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Energy demand is increasing exponentially nowadays, which is the primary cause of the burning of fossil
fuels, creating enormous amounts of environmental degradation. To arrest this, there is an emerging
need for clean and green technologies. Herein, piezoelectric materials have become a favourite choice
among scientists. Previously, many groups have exploited this fascinating technology by imparting
pressure from different available sources. This article deals with gadolinium (Gd)-incorporated naturally
occurring hematite nanocrystals, which show an efficient piezoelectric effect when incorporated into a
PVDF-HFP polymer. In reality, PVDF-HFP is capable of producing nominal piezoelectric polarization
(40-60% B-polarization), which in our case is found to be around 80.3%. Such elevated polarizability
helps to generate piezoelectric power under water flow or finger tapping. This reported material is not
only flexible and bendable but can also produce maxima of 16.92 V and 0.52 pA instantaneous voltage
and current, respectively, under simple finger tapping, but 8 V under flowing water. Moreover, these
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phenomena have been discussed and analyzed in great depth by involving various characterization tools
such as XRD, FESEM, TEM, FTIR, and zeta potential. This is probably the first time that a rare-earth-
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1. Introduction

The requirements of energy harvesting and harnessing energy
from new and innovative techniques is a blossoming field of
research since energy is indispensable for all aspects of life.
Since conventional energy is highly dependent on non-
renewable fossil fuels like coal, natural gas, and crude oil, their
extensive use has jeopardized their availability in the world,
resulting in increased inflation and skyrocketing fuel prices."?
Moreover, the widespread use of such fossil fuels has also
resulted in problems of global warming and environmental
pollution, eventually upsetting the Earth’s carbon budget.’
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incorporated natural nano-rock mineral has been used to fabricate such a multifunctional device.

Hence, such environmental and economic crises have pushed
the world to opt for alternative, cost-effective sustainable energy
sources feasible for real-life applications.*> Several alternative
techniques for energy production have been implemented,® but
among them, energy harvesting from any vibrational or
mechanical source has gained immense interest’ due to their
better reliability and scalability, sustainable nature, enhanced
energy density, self-powered nature, and facile and economical
fabrication process compared to other methods.**™°
Piezo-responsive materials are the front-runners in this
scenario as energy-harvesting materials, although some of
them require expensive raw materials or generate secondary
pollution.” In the piezoelectric effect, mechanical energy is
converted to electrical energy or vice versa.'>'* Several piezo-
electric materials are used to harvest energy from mechanical
stress, like perovskite, metal oxide nanoparticles, quantum
dots, polymers, etc."*"® Currently, extensive research is devoted
to the development of sustainable, cheaper, and commercially
feasible energy harvesters that can harvest energy from any
mechanical movement.'® Hence, harvesting energy from con-
tinuously available mechanical forces like sea waves, waterfalls,
streams, etc. can not only reduce dependency on non-renewable
resources but also be a futuristic solution to the energy crisis.

This journal is © The Royal Society of Chemistry 2023
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Furthermore, the usage of widely available natural materials for
the development of piezoelectric materials can effectively
reduce production costs. Hence this work aims to develop a
piezoelectric material from cost-effective sources. A self-poled
piezoelectric membrane made of a Gd-incorporated natural
hematite (o-Fe,O3) decorated PVDF-HFP polymer has been
synthesized. This synthesized piezoelectric material is cost-
effective, as the hematite used in this study is naturally formed
and one of the most commonly found iron ores.'” A robust and
flexible membrane made of this material is therefore used to
fabricate an energy harvesting device, which can efficiently
generate a high open circuit output voltage under finger
impression as well as under water flow. Energy production
from an unconventional type of mechanical energy source like
water flow made our fabricated device into a futuristic piezo-
electric energy harvester.

Here the characteristics of this polymer nanocomposite
(hematite NP-based PVDF-HFP membrane) have been studied
by using X-ray diffraction (XRD), a field-effect scanning micro-
scope (FESEM), and Fourier transform infrared spectroscopy
(FTIR). TGA was further employed to determine mass loss over
a range of temperature. The electrical characteristics here
illuminate the degree of piezoelectric polarization and show it
to be a potential piezoelectric material. The piezo-response was
further used to harness electrical energy from mechanical
perturbation. Then the efficiency of the nanocomposite poly-
mer was confirmed through experimental methods, which
show it may be advantageous for future “‘green energy” harvest-
ing applications.

