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Summary

Confronting the depletion of fossil fuel energy as well as pollution generated
from chemical batteries, associated with the increasing number of electronic
equipment and the internet of things, results in a high requirement of light-
weight, low cost, sustainable, and durable power devices. Currently, a flexible
and self-powered piezoelectric energy harvester (PZEH) is a suitable alterna-
tive, which may be easily integrated with small electronics to realize real-time
sustainable energy generation. Therefore, a novel PZEH has been fabricated at
room temperature (30°C) using Al-doped ZnO (Al@ZnO) incorporated
poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) nanocomposites.
Al@ZnO enables nucleation of electroactive phase within PVDF-HFP
(10PALZO) exhibited polarity at a much higher fraction (F[EA] >90%) com-
pared to neat PVDF-HFP (F[EA] = 63.8%). Piezoelectric energy harvesting
capability of the device has been investigated under gentle repeated human
finger tapping. Optimized Al@ZnO-PVDF-HFP composite (with 10 wt% load-
ing)-based PZEH delivered a high value of open-circuit output voltage ~22 V.
Such high output value infers a good energy conversion efficiency of the
device. For further enhancement of the performance of the device, the
10PALZO nanocomposite was placed under a high electric field of 2.4
MVcem ! resulting in an open circuit output voltage of ~26 V. In addition to
that, the proposed nanocomposite exhibits a good energy storage efficiency
(10PALZO-P) which further enhanced to 111.2 pJcm > (at 1 Hz) after poling
under an electric field 2.4 MVcem ™ *. This increment in the output value is due
to the improved polarization induced by Al@ZnO within the PVDF-HFP
matrix. These results highlight that the filler can efficiently maximize the
device performance thereby developing new efficient energy harvesting
materials.
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1 | INTRODUCTION

Green energy harvesting techniques from the ambient
environment are categorized based on natural energy
sources such as solar, thermal, electromechanical, and
mechanical.'> Among the different conversion methods
piezoelectric nanogenerator (NG) is a powerful and
upcoming approach for converting low-frequency
mechanical energy into electricity that works through the
piezoelectric potential created by an externally applied
strain in a piezoelectric material for driving the flow of
electrons to the external load.*’ Recently human-motion-
based piezoelectric energy harvesters (PZEH) have
attracted tremendous interest due to their potential appli-
cations in portable, embedded, and wearable smart elec-
tronics that require a self-sufficient and sustainable
power source.®’

Owing to their remarkable piezoelectric, ferroelectric
and dielectric properties poly(vinylidene fluoride)
(PVDF) and its co-polymer-based nanocomposite films
are considered the smart options to be chosen for fabri-
cating piezoelectric NGs.'”"® Recently several fillers are
being used to develop such PZEH. PVDF-based nano-
composites containing nanofillers such as BaTiOs,*
ZnSn0s,"> FAPbBrs,” RGO:Fe,'® PZT,'” Ce*/graphene,'®
and graphene-silver'® were utilized to obtain improved
output performance of NG. For instance, A
BaTiO;@PVDF-TRFE-based PZEH with a maximum out-
put voltage of ~59.5V and current of 6.52 pA has been
reported by Cho et al*® In addition to that, Zhu et al have
fabricated a five layer black phase CsPbI;@PVDF com-
posite which exhibited a voltage output of ~26 V with
current density 1.1 pA/cm?® and power of ~25 pW.>' A
significantly enhanced value of output voltage has been
reported by Muduli et al (output voltage ~83 V, short cir-
cuit current of 1.62 pA, and maximum instantaneous
power density 142 mW m ) using flexible PVDF-[0.67
(BiFe05)-0.33(BaTiO;)]-based PZEH.** They also fabri-
cated PVDF-ZnSnOs-MoS,-based nanocomposite, which
can produce an open-circuit voltage of 26 V, short circuit
current of 0.5 pA, and an instantaneous power density
and 28.9 mW m 2, respectively.”” Ga-PZT@GaO, has
been used as a filler in PVDF-TrFE to design a wearable
PZEH by Zeng et al, which can be delivered a maximum
open-circuit voltage of 98.6 V and a short-circuit current
of 0.3 pA with 9.8 pW instantaneous power.**

It is widely accepted that zinc oxide (ZnO) is one of
the best piezoelectric materials for device fabrication
owing to its superior piezoelectric, pyroelectric, biocom-
patibility, and easy synthesis method.?* Therefore, several
works have been done using ZnO as a filler in the PVDF
matrix to fabricate piezoelectric NG.>° But these NG
devices have some limitations such as low output voltage

