b) CTO2, (c) CTO3, and (d) CTO4.

can improve the strain-induced polarization better than that
in the CTO1-based PENG. However, with a further increase
in the number of particles in CTO3 and CTO4, the compos-
ite films exhibited agglomeration and CTO particles were
exposed (Figures 2(c) and 2(d)), owing to the relatively high
ratio of CTO to PVDF (Table 1). Agglomerated CTO parti-
cles were visible in the low-magnification SEM images of
CTO3 and CTO4 (Figures 2(c) and 2(d)). Such agglomer-
ated particles and inconsistent PVDF matrices in composite
films are not favorable for harvesting energy from ambient
mechanical forces [40-42].

The structural properties of the CTO powder were ana-
lyzed by XRD, as shown in Figure S1. The Rietveld
refinement of CTO powder was carried out by material
analysis using diffraction (MAUD) software for five
iterations, and the result was 68% CoTiO; and 32% of
TiO, (Figure S2). The diffraction peaks of CoTiO; at 23.9,
32.7, 40.4, 48.9, 53.5, 56.8, 61.9, 63.5, 68.8, 70.9, and 75.1°
corresponded to the (012), (104), (113), (024), (116), (018),
(124), (300), (208), (1010), and (220) planes, respectively.
The diffraction peaks of anatase TiO, at 25.2°, 37.8°%, 47.9°,
55°, 62.6°, and 70.2° correspond to the (101), (004), (200),
(211), (204), and (220) planes, respectively. The diffraction
patterns of CoTiO; and anatase TiO, matched well with
JCPDS No. 77-1373 and 21-1272, respectively. The XRD
results for CTO1, CTO2, CTO3, CTO4, and the powders
are provided in Figure S1 (also see Table 1). The intensity
of the CTO peaks increased proportionally with CTO
concentration, and the highest peak intensity was observed
for CTO4. In all cases, the main peaks of PVDF were
observed at 20=18.4" and 19.36°, corresponding to the
(020) and (110) planes, respectively (JCPDS 38-1638) [43].

However, the peak was widened at around 260=20.2°,
owing to the appearance of the f-phase.

Cold spraying of the CTO/PVDF solution at supersonic
velocity caused a shear force on the PVDF/DMF solution,
and subsequent stretching occurred during flight. In addi-
tion, supersonic flow causes a catastrophic impact when
the droplets hit the substrate. These effects (shear force
and catastrophic impact) further escalate in the presence of
CTO particles, resulting in the enhancement in the transfor-
mation of a-phase to 3-phase of PVDF. Figure 3(a) depicts
the cold-spraying scenarios of low and high concentrations
of CTO particles. When the amount of CTO particles in
the PVDF/DMEF solution is lower, the folded chain (a-phase)
of PVDF experiences turbulence while interacting with CTO
particles. As a result of the shear forces on PVDF that occur
due to the particle-polymer interaction, the CTO particles
(scenario 1) unfold the folded chains of PVDF, i.e., transfor-
mation of the a-phase to the S-phase of PVDF. However,
excess amount of CTO particles (scenario 3) restricts move-
ment of PVDF, and there is less beneficial interaction
between CTO and PVDF, which reduces the a-phase to -
phase transformation process. Thus, the optimal amount of
CTO particles (scenario 2) is required to maintain the
shearing interaction between CTO and PVDF and to
achieve a greater orientation of the polar S-phase, which
results in superior piezoelectric characteristics. In addition,
the polar segment of PVDF adheres to the CTO particle
during precursor solution processing or cold spraying,
forming a heterostructure interface, and subsequently
causes spontaneous polarization. This polarization is
known as heterostructure interface polarization (HIP), as
indicated in Figure 3(a). In contrast, the interface between
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F1GURE 3: (a) Effect of supersonic velocity and CTO particle concentration on crystalline phases of PVDF and (b) FTIR for CTO/PVDF samples.