2. Experimental
2.1. Materials

The naturally formed hematite (a-hematite), was obtained from
Bharat Engineering, Kolkata. Gadolinium oxide (Gd,O3) pow-
der, dimethylformamide (DMF) (HPLC grade), and aqueous
ammonia solution (25%) were purchased from Merck, India.
Poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) pel-
lets were purchased from Sigma-Aldrich, Germany. All the
reagents used were of analytical grade. Millipore water with a
resistivity of 18.2 MQ cm was used throughout the experiments.

2.2. Synthesis procedure

2.2.1. Synthesis of Gd-incorporated hematite nano-
particles. The naturally formed natural a-hematite was initially
washed thoroughly with distilled water to remove any debris
present. Then the hematite block was pulverized in a Fritsch
Planetary Mono Mill Pulverisette 6 (100 rpm for 12 h) and the
hematite nanoparticles were collected. The nanoparticles were
well dispersed in distilled water (1 mg mL ") using ultrasonica-
tion for 30 min. Then, 5% (w/w) of gadolinium oxide (Gd,0;)
was incorporated into the hematite nanoparticles by adding the
Gd,O0; into hematite solution, followed by vigorous stirring for
3 h maintaining a pH of 10. The solution was then transferred
into a dust-free, clean Teflon-lined stainless steel autoclave and
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maintained at 160 °C for 6 h. The solution was then centrifuged
at 6000 rpm, and the precipitate obtained was dried in a hot air
oven at 80 °C, collected, and stored for further use.

2.2.2. Preparation of Gd-doped hematite-based PVDF
nanocomposite membranes. The polymer nanocomposite was
fabricated by incorporating 2.5% and 5% Gd-incorporated
hematite into PVDF-HFP. 0.5 mg of PVDF-HFP was put into a
vial and dissolved in 10 mL of DMF and the above-mentioned
percentages of Gd-doped hematite were incorporated into it
and the solution was stirred for 6 h at 60 °C. The solution was
then poured into a clean Petri dish and dried for 8 h at 70 °C.
The 2.5 wt% and 5 wt% Gd-incorporated hematite-based PVDF
membranes are named PVGF2.5 and PVGF5, respectively,
whereas PVGFO is a pure PVDF membrane without any incor-
poration of Gd-incorporated hematite. A schematic representa-
tion of the whole synthesis procedure is depicted in Scheme 1.

2.3. Characterisation techniques

The synthesized nanocomposite membranes were character-
ized by several methods to study their properties. X-ray diffrac-
tion was performed using a Bruker AXS D8 (Wisconsin, USA)
diffractometer to analyze the structural and microstructural
evolutions of the synthesized samples.'® The diffractometer
with a Cu Ko target of 1.5418 A was operated at a current of
35 mA and a voltage of 35 kV, and at a scan rate of 3 s per step.
To investigate the physicochemical properties and the micro-
structural parameters of mechanically ground hematite, Riet-
veld refinement was performed by using the MAUD (Material
Analysis Diffraction) v2.94 software package.'® A standard cif
file (crystallographic information file) for hematite (AMCSD file
no. 1011240) was used for refinement of the experimental
diffractograms. Primarily, the Caglioti PV function and Gaus-
sian broadening were applied for calibration, and background
parameters were also refined. It was found that the experi-
mental diffractogram is well-fitted with promising fitting
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Scheme 1 Schematic representation of the synthesis procedure.
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coefficients over the theoretical data and many microstructural
parameters, including cell dimension, crystal size, and micro-
strain were improved. The VESTA (Visualisation for Electronic
and Structural Analysis) program v3.5.2 was used to visualize
the bonding networks and microstructures of the unit cell. The
X-ray diffraction of the Gd-incorporated hematite-based nano-
composite membrane was also studied. The nanocomposite
membrane shows that the B-phase of PVDF at 20.2° increases
with doping concentration and is found to be a maximum in
PVGF2.5. Fourier transform infrared (FTIR) spectroscopy was
employed for analysis of the bonding network as well as the
B-phase nucleation of the membrane in the wavenumber region
500-4000 ¢cm™*.>° The morphology of the Gd-incorporated
hematite and PVGF0, PVGF2.5, and PVGF5 films was studied
and visualized with an INSPECT F50 field-effect scanning
electron microscope (FESEM) (FEI, Netherlands) at an acceler-
ating voltage of 10-20 kv.>" The film was set on carbon tape and
sputter coated with gold prior to the experiment. Energy-
dispersive X-ray spectroscopy (EDS), with a Supra 55 (ZEISS)
attached to the FESEM, was performed to check the purity by
determining the elemental constituents of the sample. A JEM-
2100 Plus transmission electron microscope (TEM) operating at
200 kv was used to visualize the detailed morphology.>*
To determine the thermodynamic properties and stability,
TGA-DTA analysis®® was performed using a DTG-60H Shimadzu
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at increasing temperature from 10 °C to 150 °C at a heating rate
of 10 °C min~" under a nitrogen atmosphere. The surface
charge of the nanoparticles was determined from zeta potential
analysis using a Malvern 167 Zetasizer. The powdered nanoparticle
sample was well dispersed in distilled water (1 mg mL™") using
ultrasonication for 30 min.