and low power density, poor economic performance, lack
of durability, and so on. Thus, a new way to modify these
difficulties has been done using different elements that
incorporated ZnO nanoparticles as filler in the PVDF and
its copolymer matrix like PVDF-hexafluoropropylene
(PVDF-HFP). Modification of ZnO ceramic filler such as
aspect ratio variation,*’ incorporation of third phase con-
ductive filler*® have already been investigated to enhance
the NG output of PVDF-based composite system. The
incorporation of group III elements in ZnO such as Al,*
Ga,” In,”" B*%efficiently enhances the conductivity of the
sample. Recently Zamiri et al have reported that Al-
doped ZnO significantly enhanced the value of the dielec-
tric constant of ZnO ceramics and the electrical conduc-
tivity in comparison to pure ZnO due to the increase of
available charge carriers after substitution of Zn** ions
by AI’" ions.> Li et al also reported that a high dielectric
constant value could be achieved by doping Al in ZnO
sample at room temperature (30°C).>* In light of this, it
can be said that doping of AI*" in ZnO nanoparticles
may effectively improve the overall dielectric and ferro-
electric properties of PVDF-HFP. Besides, it will be inter-
esting to analyze the effect of Al>*doping on the ZnO
surface charge, which is a key factor behind the piezo-
electric behavior of the nanocomposite. In spite of this,
there are very few works have been reported on Al-doped
ZnO using substrates other than the PVDF-HFP matrix.
Tsai et al®® reported that the average current, voltage,
and power density of Al-doped ZnO piezoelectric har-
vester grown on ITO glass substrate are 0.76 pA,
1.35mV, and 1.026 nW/mm? respectively. Whereas,
Fang et al*® reported on Al-doped ZnO NG grown on
ITO glass substrate exhibiting the maximum voltage, cur-
rent, and power density 60 mV, 0.7 pA, and 0.84
nW/mm?, respectively. Also, Xue et al*’ reported that Ti
substrate was grown Al-doped ZnO NG exhibited maxi-
mum ~1.6 V output voltage. Therefore, it will be quite
fascinating to explore the effect of Al@ZnO nanofiller on
the physicochemical as well as body motion-based energy
harvesting properties of the nanocomposite. Here, PVDF-
HFP instead of PVDF has been utilized as a matrix owing
to its higher electromechanical coupling factor and high
piezoelectric strain coefficient along with good mechani-
cal properties, cost-effectiveness, chemical stability,
weather resilient characteristics, and excellent film form-
ing ability in comparison to the bare PVDF matrix.*® Fur-
thermore, external electrical poling is an important
technique to enhance the NG output performance of the
polymer-nanocomposites. The dipoles of the PVDF film
were oriented along the field direction by the external
electrical poling, which significantly enhances polarity,
and leads to an increment of piezoelectricity.’® The reor-
ientation of the PVDF dipoles may enhance the dielectric

851201 SUOWIWOD @AIea1D) 3|edljdde au Aq peusenob a2 Sapiie YO ‘8sn J0 S3IN. 1o ARId1T8UIIUO A8]IM UO (SUORIPUO-PUE-SWIBI L0 A8 |IM A le.q)1 U UO//SHRY) SUORIPUOD pUe SWie | 8U} &8s *[£202/60/6T] Uo Aiq1Taulluo AB1IM ‘NOILNLILSNISTY DINVH3D B SSV1D T4.LO Ad 2898'18/200T 0T/I0p/L0D" A3 1M AreJq1jeul|uo//:Sdiy W4 papeo|umoq ‘ST ‘2202 ‘XTT660T



PRATIHAR ET AL.

properties with low dielectric loss and decrease the leak-
age current value of the composite film which may have
an impact on the energy storage capacity and energy gen-
eration performance of the devices.*

Here, we present a novel, low cost flexible PZEH
comprised of wet chemically synthesized Al@ZnO nanor-
ods incorporated PVDF-HFP composite. This Al@ZnO
act as the nucleating agent, and significantly enhanced
the dielectric, ferroelectric, and piezoelectric properties of
the PVDF-HFP-based nanocomposite films. This fabri-
cated energy harvester is capable of generating output
voltage and power density of ~26 V and 159.95 yW cm 2,
respectively. This device is also feasible for real-life appli-
cations as it is capable of charging a 2.2 pF capacitor up
to 1.8 V and capable of lightning 30 LEDs connected in
series. Thus, the fabricated NG may pave the way for the
next-generation green energy source.

2 | EXPERIMENTAL

21 | Raw materials

Zinc nitrate hexahydrate [Zn(NO3),-6H,0] (Sigma
Aldrich), aluminum  nitrate = nonahydrate  [Al
(NOs),-9H,0] (Sigma Aldrich), ethanol (C,HsOH)
(Merck), sodium hydroxide [NaOH] (Merck), and dis-
tilled water were utilized to prepare Al-doped ZnO
nanorods. PVDF-HFP [Molecular weight =400 000 g/
mol, Sigma-Aldrich] and N,N-dimethylformamide (DMF)
[CH;CON(CHs3),] (Merck) were utilized to fabricate the
nanocomposite films.

2.2 | Synthesis of pure ZnO and Al-doped
ZnO nanorods

Pure ZnO nanorods as well as 5 wt% Al-doped ZnO
(Zngy 9sAlj »sO) nanorods were prepared by wet chemical
synthesis procedure at ambient temperature. During this
procedure, first of all, 2.974 g zinc nitrate hexahydrate
was dissolved in distilled water and then 8 g sodium
hydroxide was added to the mixed solution. For Al-doped
ZnO synthesis, 0.235 g aluminum nitrate nonahydrate
was added to the above-specified solution. After that, the
mixed solution was continuously stirred for 1 h at room
temperature (30°C). Thereafter pure ethanol was added
to the resultant solution which kept for continuous stir-
ring for 24 h. Finally, a precipitate was collected and cen-
trifuged several times using distilled water and ethanol to
eliminate any kind of impurities. The obtained product
was white in color and it was dried (60°C) for further
evaporation of any kind of solvent present.
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2.3 | Fabrication of PVDF-HFP
nanocomposites

The simple drop casting method was utilized to synthe-
size bare PVDF-HFP and other composite films. A series
of composite films with different wt% was fabricated by
dissolving PVDF-HFP pellets in DMF under constant stir-
ring at 40°C. After complete dissolution of PVDF-HFP in
DMF, the different weight percentage of wet chemically
synthesized Al@ZnO powder (5 and 10 wt% powder with
respect to PVDF-HFP) were added, individually. Thereaf-
ter, to obtain a homogeneous mixture, the solutions were
continuously stirred for 24 h and sonicated for 1 h. After
that, the polymer-composite films were fabricated by
casting the resultant solution on a glass substrate and
evaporated at 85°C for 4 h. Finally, at room temperature
(30°C), the dried films were pulled off from the glass sub-
strates to obtain self-standing composite films. The 5 and
10 wt% Al@ZnO/PVDF-HFP composite films were
named 5PALZO and 10PALZO, respectively. Neat PVDF-
HFP film was also prepared without any filler addition in
the DMF solution. The thickness of the composite films
as measured by a digital micrometer is 40 pm. 10PALZO
composite film shows maximum polarity in the series.
For further improvement of polarity, this composite film
was poled at an electric field of 2.4 MV/cm for 2 h at
40°C. To fabricate the NG electrode-sample-electrode
stack-like structure (using high purity silver paste as an
electrode) with an active area of 6 cm? has been utilized.
The entire fabrication procedure was shown in Figure 1.
The detailed characterization techniques used for this
work are presented in Discussion S1 of the Supporting
Information (SI).