CTO and the nonpolar segment of PVDF did not result in
the formation of HIP. The CTO/PVDF heterostructure, as
confirmed by the SEM images, results in the even distribu-
tion of CTO particles in the PVDF matrix. Cold spraying of
colloidal CTO and the PVDEF/DMEF precursor solution
resulted in a flexible heterostructured CTO/PVDF film
owing to mutual adhesion at the interfacial sites [44].

Figure 3(b) compares the FTIR spectra in absorbance
mode of the CTO/PVDF sample. The FTIR spectra exhib-
ited peaks at 840cm™, which was attributed to CH,-CF,
asymmetric stretching of the -phase in PVDF. The peaks
at 763, 795, and 872cm’™" correspond to CF, bending, CH,
rocking, and C-C-C stretching of the a-phase of PVDEF.
The a-phase of the CTO1 and CTO2 samples is less than
that of PVDF powder. By contrast, the -phase fraction of
CTO1 and CTO2 was observed to be 54 and 65%, respec-
tively [9]. This increase in the f-phase fraction is benefi-
cial to increase the interfacial sites between PVDF and
CTO nparticles [45]. However, a higher amount of CTO
in PVDF reduced the -phase to 52 and 48% in the case
of CTO3 and CTO4. As shown in scenario 3 of
Figure 3(a), excess amounts of CTO particles inhibit the
PVDF passage and ultimately reduce the interfacial inter-
action between CTO and PVDF, thus decreasing the f3-
phase transformation.

Piezoelectric force microscopy (PFM) was used to deter-
mine the effective piezoelectric coeflicients of the composite
films. The d7; values of the composite films were acquired by
applying an electric field, which resulted in the deformation
of the samples, and the mechanical strain on the composite

film generated a charge. This phenomenon is referred to as
the converse piezoelectric effect [46]. Figures 4(a)-4(d) show
the charge distribution profiles of the composite films. The
deviation in the PFM tip amplitude was represented by the
variation in the developed charge. The average amplitude
values were 10.7, 15, 3.2, and 24mV for CTO1-CTO4,
respectively. In the case of CTOI, the concentration of the
CTO particles was lower; hence, the charge distribution pro-
file in Figure 4(a) appeared to be much smoother than in the
other cases. As the amount of CTO particles increased to
0.1g in the composite film, the charge distribution profile
exhibited a greater shift in the amplitude of the PFM tip;
hence, the average amplitude increased to 15mV
(Figure 4(b)). Because the CTO concentration was higher
in CTO2 than in CTOl, the intergranular stress introduced
relatively more polarization at the interface between the
PVDF and CTO particles. However, with a further increase
in CTO concentration in the composite films, the relative
amount of PVDF was reduced, resulting in a very thin coat-
ing on the CTO particles; therefore, the average amplitude
values were reduced to 3.2 and 2.4mV for CTO3 and
CTO4, as shown in Figures 4(c) and 4(d), respectively. In
the case of CTO4, along with the thin PVDF coating, the
CTO particles appeared to agglomerate, decreasing the effect
of the applied field and mechanical deformation. Thin
PVDF coatings and agglomeration issues are observed in
the SEM images (Figures 2(c) and 2(d)). Accordingly, using
the average amplitudes of the respective cases and Equation
(1), the d3; values were estimated to be 286, 401, 85, and
64pm-V"' for the CTOI1, CTO2, CTO3, and CTO4
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FiGure 4: PFM amplitudes of (a) CTOL, (b) CTO2, (c) CTO3, and (d) CTO4. (e) Effective piezoelectric coefficient (d3;) of the composite

films. (f) PFM measurement system.

composite films, respectively, which are graphically repre-
sented in Figure 4(e) [47]. In contrast, the d3; value of PVDF
and CTO was estimated to be 43 and 2.35pm-V". Thus, it is
evident that the d}; value of PVDF is enhanced owing to the
addition of CTO that increases the electroactive S-phase of
PVDF in the composite. A simple schematic of the converse
piezoelectric effect measurement using PFM is shown in
Figure 4(f). The shift in the PFM tip was detected using
the laser sensor and indicated by Ax corresponding to the
change in the charge on the surface of the composite films
(CTO samples).