3. Results and discussion
3.1. Physical characterisation

X-ray diffraction was employed to analyse the structural and
microstructural parameters of the synthesized materials.>* The
XRD patterns of the hematite nanoparticles and Gd-
incorporated hematite nanoparticles have been illustrated in
Fig. 1(a and b). It was observed that all the diffraction peaks of
hematite NPs (nanoparticles) are well matched with JCPDS card
no 72-0469. Thus, the absence of any undesirable maxima in
the diffraction pattern confirms the purity of the hematite NPs.
Even after doping with 5% Gd>" the peak positions do not alter,
suggesting successful doping of Gd** ions into the matrix of
hematite NPs.

Cell dimensions of both a and b of 5.034 A and c of 13.745 A
were found from the Rietveld refinement and the unit cell was
visualized with Vesta v3.4.3 (visualization for electronic and
structural analysis) software [Fig. 1(c)]. It was observed that due
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Fig. 1 (a) and (b) Experimental and computed XRD patterns of natural a-hematite and Gd-incorporated a-hematite, respectively. (c) Unit cells of Gd-
incorporated a-hematite. (d) XRD patterns of natural Gd-incorporated a-hematite nanocomposite membranes suggesting that incorporation of
nanocomposite into the polymer matrix enhances the polar phase, finding a maximum in PVGF2.5.
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to the incorporation of Gd*', the microstrain had increased
from 1.3 x 10 to 9.0 x 10™* as Gd*" is larger than Fe®",
creating excessive stress during the substitution of host ions
and thus forming defects in the lattice structure.”>?® Along with
microstrain, it was found that oxygen vacancies had been
created in the doped NPs owing to such cationic substitution.
These alterations in microstrain and oxygen vacancies signifi-
cantly enhanced the physicochemical properties of the doped
NPS.27’28

The XRD diffractograms of Gd-doped hematite-incorporated
PVDF membranes have been depicted in Fig. 1(d). The peaks
at 18.3° and 20.2° represent the non-polar a-phase and polar
B-phase, respectively, of the nanocomposite films.>* The peak
at 20.2° has been enhanced after the incorporation of nano-
composite into the PVDF matrix and was found to be a max-
imum for PVGF2.5. This implies that the incorporation of
nanocomposite in the PVDF matrix enhanced its polar
B-phase. The enhancement of the polar phase in the PVGF2.5
membrane made it suitable for applications that are modulated
by the polarizing effects of membranes, like piezoelectricity.

FESEM and TEM were employed to study the morphological
parameters, particle size, etc.>® The structure of the Gd-doped
hematite displayed a hexagonal structure, as evident from the
TEM micrographs. The size distribution curve was prepared by
employing Image] software to determine the particle size,
which suggests ranges of NPs from 3 to 6 nm, with the median
at 5 nm (Fig. 2b).