3 | RESULT AND DISCUSSION

3.1 | Characterization of filler particles
The structural properties of pure ZnO, as well as Al
@ZnO nanorods, were investigated using x-ray diffrac-
tometer (XRD). Figure 2A presents the XRD patterns of
ZnO and AlI@ZnO nanorods.

The XRD pattern reveals the successful formation of
ZnO rods (JCPDS card number #79-0205), with lattice
parameters a = b = 0.3248 nm and ¢ = 0.5205 nm,
respectively. The absence of any additional peaks for
Al@ZnO nanorods infers that the crystal structure
remains invariant after doping. A more careful view of
the enlarged image (Figure 2B) reveals a slight shifting of
the peak position (100) toward a lower diffraction angle
for the AI@ZnO nanorods. This shift in the 20 position
can be assigned to the introduction of AI’" ion within
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FIGURE 1 Schematic
representation of the fabrication
procedure of polymer-
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the host ZnO lattice. To have a further detailed analysis,
the crystallite size of ZnO and Al@ZnO nanorods were
determined using Debye Scherrer's formula as follows:

092
~ pcosd

1)

where 4 is the wavelength of the x-ray, f is the full width
at half maxima of the XRD peaks, and 0 is the Bragg's
angle.*” The crystallite size for pure ZnO and Al@ ZnO
were found to be 32 and 24nm, respectively, which
implies a decrease in crystallite size after the incorpora-
tion of aluminum (AI*") ions in the ZnO host lattice.
Reitveld refinement of XRD powder of ZnO and Al@ZnO
nanorods was carried out using FullProf software (shown
in Figure 3).

Refined parameters of pure ZnO and Al@ZnO sam-
ples were given in Table 1. The value of lattice parameter
and volume of the unit cell was found to be decreased for
Al@ZnO nanorods compared to pure ZnO nanorods. The
reduction of lattice parameter, as well as cell volume
value, can be attributed due to the smaller ionic radius of
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FIGURE 3 Reitveld refinement XRD patterns of pure ZnO and
Al@ZnO nanorods

A" ions than that of Zn?>" ions (ra’" = 0.63 A,

7> = 0.74 A).*! This infers successful inclusion of AlI*™
ion in the ZnO host lattice structure.
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To analyze the effect of Al doping on the vibrational
mode of ZnO nanorods, Raman, and Fourier-transform
infrared spectroscopy (FTIR) spectroscopy of the sample
was carried out. The successful incorporation of Al
within ZnO can be further confirmed by Raman
(Figure S1, Discussion S2), FTIR (Figure S2, Discussion
S3), and leakage current density (Figure S3 with Discus-
sion S4) of the Al@ZnO nanorods (Supporting
Information).

To have a morphological analysis of the surface of
pure ZnO and Al@ZnO nanorods field emission scanning
electron microscopy (FESEM) technique was utilized

TABLE 1 Refined parameters from XRD data of pure ZnO and
Al@ZnO

Parameters Pure ZnO Al@ZnO

Space group P63mc P63mc

Lattice parameter,a=b  3.25070 3.24916

&)

Lattice parameter, c (A)  5.20620 5.20519

Cell angle a = (°) 90 90

Cell angle y () 120 120

Cell volume (A®) 47.643 47.5893

Ry, Ry, and ° 8.00,10.3,and  15.5,16.9, and

1.61 2.13
S (goodness of 1.27 1.45

fit) = Ryp/Rexp

ENERGY RESEARCH IAVVA N B opval B

(Figure 4A,B). The images reveal the formation of
nanorods with pencil-like tip structures. Figure 4C,D
demonstrates the size distribution of ZnO and AlI@ZnO
nanorods, respectively. Pure ZnO nanorods have an
average diameter and length of ~80 and ~800 nm,
respectively whereas AlI@ZnO nanorods have an aver-
age diameter and length of ~65 and ~600 nm,
respectively.

The typical transmission electron microscopy (TEM)
of the prepared ZnO, as well as AlI@ZnO nanorods, are
depicted in Figure 5A,B, respectively, which indicated
the formation of the uniform microstructure of the syn-
thesized nanorods. The crystallinity of both nanorods
was confirmed from the selected area electron diffraction
(SAED) pattern. Further SAED patterns can be indexed
to (100), (002), (110), and (102) planes of ZnO and
Al@ZnO structures. SAED patterns are well matched
with the XRD database and confirmed the crystallinity of
both the nanorods. High-resolution TEM image
(HRTEM) (Figure 5C,D, respectively) reveals that nanor-
ods grow along the (100) direction.

Figure 6 represents energy-dispersive x-ray spectros-
copy (EDS) spectra of Al@ZnO nanorods. The presence
of Al with the elements Zn and O were confirmed from
the EDS spectra. The use of carbon-coated Cu grid during
TEM characterization resulted in extra peak Copper
(Cu) and C which confirmed the purity of the synthesized
samples. The atomic percentage of elements is given in
the inset of Figure 6 which almost matched the doping
percentage.