Figure 5(a) shows the TEM image of the FIB-milled
CTO/PVDF film. A high-magnification image of a CTO par-
ticle, marked with a red circle, is shown in the inset of
Figure 5(a). The HRTEM images in Figures 5(b) and 5(c)
are well-resolved images obtained using GATAN (GMS 3,
GATAN, USA). The HRTEM images shown in
Figures 5(b) and 5(c) were captured from the blue-circle-
marked site in Figure 5(a). The lattice spacing values of
0.27 and 0.25nm corresponded to the (310) and (222)
planes, respectively, which are consistent with the XRD data
of CTO shown in Figure S1. In Figure 5(d), the SAED
pattern exhibits diffraction spots, forming a ring with a
lattice spacing consistent with the (310) and (440) CTO
planes. The HRTEM and SAED results were consistent
with the XRD data (Figure S1), confirming the presence of
CTO. A high-magnification TEM image of the CTO
particles (Figure 5(e)) was used for EDS mapping analysis.

The CTO particles exhibited a thin layer around them,
which was attributed to the PVDF and formed a dielectric-
semiconducting interface. The elemental maps of Co, Ti,
O, and F are shown in Figures 5(f)-5(i). The appearance of
Co, Ti, and O, consistent with the round particle, confirms
the presence of CTO. In contrast, C and F from PVDF
were observed to cover the CTO particles, which is
essential for enhancing the piezoelectric performance.

3.2. Performance of the CTO-Based PENGs. The PVDF-only-
based PENG exhibited an output voltage of 8 V (Figure S3),
owing to the electroactive phase of PVDF and piezoelectric
characteristics, which led to the formation of dipoles
during the tapping test [48, 49]. The V. values of CTO1,
CTO2, CTO3, and CTO4 PENGs are shown in Figure 6(a).
Adding CTO to PVDF increased the piezopotential to 14
and 216V in CTOl and CTO2, respectively. The
piezopotential in the CTO/PVDF-based PENG was
enhanced by the establishment of the Maxwell-Wagner-
Sillars (MWS) polarization [50]. The MWS polarization is
observed when the dielectric material is composed of
semiconducting particles, which may develop capacitance
in the case of the CTO/PVDF interface [30]. Free carriers
of semiconducting particles such as CTO are blocked at
the interface of the CTO/PVDF heterostructure due to
different conductivities and permittivities, resulting in
induced dipoles [51, 52]. This increase in polarization
owing to the presence of fillers (CTO) resulted in an
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increased piezopotential of the PENG, thereby improving its
performance compared to that of pure PVDF (see
Figure 6(a) and Figure S3). Surprisingly, CTO2 exhibited a
low negative potential, the magnitude of which was less
than that of CTO1 and CTO3. The low negative potential
may be related to the optimal distance between the CTO
particles, resulting in rapid neutralization of the electrode
when the force is removed. However, with an increase in
CTO content in CTO3 and CTO4, the potentials decreased
to 13 and 10V, respectively. This decrease in potential was
caused by the reduction in the distance between the filler
particles, which weakened the PVDF insulation, thereby
compromising interfacial polarization. The SEM images
(Figures 2(c) and 2(d)) show enhanced agglomeration and
protruding CTO particles on the film surface, which
facilitated higher charge migration and reduced the
blocking of interfacial charges. The CTO2-based PENG
with 0.1g of CTO in 1g of PVDF exhibited the optimal
ratio, generating the highest piezopotential of 21.6 V at an

applied force of 20N and a frequency of 5Hz. The superior
performance of CTO2 compared to the other samples (with
lower or higher amounts of CTO) can be attributed to the
enhanced interfacial sites between the CTO particles and the
polar fraction of PVDEF. The increased interface area
subsequently promoted HIP formation, as shown
schematically in Figure 3(a). The enhancement of charge
accumulation owing to the larger HIP in the case of CTO2
compared to the other cases was also confirmed by the
reverse piezoelectric effect determined using PFM. Thus, this
performance was consistent with a relatively higher d}; value
of 400 pm-V"! for CTO2 (Figure 4(e)).