The FESEM of the membrane in Fig. 2c illustrates the
smooth and homogeneous surface in the pristine PVDF
(PVGF0) membrane, which becomes rough and spherulite in
nature after doping with Gd-doped hematite NPs. PVGF5
[Fig. 2(e)] shows a more perturbed and rougher surface than
PVGF2.5 [Fig. 2(d)] due to enhancement of the dopant in the
PVDF matrix.>"**> From the spherulite nature of the micro-
graphs, it is evident that B-phase formation in PVGF2.5 and
PVGF5 is due to the interaction between the Gd-doped hematite
and the CH,~-CF, moiety of the PVDF polymer chain.?"*?

Elemental composition analysis was performed with EDS
which depicts the stoichiometric ratio of Fe, O, and Gd in the
doped hematite NPs. It was found that Gd showed 3.25 wt%
instead of 5% doping in the nanocomposite due to improper
attachment of some Gd** ions in the hematite NPs and these
were washed out by centrifugation [Fig. 2(f) and Fig. S4, ESI{].
The nanocomposite was incorporated into the PVDF matrix at
2.5 and 5 wt%. By performing the percentage calculation, it was
found that in the PVGF2.5 membrane, Gd is present at 0.07%
whereas in PVGF5, Gd is present at 0.14%. The mapping data of
PVGF2.5 depicted homogeneous distributions of Fe, O, and
Gd in the PVDF matrix in the proper stoichiometric ratio
[Fig. 2(g-j)]- The C contained in the PVDF membrane is not
found in the mapping data since it was eliminated because of
the use of carbon tape for attachment in the EDS measurement.

The zeta potential was evaluated to understand the surface
charge of the hematite NPs and their modified counterparts.
The naturally formed hematite exhibits a negative surface
charge (—3.75 mV) (S3 in ESI}). Incorporation of a very small

This journal is © The Royal Society of Chemistry 2023
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(d)

Fig. 2 (a) and (b) TEM image and the size distribution curve of Gd-
incorporated a-hematite. (c)—(e) FESEM micrographs of PVGFO, PVGF2.5,
PVGF5. (f) EDX images Gd-incorporated hematite NPs. (g)—(j) Mapping of
the PVGF2.5 membrane suggesting the homogeneous distribution of
doped-Gd-incorporated hematite in the PVDF matrix. The carbon dis-
tribution of the membrane is not shown due to the use of carbon tape
during the EDS mapping measurement.

amount of rare earth metal in its matrix generates stress and
microstrain, as evident from the crystallographic refinement.
Such stress creates oxygen vacancies in the hematite matrix
and creates active sites. The electronegative oxygen vacancies
enhance the surface charge of the nanocomposite to +12.3 mV
[Fig. 3(e)]*"*°

FTIR was employed to determine bonding networks of the
nanocomposite membranes and to confirm the formation of f-
phase nucleation due to doping®® and is depicted in Fig. 3(c).
The absorbance bands observed at 532 cm™" (-CF, bending),
615 cm ™! (-CF, bending), 762 cm " (skeletal bending), and 794
and 976 cm ™' (-CH, rocking) are from the o-phase of PVDF
which is being reduced in PVGF2.5 and PVGF5.?” The peaks at
484 cm™' (-CF, deformation), 510 cm ' (-CF, stretching),
602 cm ' (-CF, wagging), and 841 cm ' (-CF, stretching,
—-CH, rocking and skeletal C-C stretching) are B-phase absor-
bance bands which increase with NP incorporation and are
found to be maxima in PVGF2.5. In the case of PVGF5, the
B-phase is slightly reduced compared to PVGF2.5 but
the percentage of B-phase is more than that in PVGF0.*”"®

1
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(a) Percentage weight losses of nanocomposite membranes. (b) Derivative weight loss of the nanocomposite membranes, suggesting better

stability in doped membranes. (c) FTIR spectroscopy of PVGFO, PVGF2.5, and PVGF5, showing polar phase enhancement after nanocomposite inclusion
into the polymer matrix. (d) Percentage B-phase of samples PVGFO, PVGF2.5, and PVGF5. (e) The zeta potential of Gd-incorporated hematite shows a

high positive surface charge.

