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ABSTRACT: Herein, we have successfully designed two ecofriendly, _ 08m . 4
biocompatible, and cost-effective devices, i.e.,, a piezoelectric nano- N, TorAs electrode %,
generator (PENG) and a self-charged photo-power cell (PPC) by

developing a multifunctional cetyltrimethylammonium bromide
(CTAB) modified montmorillonite (MMT) incorporated poly-
(vinylidene fluoride) (PVDF) thin film with large electroactive f
crystallites and dielectric properties. Incorporation of CTAB modified
MMT in PVDF leads to nucleation of piezoelectric  crystallite (F(f3))
~ 91% as well as the dielectric constant ~48 at 3 mass % doping of
CTAB-MMT. The enrichment of the electroactive f phase crystal-
lization and high dielectric constant pilot to a good piezoelectricity (ds3)
~ 62.5 pC/N at 50 Hz of the thin film. Our CTAB-MMT/PVDF based
PENG (CMPENG) with superior piezoelectricity shows high output
power generation with power density ~ 50.72 mW/cm® under periodic
finger impartation and having the ability to charge a 1 yF capacitor up to 2.4 V within 14 s under gentle finger impartation.
CMPENG also have the potential to glow up commercially available 26 blue light-emitting diodes (LEDs) connected in series.
The self-charged PPC has been designed with the thin film in association with MnO,-MWNT/PVP/H;PO,. Our PPC is able to
generate supercilious output voltage ~ 1.38 V and short circuit current ~ 3.7 mA/cm*under light illumination with specific areal
capacitance and energy storage efficiency of ~1501 F/m” and ~93%, respectively. The realistic application of our PPC is
investigated by lighting 24 blue LEDs for 7 days with the same intensity by charging the device once for S0 s.
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B INTRODUCTION Recently, energy harvesting from our living systems such as
Increase of energy expenditure of our modern societies and the mechanical energy linked with human movement, air flow, and
depletion of traditional fossil fuels such as coal, petroleum, and sea waves, etc., and solar energy along with storage in the same
so on have polarized the scientific community with deep unit are highly appreciated by scientists and engineers due to
concern about the development of novel energy harvesting its environmentally friendly nature and cost-effectiveness.* >
materials as well as simple techniques to design highly efficient Energy harvesting and its storage have two different issues.

energy generating and storage devices to exploit sustainable
and green energy for miniaturization and multifunctionaliza-
tion in electronics industry. Our daily life is being surrounded
by various types of multifunctional modish electronic gadgets
such as mobile phones, tablets, laptops, and sensors, etc., which

Designing of a portable hybrid device by integrating an energy
conversion and storage part in a single unit with superior
performances is not only very promising but also very

challenging.””"* Though few such types of hybrid systems

are driven by conventional electrochemical or lithium ion have been reported previously, development of highly efficient
batteries for a long time period.'*
Now it is the time to minimize use of power consumption Received: October 3, 2018
from traditional resources of energy, which are associated with Revised:  January 30, 2019
environmental pollutions and global warming issues.' " Published: February 12, 2019
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Figure 1. Schematic diagram of the fabricated (a) CMPENG and (b) self-chargedPPC. (c, d) Digital images and photography of the flexibility test

of CMPENG. (e, f) Digital photographs of PPC for both side.

integrated devices is still far away for direct practical utilization
in our daily portable gadgets.”"'*"?

Scientists have developed a promising energy harvesting
technique for converting direct mechanical energy to electrical
energy via piezoelectric response by piezoelectric nano-
generators (PENGs).'*™'® Traditional piezoelectric materials
or ceramics such as PZT, ZnSnO,;, PMN—PT, BaTiO,, ZnO,
and (Na,K)-NbO; have been studied widely for developing the
PENGs. There are some limitations of those types of materials
for versatile utilization due to their high weight and
nonflexibility.*'*~'? Recently, electroactive poly(vinylidene
fluoride) (PVDF) and its copolymers have emerged as a
most promising material for designing flexible, lightweight,
cost-effective, and environmentally friendly PENGs."'**°