Furthermore, the tapping force and frequency affected
the piezopotential (Figures 6(b) and 6(c)). As the tapping
force increased from 1 to 20N, V. increased from 7 to
21.6 V for CTO2 at 5Hz. Similarly, with an increase in the
tapping frequency from 1 to 7Hz at 20N, V. increased
from 3.5 to 254V, leading to a maximum potential of
25.4V. This increase is linear and indicates the excellent
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piezoelectric response of the PENG owing to the enhance-
ment of the induced dipoles caused by the MWS polariza-
tion. Moreover, a greater imparting force or a faster force
application rate increased the interfacial charge accumula-
tion and improved the piezopotential [53]. The durability
of the PENG under the application of a cyclic force was
monitored using a long-term test conducted at 20N and
7Hz for 4200 cycles lasting for 600s (Figure 6(d)). The
PENG consistently exhibited a piezopotential of 25.4V,
without any decline, indicating excellent stability of the
CTO/PVDF film (CTO2) as a PENG.

The working mechanism of the device and the necessity of a
filler in the polymer matrix are schematically presented in
Figure S4. PENG devices generate charges during harvesting
of mechanical energy, and these charges accumulate at the
extreme surfaces of the PENG material. Thus, upon
application of mechanical forces, the accumulated charges
cause the flow of electrons through an external circuit. Due to
the piezoelectric/ferroelectric nature of PVDF and the
presence of CTO particles, the electric dipoles were randomly
oriented when no external force was applied; therefore, the
net dipole moment was zero, and no piezoelectric potential
appeared (Figure S4). When a small external force was
applied, the PENG experienced strain and a small
piezopotential was generated, as shown in Figure 6(b). An
increase in the applied compressive force resulted in a larger
piezopotential owing to the greater amount of strain. The
presence of the CTO particles can amplify the strain, as
shown in Figure 6(a). However, with an exceedingly large
number of CTO particles, the compressive force was not
sufficient to distribute the strain effectively to the PVDF and
generated a lower piezopotential. Once the force was released,
the accumulated charges moved in opposite directions, and a
negative piezoelectric potential appeared (Figures 6(a)-6(d)).
Therefore, the application and release of force resulted in an
alternating piezocurrent (AC).

To determine the suitability of the PENG as a power
source for self-powered devices, output voltage, current,
and power were measured across a load resistance (R|).
The output voltage of the CTO2-based PENG at 50 MQ is
25.4V. The short-circuit current calculated from Equation
(2) at 0.1MQ was 30uA, which became zero with an
increase in the load resistance (Figure 6(e)). These experi-
mentally obtained current values were used to determine
the theoretical capacitance of the PENG device using the fol-
lowing equation [54]:

dyy - F
T = (4)

peng (R + RO) )
where d;; is the piezoelectric coeflicient obtained from PFM,
F is the applied force, and R is the resistance. Ry and C,.,,

are the internal resistance and capacitance of the PENG,
respectively. To evaluate C,,,, the roots (or zeros) of the
real-valued function Equation (4) were obtained using the
Newton-Raphson method: R, was assumed comparable to

the applied load resistance, whereas the computed C,,,, var-

ied until an error tolerance of <0.00001 was achieved. The
obtained theoretical current values fit well with the experi-
mentally obtained short-circuit currents (Figure S5a). The
theoretical capacitance (Cpeng) values decreased (see