The Lambert-Beer law was used to calculate the fraction of
electroactive B-phase according to the relation:

Ap x 100

B ea)

where A, and A are the absorbance intensities of the a-phase at
765 cm ™" and the B-phase at 840 cm ™, respectively, K, and K
are the absorption coefficients (K, = 6.1 x 10* cm® mol " at
765 cm " and Kp = 7.7 x 10* cm® mol " at 845 cm™").** The
percentage of B-phase nucleation developed due to doping with
Gd-doped hematite (Gd-incorporated hematite) into the PVDF
membrane was calculated and found to be highest in PVGF2.5
(80.3%). PVGF0 had the lowest value, ie. 60.8%, and the
fraction of electroactive B-phase for PVGF5 was 71.2%
[Fig. 3(d)], which could be due to an excess amount of doping,

1)
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crossing the critical limit for incorporation of Gd-incorporated
hematite into the membrane.?’ The FTIR spectra of 2.5%
pristine hematite-incorporated PVDF has been depicted in S2
and the percentage B-phase was found to be 73.8%. In reality,
the highly positive surface charge of Gd-incorporated hematite
attracts the negative moiety of the PVDF polymeric chain (-F,)
and enhances the polar phase by flipping the -F, and -H, bond
on the opposite side of the carbon chain of PVDF. After the
incorporation of NPs up to a certain limit, the excess positive
surface charge further reduces the polar phase by attracting the
negative moiety.

To determine the thermal stability of the nanocomposite
membranes, TGA (thermogravimetric analysis) and DTG (deri-
vative thermogravimetric) analysis were performed and the
percentage mass loss of the membranes with varying tempera-
ture was calculated [Fig. 3(a and b)].*® It was found that

This journal is © The Royal Society of Chemistry 2023
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decomposition of the bare PVDF membrane starts close to
about 430 °C, whereas incorporation of Gd-doped hematite
into the PVDF membrane shifts the decomposition tempera-
ture from 430 °C to 475 °C. It is evident that the thermal
stability is enhanced after the incorporation of nanocomposite
into the PVDF matrix. The interaction between the PVDF chain
and the Gd-doped hematite enhances the stability by forming
crosslinks, as well as the greater adhesion between the well-
distributed nanofillers and the PVDF matrix restricting the
movement of the PVDF chain and leading to an enhancement
in thermal stability.*’™** The mass losses of the synthesized
membranes were found to be negligible for PVGF0 at 4.1%,
PVGF2.5 at 3.47%, and PVGF5 at 1.8%, as depicted in Fig. 3(a).
This phenomenon suggests that the membrane can work
efficiently even at a higher temperature.

3.2. Electrical properties and estimation of piezoelectric
coefficients of the membrane

The piezoelectric nature of a sample is highly dependent on its
polarity; hence it is essential to enhance the polar nature of the
sample to achieve better results. For a better understanding of
the successful enhancement of polarizability, the electrical
properties were explored by evaluating the dielectric permittiv-
ity, tangent loss, and storage capacity of the samples.** The
dielectric constant was calculated from the relation containing
a real (¢') part associated with dielectric permittivity, illustrat-
ing the capacity for energy storage due to polarization, and an

imaginary (¢”) part conveying dissipation factor according
to:17:45

e=¢ +j¢’ (2)

where ¢’ is the real part and ¢’ is the imaginary part of the
relative dielectric constant.

The real part, i.e. dielectric permittivity, is calculated from
the following equation:*®

, Cxd

£ (so X A) (3)
where C, d, A, and ¢, denote the specific capacitance, thickness,
area of the sample, and the free space permittivity (8.85 x
100 Fm™).