()
12
>
. g
FIGURE 4 FESEM images e
of (A) ZnO nanorods, S
(B) Al@ZnO nanorods; diameter r 4
distribution of (C) ZnO
nanorods having mean diameter
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diameter ~65 nm

Mean diameter ~ 80 nm
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FIGURE 6 EDS spectra of Al@ZnO
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To determine the chemical state of undoped ZnO and
Al@ZnO nanorods, XPS measurements were performed.
Figure 7A presents the survey spectra of ZnO and
Al@ZnO nanorods which revealed the existence of
Zn, O, and Al elements in the synthesized samples. The
core level of the Zn2p state was presented in Figure 7B
where the peaks located at binding energy 1021.00 and
1044.23 eV attributed to Zn2ps, and Zn2p;,, state,
respectively.*> For Al@ZnO nanorods, there is a peak

shifting toward higher binding energies at 1021.7 and
1044.39 eV which corresponds to Zn2ps, and Zn2p;,,
state respectively, which is due to the addition of AI*"
into ZnO lattice.® The peak observed at ~74.5eV
(shown in Figure 7C) is attributed to Al2p which con-
firmed the successful incorporation of Al**dopant in the
ZnO host lattice. For better analysis, the core level XPS
spectra of Al 2p level were fitted into two Gaussian
curves, binding energy at a lower value of ~74.2 eV is
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FIGURE 7 (A) XPS spectra, core level spectra of (B) Zn2p state, (C) deconvoluted Al 2p state, and (D) deconvoluted O1s state of ZnO

and Al@ZnO nanorods

associated with Al-O bonds and binding energy at a
higher value ~75.2 eV corresponds to Al-OH bonds,****
which confirmed that the there is no metallic Al (binding
energy ~72eV) in the XPS spectra. No Al phases as
observed from XRD and XPS studies conclude the suc-
cessful addition of AI>* ions into the host ZnO lattice.*?
Figure 7D represents the core level XPS spectra of Ols
peaks for both ZnO and Al@ZnO nanorods. Ols spectra
were fitted into two Gaussian components where binding
energy at~530.3 eV is assigned to O™ %ions in the ZnO lat-
tice (Op) and the binding energy at ~532.2 eV is attrib-
uted to O 2 ions in the oxygen-deficient region within
ZnO structure which is associated with the concentration
of oxygen vacancies or point defects (0,).** There is a
shifting of those two peaks toward higher binding energy
at ~530.6 and 532.3 eV for Al@ZnO nanorods. The calcu-
lated area ratio (O,/Oy) decreases for the Al@ZnO sam-
ple which reveals that there is a reduction of oxygen
defects. This reduction of oxygen defects helps for the
improvement of the electroactive phase within the nano-
composites.*” Thereby, making the composite suitable for
piezoelectric NG application.
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FIGURE 8 Zeta potential of ZnO and Al@ZnO nanorods

The surface charge of nanorod is also a key factor to
better understand electrostatic interaction between
PVDF-HFP chain and ceramic filler. For this purpose,
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zeta potential measurements of ZnO and AlI@ZnO sam-
ples were carried out. The surface electrostatic charge
of ZnO and Al@ZnO obtained from zeta potential anal-
ysis is depicted in Figure 8A. The Zeta potential value
of ZnO and Al@ZnO were found to be —16.8 and
—31.4 mV, respectively. The negative zeta potential
value for both sample revealed that ZnO and AlI@ZnO
have a negative surface charge on their surfaces, which
interact with —CH, dipole of PVDF-HFP through ion-
dipole electrostatic interaction.*® This interaction leads
to the polar phase formation of the PVDF-HFP matrix.
Thus, the nanofiller's surface acts as a nucleation cen-
ter for the formation of the polar phase. A closer obser-
vation of Figure 8 reveals that the AI@ZnO reveals a
higher amount of negative charge in comparison to
ZnO nanorods. This higher amount of negative charge
makes it a suitable candidate as a filler for the PVDF-
HFP matrix.

3.2 | Characterization of Al@ZnO loaded
PVDF-HFP composite films

The presence of the electro-active phase in polymer
composites plays an important role in exhibiting good
electrical properties of the composites."®*® As a conse-
quence, XRD and FTIR characterization of the nano-
composites were carried out to investigate the presence
of the electroactive phases in the respective samples
(Figure 9A).

Pure PVDF-HFP exhibits a nonpolar a phase due to
the TGTTG~ chain conformation of -CH,—/-CF,_
dipoles of PVDF-HFP. With the incorporation of ceramic
filler in the PVDF-HFP matrix, the dipoles reoriented
themselves due to interfacial interaction between ceramic
fillers and PVDF-HFP. As a result of nonpolar phase
transformed into the polar p and y phase due to TTTT
and T3G + T3G-chain conformations. Figure 9B

demonstrates the dominance of polar phase fraction in
the nanocomposites and 10PALZO is the most enriched
one. XRD patterns of pure PVDF-HFP, 5PALZO, and
10PALZO composite films indicated that after mixing
Al@ZnO nanorods in the PVDF-HFP matrix, PVDF-HFP
retains their crystallinity. The comparison of XRD pat-
terns of neat PVDF-HFP, 5PALZO, and 10PALZO com-
posite film within the 26 range from 10° to 30° is shown
in Figure 9B. Pure PVDF-HFP exhibits a peak at 20
~17.7°, 18.4°, 19.9°, and 26.6° corresponding to (100),
(020), (110), and (021) planes, which is due to the pres-
ence of nonpolar o phase.*® For the composite films, the
intensity of the peaks at 17.7° and 26.6° decreased gradu-
ally with ceramic filler concentration and disappeared
completely for 10 PALZO composite films. Besides, the
main characteristics peak at 20-19.9° shifted toward
higher diffraction angle gradually with filler concentra-
tion and maximum shifting was observed for 10PALZO
composites film which indicates the phase transforma-
tion of PVDF-HFP from non-polar phase to polar
phase.”® To get a detailed idea of this phase transforma-
tion from non-polar to polar, the total degree of crystal-
linity and individual amount of beta crystallinity and
gamma crystallinity of pure PVDF-HFP, 5PALZO, and
10PALZO films were calculated from deconvoluted XRD
patterns of these samples (Figure S4).*® The detailed cal-
culation method and the obtained results are depicted in
Discussion S5 of SI and Table S1 (SI).