Also high dielectric PVDF and PVDF based nanocomposites
(NCs) have the ability to store electrical energy.”'” A PVDF
based sophisticated self-charged power cell might be designed
by proper techniques and choosing genuine materials. A self-
charged photo-power cell is a new concept of such a self-
charged power cell for portable energy demands of electronic
applications.”>"” Integration of solar cells, i.e, photovoltaic
cells along with a supercapacitor or lithium ion cells, are
carried out by some scientists and engineers.”' ~>* The overall
performances and storage ability of such hybrid cells are
converged as the integration between the energy harvester part
and the storage part is carried out through external circuits
which enhanced the overall resistances and sunlight illumina-
tion. These shortcomings may be overcome by proper design
of a two electrode self-charged photo-power system where
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energy creation and storage occur in same unit. A photo-
supercapacitor was previously reported by Wee et al.,, where an
organic photovoltaic (OPV) was integrated with carbon
nanotube (CNT) in one unit.”’ PVDF based photovoltaic
cells with energy storage function also reported by Zhang et al.
(energy density (E) = 1.4 mWh kg™').”’

PVDF is a semicrystalline electroactive plastic polymers
having five different polymorphs, a, j, 7, 5, and &, on the basis
of bond orientation of -CH, and -CF, dipoles. Here, the
thermodynamically highly stable nature of the nonpolar o
crystalline phase (TGTG’' dihedral conformation) directly
formed through the melting process. The y-phase having
TTTGTTTG' conformation gives average piezoelectricity due
to its polar nature. Among the polar f, y, and 6 forms of PVDF,
the all-trans (TTTT) conformation of the polar B-crystalline
phase results in optimum maximum piezoelectric, pyroelectric,
ferroelectric, and dielectric properties with promising elastic
strength.4’30‘31

Thus, a simple, low cost technique is required to improve
the electroactive f-phase formation as well as the dielectric
properties of PVDF for applying in the field of energy
harvesting unit and energy storage systems. The traditional
procedure to nucleate f-polymorph in PVDEF is “poling” by the
external electric field and mechanical stretching on a-
PVDE.*>**Apart from these processes self-poled electroactive
B-PVDFE has also been achieved via impregnation of the
polymer matrix with different kinds of nano-/microfillers such
as metal nanoparticles (NPs),”* metal oxide NPs,*>~*” ceramic
NPs,*® metal salts,""**”*' carbon nanotube,* organic
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molecule,”"*and clays,”~*" etc. Proper choice of fillers and

their homogeneous incorporation into PVDF not only improve
the nucleation of f-crystals but also enhance the dielectric
properties due to enhancement of electric dipoles via large
interfacial polarization. Developed high dielectric and electro-
active f-phase enriched PVDF have the potential to design
optimized PENGs as well as multifunctional hybrid devices
such as a photopower bank which is able to harvest and reserve
the electrical energy in the same unit. Though numerous
studies on MMT doped PVDF composites were carried out
regarding their electroactive phase nucleation behavior in
PVDE, dielectric, filtration, and thermal prop<>.rties.44_47
Nevertheless, no such study henceforth has been carried out
using cetyltrimethylammonium bromide (CTAB) modified
MMT as a dopant assisting in the B-phase crystallization as
well as improvement of dielectric properties of PVDF. Here
CTAB has been used to modify the MMT surface so that we
can achieve well and homogeneous dispersion of CTAB-MMT
in PVDF matrix to ensure intimate interaction and binding
between the PVDF chains and MMT sheets through CTAB
molecules. Intimate interaction and binding between the
CTAB-MMT and PVDF chains lead to alignment of the
polymer chains in all-trans conformation (TTTT), ie.
nucleation of the electroactive f phase as well as the dielectric
property through interfacial polarization effect.

Thus, we have successfully developed electroactive p-
crystallite prosperous and improved dielectric PVDF compo-
site films via incorporation of CTAB-MMT via simple solution
casting procedure. Thereafter, a prototype PENG (named as
CMPENG) and a self-charged photo-power cell (named as
PPC) have been demonstrated using the optimized CTAB-
MMT/PVDEFE film for energy harvesting and storage,
respectively. MnO,-MWCNT/PVP/H;PO, composite thin
film has been used as the light absorbing and electron
generation part in the PPC. The devices show excellent output
characteristics and durability over a long period with promising
practical application possibilities in portable and large scale
areas of electronic gadgets.