The powdered hematite NP and Gd-incorporated modified
NPs were compressed into pellets of dimensions 10 mm x
1.7 mm using a hydraulic press. The dielectric permittivity and
tangent loss of the hematite NPs and Gd-incorporated hematite
NPs are depicted in Fig. 4(a) and (c). It can be observed that the
dielectric constants for both samples are high at low frequency
and gradually reduce with an increase in frequency due to
Maxwell-Wagner interfacial polarisation.*” This also shows
good agreement with Koop’s theory.*® Along with this, Gd-
doped hematite NPs were found to have higher values of
dielectric constants than hematite NPs. This is due to the
doping with Gd** that can generate crystal defects which
create imperfections in the alignments of the crystal as the
Gd*" ion is larger than Fe’*, creating stress inside the host
lattice which also shows agreement with the XRD data.>>?’
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Space charge at the interface has formed due to the external
field trapped by the interfacial defects at the grain boundaries,
resulting in a rise in the dielectric constant for the Gd-doped
hematite NPs.>””*° Thus, the dielectric constant and polariza-
tion capability for the doped NPs are greater due to the
generation of defects and oxygen vacancies as well as stress
inside the crystals. The high polarization efficiency of the Gd-
incorporated hematite NPs was further utilized by fabricating
nanocomposite membranes.

The dielectric constants of the nanocomposite membranes
were also measured. Pieces of the three films (PVGF0, PVGF2.5,
PVGFS5) of 1 cm” in size had two aluminium electrodes attached
to form a device to measure the electrical properties of the
membranes. Graphs of the dielectric constants of the three
nanocomposite membranes with frequency are shown in
Fig. 4(b). It is noteworthy that the dielectric constant has
increased due to doping with Gd-doped hematite NPs. PVGF2.5
shows the highest dielectric value of 19 at 40 Hz and the
pristine PVDF membrane has the lowest value of 10 at 40 Hz
[Fig. 4(f)]. The polarization increases due to the doping with
NPs which also causes an enhancement in dielectric phenom-
ena as well as the B-phase of the PVGF2.5 film.>® It was also
noticed that the dielectric constant reduces with an increase in
frequency, which is evidence of Maxwell-Wagner polarisation,
which explains that with high frequency, the dipole cannot
change rapidly causing a reduction in dielectric permittivity.”*
Tangent loss and the ac conductivity with varying frequencies
were also measured. A doped membrane exhibits lower tangent
loss (0.05) than a pure one at a frequency of 40 Hz, as depicted
in Fig. 4(d). The very low tangent loss minimizes energy
dissipation, which is very advantageous for future use.”> The
ac conductivity of the membranes increases with an increase in
frequency, as shown in Fig. 4(e). In reality, the conducting
grains achieve the required amount of activation energy to
become free at higher frequency, enhancing the conductivity
in the higher frequency range.’® The dielectric permittivity data
suggest that the maximum polarization occurs in PVGF2.5. This
result is also analogous to the XRD and FTIR measurements,
which showed that the maximum polarization was achieved in
the 2.5% nanocomposite doped membrane. These high polar-
izing properties meant this self-poled free-standing membrane
was promising for piezo-responsive applications.

The piezoelectric coefficients (ds;) of all the fabricated
membranes were also measured to determine the piezo-
effectiveness.”* The piezoelectric coefficients of the synthesized
membranes were calculated with the following relation:>®

dy; = (%) (4)

where Cp, V, and F are the capacitance of the sample at
minimum frequency, the output voltage, and the applied force,
respectively. A comparative graph of dz; for PVGF0, PVGF2.5,
and PVGFS5 is shown in Fig. 5(a) and it was found that PVGF2.5
has the highest value of d3; (47.32 pC/N), whereas PVGF0 and
PVGF5 have 4.74 pC/N and 27.05 pC/N, respectively, which
confirms the enhancement in polarization as well as the
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suggesting low energy dissipation. (e) Variation of ac conductivities with frequency for the nanocomposite membranes shows maximum conductivity in
PVGF2.5. (f) A comparison of the dielectric constants of samples PVGFO, PVGF2.5, and PVGF5 at 40 Hz.

enhancement in polar B-phase in PVGF2.5. Whereas in the case
of PVGF5, it slightly decreases, which may be due to reaching
the critical limit of dopant, creating a high concentration of
positive surface charge in the PVDF matrix and realignment of
the negative moiety of the polymeric chain, which reduces the
polarization. The piezoelectric coefficients of the membranes
were investigated in a cyclic manner for up to five cycles and are
depicted with their standard deviations in a table in the ESI}
Section S6. All the experimental results are evidence that the