To identify the quantitative crystalline phase in terms
of local phonon bands of PVDF, FTIR characterization
was carried out.

FTIR absorption spectra of pure PVDF-HFP,
S5PALZO, 10PALZO, and 10 PALZO-P composite films
are presented in Figure 10A (wavenumber region 1000-
400 cm™ ). The figure reveals a significant enhancement
of the polar phase within the composite film compared to
bare PVDF-HFP. It was observed from FTIR spectra that
there is a significant difference between PVDF-HFP and
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all composite films. FTIR spectra of pure PVDF-HFP
show strong absorption peak at 409 and 488 cm ™' (CF,
wagging), 532 cm™~ ' (CF, bending), 615 and 764 cm '
(CF, bending and skeletal bending), and 796, 856, and
976 cm ' (CH, rocking) which are attributed mainly to
nonpolar a phase. FTIR spectra also reveal a weak
absorption band of 431 cm™' (correspond to polar y
phase), 510 cm ' (CF, stretching associated with polar p
phase), and 840 cm ™ '(CF, stretching, CH, stretching and
skeletal C-C stretching corresponds to polar f and y
phase.>**° The relative intensity of the peaks corre-
sponding to the nonpolar a phase decreased gradually
and some of the peaks disappeared completely with
increasing filler concentration. A closure observation to
Figure 10A shows that the relative intensity of the peaks
at 510 and 840 cm™ ' gradually increased with increasing
filler concentration. Therefore polar phase of composite
films increased in comparison with bare PVDF-HFP
which clearly indicates the conversion of the PVDF-HFP
phase from a nonpolar phase to a polar phase which also
supports the XRD results. The quantitative amount of
polar phase for each composite film as well as bare
PVDF-HFP was calculated using the following equation

Aga

F(EA) =
(BA) Koo ) ANpa +A
Kooy JAANEA T AEA

(2)

PVDF-HFP 5PALZO  10PALZO 10PALZO-P
Composite films

2980 2960

where F(EA) presents the amount of electroactive phase
fraction, Anxga is the intensity of the absorbance bands at
764 cm !, and Agp, is the intensity of the absorbance
bands at 840 cm . Kguo(=7.7 x 10* cm® mol ') is the
absorption coefficient at 840 cm where
Ky64(=6.1x 10* cm® mol™ ") represents the absorption
coefficient at 764 cm ™', respectively.*> The absorption
bands at 840cm ' of bare PVDF-HFP, S5PALZO,
10PALZO, and 10PALZO-P nanocomposite films were
deconvoluted (Figure S5 of SI) to determine the individ-
ual amounts of polar p and y phases presence within
them (Discussion S6 of SI) and the results are given in
Table S2 of SI.*

The quantitative amount of p fraction indicates that
(Figure 10B) 10PALZO posses’ maximum amount of
polar phase (86.9%) (much higher than bare PVDF-HFP
63.8%). The interfacial interaction between nanofillers
and -CH,_ dipole of PVDF-HFP is responsible for such
enhancement. To achieve a further increment in the
polar phase fraction the sample with maximum polar
phase (10PALZO) was kept under a constant electric field
(2.4 MVem ™) for 2 h. As expected the applied electric
field results in further alignment of CH, dipoles at the
filler interface resulting in a further increment in the
polar phase fraction (Figure 10B). To study the mecha-
nism of interfacial interaction, FTIR spectra of all the
samples were investigated within the wavenumber region
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FIGURE 11

FESEM image of 10PALZO composite

3100 to 2900 cm ' (Figure 10C), as this region was
mainly assigned for asymmetric (v,5) and symmetric (vs)
stretching vibration band of -CH, dipole only, which are
not coupled with any other vibrational modes.* A closer
observation to Figure 10C indicates that, both symmetric
and asymmetric stretching vibrational band of -CH,
dipole of the composites shifts toward the lower wave-
number region in comparison with bare PVDF-HFP. The
gradual shifting of these vibrational bands toward lower
energy can be explained with the help of the damped har-
monic oscillator model.*® In light of the model initially it
is being assumed that these two vibration bands have no
damping for pure PVDF-HFP matrix. With the filler load-
ing, electrostatic interaction occurs between the filler sur-
face and the -CH,dipole of PVDF-HFP which will
generate a source of damping. The interfacial interaction
enhanced with increasing filler loading can be clearly
seen with the enhanced damping coefficient
(Figure 10D). The quantitative amount of electrostatic
interaction of the composite films in terms of damping
coefficient was calculated from the peak shifting of the
asymmetric —CH, stretching vibrational band using the
following equation.

_ _ 1/2
Tac = 41C (Spypr — Seomp) (3)

where 74 represents the damping coefficient, ¢ indicates
the light velocity in free space, and the peak position
associated with asymmetric -CH, stretching vibrational
band of PVDF-HFP and composites are presented by
Bpypr and Beowmp, respectively.®® Figure 10D also reveals
that the damping coefficient was maximum for
10PALZO-P composites confirming the maximum inter-
facial interaction.

To investigate surface morphology, the image of the
10PALZO sample is shown in Figure 11. FESEM image
infers the nearly uniform dispersion of Al@ZnO nanor-
ods within the PVDF-HFP matrix. Al@ZnO nanorods are

well embedded in the PVDF-HFP matrix which con-
firmed the successful incorporation of AI@ZnO in the
PVDF-HFP matrix.