Figure S5b) with increasing load resistance, which could be
attributed to the lower charge-transfer capability, causing
less charge accumulation. The instantaneous power
calculated using Equation (3) was 224 yW at 0.6 MQ. The
power density calculated based on the PENG’s active area,
ie, 9cm®> (3cmx3cm), was 25 ‘uW'cm'2 at 0.6 MQ
(Figure 6(f)). The performance of the CTO2-based PENG
was observed to be better compared to those of titanate-
based PVDF composites, e.g., BaTiO,/PVDF (0.8 yW-cm ™)
[55] and CaTiO,/PVDF (0.19 yW-cm™) [56].
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The performance of piezoelectric materials is limited by
their randomly oriented dipoles. Under mechanical stress,
the dipoles rotate and align in the direction of the mechani-
cal force. However, with a random orientation, the net polar-
ization can be reduced, thereby generating a smaller
piezopotential. The performance of piezoelectric materials
can be improved by aligning the dipoles in the direction of
a field. Applying an electric field of 100kV/cm across the
sample thickness (0.3 mm) induces a dipole alignment in
the longitudinal direction, which is known as electrical pol-
ing. These prealigned dipoles reduce the energy required
for the dipole rotation and enhance the net polarization
and piezopotential. The degree of dipole alignment depends
on the applied electric field strength and duration. Poling
was performed for various durations using an electrical field
of 100kV/cm (Figure 6(g)). The piezopotentials of the poled
PENGs were measured by applying a tapping force of 20N
at 7Hz. The unpoled sample exhibited a piezopotential of
25.4V while the samples poled for 5, 10, and 15h exhibited
piezopotentials of 27.7, 30.4, and 34.8V, respectively
(Figure 6(h)). The dipoles of the semiconducting CTO parti-
cles and PVDF were randomly oriented before poling; there-
fore, the obtained piezoelectric potential effect was lower.
After poling, the PVDF dipoles were aligned in the amor-
phous, electroactive, and interfacial areas, and the electro-
static interaction between CTO and PVDF generated an
electroactive phase [57]. Figure 6(i) depicts the increase in
the piezopotential with time, and the insets show the

unaligned and aligned dipoles before and after poling,
respectively. The electrically poled sample possessed prea-
ligned dipoles that enhanced the piezopotential; therefore,
the V. of the 15h poled sample was 1.3 times higher than
that of the unpoled sample.

The CTO2-based PENG was tested under periodic
bending/releasing conditions at different bending radii
(R,) (Figure 7(a)). Bending was performed by attaching
the PENG device to the sliders of a bending machine,
which moved at 0.5Hz. The bending radius of the PENG
was varied from 5 to 1 mm, and the obtained V _ values were
0.72, 1.2, 1.52, 1.64, and 3.76 V, respectively. This indicated
that the maximum strain was applied to the PENG at a smaller
bending radius, resulting in a higher V_ value. During bend-
ing, the CTO particles create local deformations in PVDF [25].
Additionally, the bending frequency varied from 0.1, 0.5, 1,
and 1.25Hz at a bending radius of 1 mm, generating V.
values of 1.64, 3.76, 4.09, and 5.85V, respectively
(Figure 7(b)). The periodic bend/release test was performed
for 600s at 1.25Hz and a R, of 1mm (Figure 7(c)); the
CTO2-based PENG exhibited a consistent V. of 5.9V, con-
firming its durability.

The bending cycle of the CTO2-based PENG, with bend-
ing based on the slider movement, was initiated in a flat
state, which was attained again after release, as shown in
Figure 7(d). During bending, strain aligned the dipoles and
generated charges on the PENG surface. However, the volt-
age generated by the bending was relatively low compared
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with that generated by tapping. Considering the capability
of the CTO2-based PENG to harvest potential from bend-
ing movements, the PENGs were attached to a human fin-
ger, elbow, and knee to harvest energy from biomechanical
bending movements (inset of Figure 7(e)). The finger,
elbow, and knee generated maximum voltages of 1.4, 2.8,
and 3.3V at a bending angle of 90°. The piezopotential
curves at different bending angles are shown in
Figure S6. The available area in the case of the knee was
larger, and at 90°, bending imparted sufficient strain to
increase the piezopotential, which confirmed the
suitability of the CTO2-based PENG for biomechanical
applications [53].