13424 | J Mater. Chem. C, 2023, 11, 13418-13428

PVGF2.5 membrane has high piezo-responsive properties
which can be further used to harvest non-invasive piezoelectric

energy.’®™®

3.3. Piezoelectric energy generation

3.3.1. Fabrication of piezoelectric device. The PVGF2.5
membrane was used for piezoelectric energy generation
because it has the highest piezo-responsive properties among
all the membranes. A 2 cm x 2 cm film was cut and two

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Piezoelectric coefficients of the nanocomposite membranes suggesting that PVGF2.5 possesses the highest d33 value. (b) Real image of the
fabricated device and in the inset the fabricated PVGF2.5 nanocomposite membrane. (c) and (d) Open circuit voltage and short circuit current due to
finger tapping on PVGFO, PVGF2.5 and PVGF5 devices. (e) Piezoelectric voltage generation under different applied forces. (f) and (g) Open circuit voltage
and short circuit current of the PVGF2.5 device under water flow. (h) Performance test of the device over time.

aluminium electrodes with copper wire were attached on
either side of the film to fabricate the device shown in
Fig. 5(b). The entire sandwich device was covered with a PET
(polyethylene terephthalate)-coated jacket to save it from any
kind of damage.

This journal is © The Royal Society of Chemistry 2023

3.3.2. Generation of piezoelectric energy from a nonrenew-
able mechanical energy source. The fabricated device was used
to harvest energy by finger tapping and the open circuit output
voltage was measured using a digital oscilloscope (Agilent
N2862B 10:1 passive probe). The short circuit currents were
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Table 1 Comparative study of piezoelectric energy generation in different studies
S. no. Type of mechanical force Material Output voltage dj; Ref.

1 Applying stress - 500 N Cu-BZT-BCT/PVDF 20.61V 600 pC/N 65

2 Finger tapping Water tapping Bilayered pBT@CNF/PVDF-g-MA nanofibrous membranes 1.2V 2V 27.2 pC/N 66

3 Finger tapping BaTiO;/poly(vinylidene fluoride-trifluoroethylene) 0.6 V 67

4 Repetitive finger tapping Stretchable polymer-modulated PVDF-HFP/TiO, 9.7V 68
nanoparticles

5 Repetitive tapping Water flow P(VDF-TTFE) nanofibers with BaSrTiO; nanoparticles 75V 010V 57.6pmV " 69
(NF-PENG composed of ES-3BST20PNF)

6 Finger tapping GaFeO;-PVDF composites 3V 70

7 Bending BaTiO;/P(VDF-TrFE) 0.45V 40pmvVv’' 71

8 Ball dropping CNT-PVDF 09V 72

9 Finger tapping Water flow Gd-incorporated hematite decorated PVDF membrane 1692V 8V 47.32 pC/N  This work

obtained using a Keithley DAQ6510 multi-meter system. The
open circuit output voltages were found to be around 6.5, 16.92,
and 10.1 V for PVGF0, PVGF2.5, and PVGFS5, respectively. The
short circuit currents were also recorded and found to be 0.14,
0.52, and 0.32 pA, respectively, due to finger tapping with a
tapping force of 13.49 N (S5). Graphs of the instantaneous
voltage and current are shown in Fig. 5(c) and (d), respectively.
The force-varying open circuit voltages were also measured and
it was found that the voltage increases with increasing force on
the device [Fig. 5(e)]. The voltages were found to be 5.6 V,
11.07 V, 16.92 V, and 20.44 V at forces of 7, 10, 13, and 16 N,
respectively. It was found that under a constant mechanical
force, the voltage and current generation are at their maximum
in PVGF2.5, which is in good agreement with the experimental
evidence from XRD, FTIR, D.C., and d;; measurements. The
instantaneous power density was calculated from the following
relation:*!

IxV

P= (5)
where I and V are the instantaneous current and voltage, and v
is the volume (2 x 2 x 0.01 em®) of the PVGF2.5 membrane
utilized for fabrication of the device. The calculated power
density was found to be 232.38 uW cm > for PVGF2.5 at a force
of 13.49 N.