Dielectric property is considered an important param-
eter for the development of energy storage devices.*’ As a
consequence, the dielectric properties for all the compos-
ite films at ambient temperature (30°C) and pressure
were carried out and shown in Figure 12A. Figure 12A
represents an enhancement of the dielectric constant of
all the composites than that of pure PVDF-HFP which
can be assigned to the Maxwell-Wager-Siller interfacial
polarization effect. The dielectric permittivity (at 1 kHz)
increased from ~8 for pure PVDF-HFP to ~19 for
10PALZO composite film. The good dispersion of filler
particles in the PVDF-HFP matrix is responsible for such
enhancement. In the low-frequency region dielectric per-
mittivity mainly increased due to the enhancement of
space charge polarization with increasing filler loading in
the PVDF-HFP matrix. Further, increased dielectric per-
mittivity in the high-frequency region could be attributed
due to the enhanced dipolar polarization. In this context,
it is pertinent to be mentioned here that the dielectric
constant for the composites has been increased with a
considering low dielectric loss. In addition to that, the
value of the dielectric loss is significantly small even less
than 0.04 for the poled 10PALZO-P. Thus 10PALZO-P
can be considered the best suitable candidate for energy
harvesting as well as storing material. This reduction in
the dielectric loss of 10PALZO-P after poling was mainly
due to the lower leakage current due to dipole orientation
along the field direction. The a.c. conductivity of the com-
posite films was calculated using the following

o= 2nf.eo.er” (4)

where o is the a.c. conductivity, f is the frequency, & is
the free space permittivity, and e, is the imaginary part
of relative permittivity.”® Frequency dependent
a.c. conductivity of PVDF-HFP and all the composite
films were represented in Figure 12C. The
a.c. conductivity increased with increasing AI@ZnO con-
centration in PVDF-HFP which is due to the formation
of a more conductive network in the polymer matrix with
increased filler loading.

An efficient interfacial interaction leads to the
enhancement of ferroelectric properties. In light of this,
electric field-dependent electric displacement or polariza-
tion (D-E hysteresis loop or P-E loop) of pure PVDF-
HFP, as well as composite films, were measured to inves-
tigate the ferroelectric properties of the composite films
(at 1 Hz).

The room temperature D-E hysteresis loops of the
pure PVDF-HFP, 5PALZO, 10PALZO, and 10PALZO-P
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films were depicted in Figure 13A which indicates the
presence of ferroelectric properties within the sample.
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(Figure 13C) were enhanced with increasing concentra-
tion of AlI@ZnO in the polymer matrix. This result
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FIGURE 14

confirmed the enhancement of ferroelectric properties of
the composites with a significant small leakage current
(Figure 13D). This enhancement of ferroelectric proper-
ties was due to the strong interfacial interaction between
the PVDF-HFP matrix and AlI@ZnO filler. The increased
interfacial interaction between the PVDF matrix and
filler leads to an enhancement of the polar phase within
the composites, which increases the ferroelectric
property.

In general, the energy density (U) of a non-linear
dielectric material is given by U = [ EdD, where E and D
denote the electric field and displacement, respectively.*’
Different portions of the D-E loops were integrated to cal-
culate the energy storage and loss density. The energy
storage density (Uggoreq) Of the nanocomposites was calcu-
lated using

D
Ustored = / EdD (5)
Dr

An increment in the stored energy density for the loaded
samples can be seen in Figure 13B. However, it should be
mentioned here that the maximum energy density
~111.2 pJem ™ is obtained from the poled 10PALZO-P
sample, implying the best suitable candidate for energy

Voltage (V)

(A) Amplitude-voltage butterfly loop and ds;-V loop, (B) phase-voltage hysteresis loop, (C) topography image,
(D) amplitude image, and (E) phase image of 10PALZO composite film

storage material. Poling process helped to reorient the
dipoles along the field direction which increased the
polar phase formation.** The breakdown voltage of the
device was measured through a P-E loop by applying dif-
ferent voltages (shown in Figure S6 of SI). The polariza-
tion value of the nanocomposite increased with an
increasing applied electric field. The breakdown strength
of the nanocomposite was 1120 kVem™'. The leakage
current of the pure PVDF-HFP, 5SPALZO, 10PALZO, and
poled 10PALZO-P samples are presented in Figure 13D,
respectively. The reduction of the leakage current value
of the 10PALZO-P film (Figure 13D) after poling was
mainly due to the dipole orientation of the composite.*”
This low leakage current also shows the applicability of
the poled sample for a good NG.

To investigate the local piezoelectric properties and
ferroelectric domain switching behavior of the composite
film after Al doping within ZnO, piezo force microscopy
(PFM) measurement of the unpoled 10PALZO sample
was carried out.>*® In this measurement, a Ti/Ir coated
conductive tip has been used with an AC voltage in the
range of 1 to 2 V. The sweeping dc bias voltage applied to
the samples was in the range of +60 V (PVDF-HFP) and
+40 V (10PZO and 10PALZO), respectively. Figure 14A,B
represents the piezoresponse loop and phase hysteresis
loop of the 10PALZO sample under an applied DC bias
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FIGURE 15 (A) Open circuit output voltage of PVDF-HFP, SPALZO, 10PALZO, and 10PALZO-P nanocomposites, (B) magnified image

of one cycle of a 10PALZO-P film, (C) short circuit output current of 10PALZO-P film, (D) the variation of output voltage and power density
with load resistance, (E) capacitor charging and discharging graph, and (F) LED glowing performance of the 10PALZO-P composite film