Typing on a smartphone or computer keyboard for
work or sending messages and emails has become essential
for communication. Thus, it was interesting to observe the
piezopotential generated by typing activities. A CTO2-
based PENG (1.5cm X 1.5cm) was attached to the thumb
(inset of Figure 8(a)) and, when used for typing on a
smartphone, generated 0.7V (Figure 8(a)). Moreover,
another CTO2-based PENG (1 cm x 1 cm) attached to the
index finger for computer keyboard typing generated a
piezopotential of 0.8V (Figure 8(a)). The force imparted
by the index figure for keyboard typing was 3N. Thus,
the output voltage almost matched the potential generated
by tapping (5N; Figure 6(b)). The output voltage gener-
ated during walking was quantified by attaching a
CTO2-based PENG (3cm x 3cm) to the front of the foot.
V.. values were measured at walking speeds of 30, 60, and
90 m/min. Consequently, a force of approximately 8 N was
applied to the PENG, which generated piezopotentials of
7.5, 9, and 13V with an increase in the walking speed.
As the walking speed increased, the output voltage also
increased because additional pressure was imparted to
the front side of the foot while walking at a higher speed.

In addition to power generation applications, piezoelec-
tric materials are gaining increasing attention as tactile sen-
sors in robotic technologies. Thus, for sensor applications,
the effect of bending and the force exerted while grasping
an object generating a piezopotential can be investigated
for the CTO2-based PENG. Thus, a CTO2-PENG
(3cm x3cm) was attached to the palm using a glove
(Figure 8(c)); in the unfolded state, no force was exerted,
and thus, no potential was generated across the PENG. In
contrast, in the bent state, a potential of 1.2V (red box)
was generated, and when a mug was grasped, the imparted
bending and compressive forces generated 3V (blue box).
The increasing and decreasing piezopotential curves
obtained during bending, grasping, and holding are shown
in Figure 8(d). The combined force of bending and grasping
doubled the potential; when the maximum potential was
obtained, a potential balance occurred, and the voltage
decreased to zero during the holding state and to a negative
value during the released state. The piezoresponse of the
PENG during the grasping and holding states indicated its
capability to sense dynamic forces. Thus, the various appli-
cations demonstrated here confirm that the flexible CTO/
PVDEF-based PENG can harvest electrical energy based on
biomechanical movements.
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4. Conclusions

This study fabricated a novel cobalt titanate/PVDEF-based
PENG using a supersonic cold-spraying technique for harvest-
ing electrical energy via tapping and bending deformations. The
CTO particles prepared using a wet chemical process, annealed,
and mixed with PVDF to yield an optimal proportion exhibited
an output voltage (V) of 25.4 V under a tapping force of 20N
and a frequency of 7 Hz. The power density of the device across
a load resistance of 0.6 MQ was 25 yW-cm . A poling duration
of 15 h further increased the piezopotential to 34.8 V. Moreover,
when the PENG was used in a body-attachable form, it demon-
strated good sensitivity and energy-harvesting capabilities based
on human motions. Thus, the study demonstrates that CTO/
PVDEF-based flexible PENGs are excellent candidates for next-
generation self-powered devices.
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Figure S3: output voltage of pure PVDF during tapping. Fig-

ure

S4: illustration of piezopotential generation during

mechanical energy harvesting by a PENG device. Figure
S5: (a) experimental and theoretical short-circuit current
and (b) calculated capacitance of the CTO2-PENG device.
Figure S6: PENG performance based on (a) finger, (b) elbow,
and (c) knee movements (the inset snapshots show the
PENG attached to the body parts and their various bending
angles). (Supplementary Materials)
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