Besides finger tapping, the device can also harvest energy
from water flow and it was found that the open circuit voltage
during the flow of water was 8 V and its graph has been
depicted in Fig. 5(f). The corresponding short circuit current
due to the flow of water was found to be around 0.2 pA
[Fig. 5(2)]- The experimental setup and energy generation by
water flow have been depicted in a video in the ESI} Section of
this paper S8. Herein, tap water with a TDS (total dissolved
solids) value of 162 ppm was taken as the water source and
generated the water flow by means of a simple overhead stirrer.
A water-quality-dependent study was illustrated in recent work
from our group. Basically, the TDS of water plays a pivotal role
in water-flow-based energy generation. Water with more TDS
applied more force on the device because of the solids dissolved
in it and the voltage was also enhanced.*®

3.3.3. Mechanisms behind the piezoelectric energy genera-
tion. Piezoelectric energy generation occurs due to dipolar
polarisation, which can be the main reason for harvesting

13426 | J Mater. Chem. C, 2023, 11, 13418-13428

energy by external stimuli.®® Under an applied mechanical
force, the orientation of the polar atomic groups with the
asymmetric carbon is altered, which causes an enhancement
in the p-phase in the membrane.®! Thus, dipolar polarisation
occurs in the membrane of the device and these polarisations
create a separation of charges which accumulate toward oppo-
site surfaces of the membrane. The opposite charges move
towards the opposite electrode and develop potential differ-
ences between the electrodes.®® Hence, the electrons start to
flow through the external circuit under the stimulus and a
voltage and current are developed across the external circuit.®?
When the applied force is removed, the electrons start to flow
in the opposite direction and a negative peak is obtained.®* In
the case of water flow, the flow of water acts like an external
stimulus that instigates the charge separation procedure and
thus the generation of piezoelectric energy can take place.

3.3.4. Figures of merit of the membrane/device. The
PVGF2.5 membrane that was used to fabricate the device has
enormous advantages. It has quite good flexibility, thermal
stability, and a water-resistive nature along with biocompat-
ibility. The flexibility of the membrane is shown in Fig. 5(b-
inset) whereas Fig. 3(a and b) confirm its thermal stability up to
475 °C where mass loss has been found to be very negligible in
the case of a doped PVDF membrane compared to PVGFO.
Another exciting factor of this study is the use of water flow as
mechanical energy for conversion into electrical energy. The
recyclability of the device was also investigated and it was found
that after 30 days it does not alter in effectiveness [Fig. 5(h)]. A
comparison with recent work on piezoelectric generation using
various mechanical forces has been highlighted in Table 1. In
our case, the output voltage under water flow is nearly 8 V and
that due to finger tapping it is 16.92 V.

4. Conclusions

This article reports the successful synthesis procedure of
Gd-incorporated natural hematite in nano form and also the
incorporation of these nanoparticles into a polymeric matrix to
fabricate flexible membranes. The incorporation of a rare earth
element (Gd>") into the a-Fe,0j; structure greatly influences the
microstrain, which ultimately enhances the polarisability.
Moreover, doping of the Gd-loaded hematite in the PVDF-HFP
matrix enhances the B-phase of the film, as established from

This journal is © The Royal Society of Chemistry 2023
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the FTIR, dielectric, and ds; studies. The nanoparticle loading also
improves the stability of the membrane, making it suitable for
commercial use. A solid-state device fabricated from the flexible
membrane is capable of generating piezoelectric energy from finger
tapping as well as water flow. It is recorded that the voltage
generated due to finger tapping is 16.92 V and the current is 0.52
pA and hence the power density is 232.38 UW cm °. Another
interesting finding of this article is that the device reported herein
can also harvest piezoelectric energy from water flow like a non-
invasive stimulus. Thus, a reusable, robust, free-standing, cost-
effective device can be useful for harvesting energy from naturally
flowing water sources, cutting down dependency on conventional
energy sources. From the flow of water, it has generated a voltage of
8 V and a current of 0.2 pA which are quite high and thus it could
be a sustainable and futuristic solution to eliminate the energy
crisis for growing industrialization and modernization.
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