voltage +40 V, respectively. Phase-hysteresis loop shows
(Figure 14B) the 180 phase difference which proves that
the dipoles are easily capable of being switched upward
or downward direction under an applied electric field
which confirms the existence of ferroelectric domain
switching behavior in the composite film.>** The asym-
metric behavior of the loop arises due to the generated
internal bias within composite film.**10PALZO compos-
ite contains a significant amount of p phase due to the
TTTT trans conformation of —-CH,/-CF, dipole of PVDF-
HFP. With the application of dc-bias across 10PALZO
film, electric dipoles are rotated around the carbon back-
bone generating ferroelectricity within it which is con-
firmed by the ferroelectric switching behavior of the
phase-voltage hysteresis loop.> Since the piezoelectric
coefficient (ds3) is directly proportional to the electrome-
chanical response of the material, the d;;-voltage loops
can be indirectly derived from the amplitude-voltage but-
terfly loop using the modified equation of converse piezo-
electric effect d;; = D-D;/V-V,, where D; is the
piezoelectric displacement and V; is the applied voltage

at the intersection.*” Figure 14A represents the d;3-V
loops of pure 10PALZO composite films. ds3-V loops of
pure PVDF-HFP and ZnO incorporated PVDF-HFP
(10PZO) are shown in Figure S9 of SI. The calculated pie-
zoelectric coefficient as obtained from Figure 14A and
Figure S9 was ~15, 21, and 59 pm/V for pure PVDF-HFP,
10PZO0, and 10PALZO, respectively. The result infers that
the incorporation of ZnO nanorods within the PVDF-
HFP matrix cannot enhance the piezoelectric coefficient
significantly. Interestingly, after the addition of Al@ZnO
filler within the matrix, the piezoelectric coefficient
enhanced drastically to ~59 pm/V which is much higher
than that of pure PVDF-HFP. This increment of piezo-
electric coefficient with the addition of Al@ZnO filler
was mainly attributed to the increased polar phase frac-
tion as obtained by FTIR results (Figure 10).
Figure 14C-E represents the topography, amplitude, and
phase images of 10PALZO composite film, respectively.
PFM amplitude is associated with the local piezoelectric
coefficient due to electromechanical coupling where the
orientation of domains or polarization can be reflected by
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TABLE 2 Comparison of piezoelectric output voltage and power with other reported polymer-based nanogenerator
Si. Output
No. Name of the material Input source voltage Power density  Ref. no
1. BT@PVDF-TrFE Tapping force 100 N, 2.5 Hz 59.5V 165.8 pW 20
2. CsPbl;/PVDF Force 2.7 N, 30 Hz 260V 25 pW 21
3. PVDF-0.67(BiFe05)-0.33(BaTiO5) Pressure 1 kgf, 3 Hz 83V 142 mW/m?> 22
4. PVDF-ZnSnO3-MoS, Pressure 1 kgf, 3 Hz 26V 28.9 mW/m? 23
5. Ga-PbZr,Ti,_,O; (PZT)@GaO,/PVDF-TrFe = Force 12 N, 30 Hz 98.6 V 9.8 pW 24
6. Co-doped ZnO/PVDF-HFP Vibrating shaker 28V - 40
7. Ba-doped BiFeO;/PVDF Finger tapping 20V 318 pyW 45
8. ZnO NWs/PVDF Bending tester ~69V 6.624 pW 50
9. BaTiO; nanoparticles and graphitic carbon/  Bending Stage 32V - 51
PDMS
10. BCTZ nanoparticles-polymer composite Bending 15V 8 pW 52
11. MoS,/PVDF 27.5N 84V 47 mW/cm® 53
12. PVDF-KNN Finger tapping 37V - 54
13. ZnTiO3-PVDF Finger tapping 255V 8.22 pW/cm2 55
14. KNbO3; nanowires Bending tester 10.5V 4.5 W 56
15. ZnO-PVDF Hitting by a cylinder of 3V 0.21 pW/cm? 57
diameter 1 cm
16 Methylammonium lead iodide Human finger tapping 1.6 V 2.5 pW/cm2 58
(CH5NH;PbL,)/PVDF
17. D-phe@ZnO/P(VDF-TrFE) Periodic pressure (10 N, 2 Hz) ~33V 8.5 pW/cm? 59
18. KNN/ZnO/PVDF Finger tapping ~25V 11.31 pW/cm? 60
19. PZT/PDMS Force 113 N 176 V 177 pW/CIn2 61
20 PDMS/Li:ZnO/Ti3C2 Bending ~10V 9 pW/cm? 62
21. Al-doped ZnO-PVDF/HFP Finger tapping 26V 159.95 yW cm > This
work
(A 4 the phase.>*® Domains with opposite polarization can be
< Walking distinguished by image contrasts (shown in Figure 14D).
g 21 The dark brown and bright yellow regions are mainly
£, No action S attributed to the polarization of domains with upward
; and downward directions, respectively. Both amplitude
£ 21 and phase images with different contrasts confirmed the
o . . . .
4 . . . . . . presence of piezoelectric and ferroelectric properties
0 2 4 The(s) 10 12 within the composite film.** PFM results confirmed that
(B)1.s the 10PALZO composite film possesses good ferroelectric

10.cm 20 cm 30cm

S g

o

S 0.

g | |

° O.OIVMWWW
>

5

=

5

o

1.0 0.2s

Time (s)

FIGURE 16 (A) Variation of output voltage with different
human body activities and (B) output voltage variation for the ball
dropping from 10, 20, and 30 cm heights

and piezoelectric properties, making it suitable for good
mechanical energy harvesting.”

To investigate the efficiency of the sample as an effi-
cient energy harvesting device (PZEH) the voltage gener-
ation capacity of the fabricated composite films, under
compressing and releasing process of finger imparting on
them were observed (pressure ~4kPa and fre-
quency ~5 Hz).

The open circuit output voltage as obtained from pure
PVDF-HFP and composite films is illustrated in
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Figure 15A. It can be clearly seen from the figure that
with the increasing filler loading, the open circuit output
voltage of the nanocomposite films increased gradually
and reaches a maximum value of ~22V for 10 wt% of
Al@ZnO loading. When mechanical force was applied,
the permanent dipoles oscillated and as a result of this
oscillation, an electric potential difference generated
between the top and bottom electrodes. This potential
allows the free electrons to circulate across an external
circuit, resulting in the generation of electric signals.**>°
Therefore, the increased value of output voltage with
filler loading was due to the enhanced polarity of the sys-
tem. A careful observation of the figure indicates that the
output voltage of 10PALZO-P film further increased to
~26 from 22 V which was mainly attributed to the high-
est polar phase formation within the system generated by
reorientation of polymer chains due to poling.”® To con-
firm the piezoelectric voltage of the device, the switching
polarity test of this composite was done by reversing the
electrode connection. Nearby same voltage was obtained
after reversing the electrode connection (shown in
Figure S7) which proved that the output voltage arises
from the piezoelectric effect.”® Again, the cross-sectional
FESEM image of the device as presented in Figure S8 of
ST also confirms the piezoelectric nature of the device as
no such spacing has been observed between the electrode
and the functional layer.” Thus, the electric signals are
purely piezoelectric. The enlarged image of one output
pulse, undercompressing, and releasing processes of fin-
ger tapping was presented in Figure 15B. Figure 15C
reveals the generated short circuit current (4 pA) from
the device using 10 wt% Al@ZnO incorporated PVDEF-
HFP under the action of finger imparting (force 4 kPa
and frequency ~5 Hz).The obtained a.c. output voltage
was rectified to d.c. voltage using a bridge rectifier
(DB107) which was capable of charging a 2.2 uF capaci-
tor up to ~1.8 V (shown in Figure 15E). The fabricated
PZEH is also capable of illuminating instantly 30 com-
mercial LEDS under repeated finger imparting connected
in series (Figure 15F) (lightening of LEDs by finger
imparting was shown in video S1). To examine the real-
life feasibility of the fabricated device, power density was
calculated using the formula given below.

_1v

P_AR_L (6)

where V is the output voltage through the load resis-
tance (Ry) and A is the area of the composite film. The
obtained output voltage and power density of
10PALZO-P composite film with different load resistance
were presented in Figure 15D. The output voltage
increased gradually with increasing load resistance and
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reached a maximum value of 26 V across an 8 MQ load
resistance. The maximum output power density of the
10PALZO-P composite film was found to be 159.95
pWem 2 at 8 MQ load resistance. The maximum power
density, as well as generated voltage as obtained from
PZEH, is quite higher than the other previously reported
PVDF-based NG (Table 2). In this context, it is pertinent
to be mentioned here that the output performance of the
fabricated PZEH is quite comparable with other doped
ZnO filler-loaded matrixes (Table S3).

Further, for real-life application, the sensitivity of the
10PALZO-P film was also checked by applying different
types of human body motion. As shown in Figure 16A, a
output voltage of ~2 V was generated for bending of the
device while for walking the output voltage was ~4.5 V.
This result indicated that the device showed sensitivity
for different types of human body motions. Therefore,
this composite can be used as physical activity sensor for
detecting body motions or activities. To check the pres-
sure sensitivity of the 10PALZO-P sample, a rubber ball
of mass 20 g was dropped from 10, 20, and 30 cm heights,
and the corresponding output signals was recorded
respectively, which was shown in Figure 16B. Output
voltage improved with increasing height of ball dropping
which was due to the enhancement of pressure. The out-
put voltage variation with applied pressure was depicted
in Figure S10 with Discussion S7 of SI. This result clearly
indicates that the fabricated device has high sensitivity
and this may be used as a height monitoring sensor too.*®

4 | CONCLUSION

In summary, it can be concluded that AI@ZnO incorpo-
rated PVDF-HFP films were successfully developed using
the simple and cost-effective solvent casting technique.
An increment in electroactive polar phase fraction was
found with the increasing loading of AI@ZnO. An effec-
tive interfacial interaction between filler and the polymer
matrix results in maximum electroactive phase fraction
(F(EA) > 85%) p for 10 wt% Al@ZnO loaded PVDF-HFP
composite. Moreover, a more than two times increase in
dielectric constant (~19) was achieved in comparison to
bare PVDF-HFP (~8). In addition to that, 10PALZO
nanocomposite exhibited a good energy storage density
of 94.1 pJ/cm>. The fabricated piezoelectric energy har-
vesting device using optimized 10PALZO nanocompo-
sites was able to deliver an open circuit output voltage of
~22V under gentle human finger tapping (frequency
4 Hz and pressure ~4 kPa). A further enhancement in
the electrical performance of 10PALZO nanocomposite
was achieved by applying a high electric field
(2.4 MVem ™). Applied electric field results in further
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alignment of polymer chains leading toward an electroac-
tive phase fraction as high as ~91.2%. Though the dielec-
tric constant has been increased slightly after poling
there is a considerable low dielectric loss (0.03). Owing,
to such electrical properties, poled 10PALZO nanocom-
posite exhibited a good energy storage density of 111.2
plem ™ (at 1 Hz). A further increment in open circuit
output voltage to 26 V was obtained from a 10PALZO-P
nanocomposite-based energy harvester under similar
imparting conditions. A high instantaneous power den-
sity of 159.95 yWcm 2 and short circuit current of
~4 pA, enables the NG to be used in real-life applications
such as fast charging of capacitors (2.2 uF up to 1.8 V),
energy generation from human body motion, and power-
ing a panel of commercial LEDs. Furthermore, the piezo-
electric NG has been used efficiently as a height-
monitoring sensor. Thereby, the fabricated flexible piezo-
electric NG can effectively pave the way toward low-cost,
flexible as well as wearable piezoelectric energy harvest-
ing devices.
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