B EXPERIMENTAL SECTION

Synthesis of PCM Composite Thin Films. CTAB-MMT(CM)/
PVDF composite thin films are prepared via simple solution casting
method. Herein S mass % PVDF (Aldrich, Germany; M,, = 275000
GPC; M, = 110 000) solution (prepared by mixing 250 mg of PVDF
in S mL of dimethyl sulfoxide (DMSO; Merck India) stirred at 60 °C
for 2 h) was added with CTAB-MMT (1, 2, 3, 4, and 5 mass %).
Then the mixture was vigorously stirred for 6 h at 60 °C followed by
ultrasonication (30 min) for obtaining homogeneous mixture. Then
the mixture was casted in clean Petri dishes and dried at 80 °C for 12
h to obtain composite films by complete vaporization of DMSO. Pure
PVDF thin film was also prepared keeping the same condition without
mixing any dopant. Finally we obtained the composite films named as
PCM1, PCM2, PCM3, PCM4, and PCMS, which contained 1, 2, 3, 4,
and S mass % CM content in PVDF matrix, respectively.

CMPENG Fabrication. The CMPENG was designed with PCM3
thin film with dimensions ~0.8 cm X 0.8 cm X 24 um. Silver
electrodes of thickness 6 ym were pasted on both surfaces of the film,
and Cu wires were extended out from both electrodes. Finally, the
whole system was sealed with poly(ethylene terephthalate) (PET),
keeping outside the end of the two Cu wires for measuring the output
characteristics of our designed CMPENG (Figure 1a,d).

PPC Fabrication. Initially, SO mg of MnO,-MWCNT (see
Supporting Information for detailed preparation process) and S00
uL of o-phosphoric acid (H;PO,; Merck India) were added to
previously prepared 10% poly(vinylpyrrolidone) (PVP; Loba
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Chemie) solution in water. Then the entire mixture was stirred for
1 h at room temperature to obtain a homogeneous mixture. This
mixture has been deposited on FTO coated glass and dried at 60 °C
until a sticky layer has been obtained. Then the counter electrode (Al
foil) of dimensions ~ (0.3 cm X 0.3 cm X 24 ym) containing pure
PVDF or PCM3 thin film was introduced on the sticky layer and dried
at 60 °C for 30 min for proper adjoining and complete vaporization of
water. Two copper wires were connected to two terminals of the
device; i.e.. one was connected with FTO and another with aluminum
foil to check the performances of our self-charged PPC (Figure le,f).

Characterization Technique. The surface morphology and
microstructures of the sheet type MMT into the polymer matrix
were observed by a field emission scanning electron microscope
(FESEM; INSPECT F50, The Netherlands).

The nucleations of the electroactive f phase in the samples were
investigated using an X-ray diffractometer (Model-D8, Bruker AXS
Inc., Madison, WI, USA) at room temperature with operating voltage
of 35 kV and current 35 mA with a scan speed of 0.3 s/step and with
20 range from 15° to 35° using Cu Ko radiation.

Then the effects of CM on f-phase nucleation in the samples were
further characterized using Fourier transform infrared spectroscopy
(FTIR 8400S, Shimadzu). Here to obtain the absorbance of IR
spectroscopy, the wavenumber range was set from 400 to 1100 cm™,
keeping resolution at 4 cm™" and scanning each sample for SO times.
From the IR spectra of each sample the fraction of f-phase content
(F(p)) was calculated following the Lambert—Beer law:

Fp) = it

Ky
X, A, +A/} (1)

where A; and A, are the absorbances at 840 and 764 cm™,
respectively, and Kj (7.7 X 10* cm? mol™) and K, (6.1 X 10* cm?
mol™") represent the absorption coefficients of those wavenumbers,
respectively.'>"*

The dielectric behavior of the samples was studied using a digital
LCR meter (Agilent, E4980A) for the frequency range from 20 Hz to
2 MHz and applying 1 V signal between two surfaces of the sample
using a sample holder containing circular Ag electrodes under
ambient conditions. Using eqs 2 and 3, the dielectric constant (k) and
ac conductivity (o,.) were estimated respectively,

k= Cd/e,A ()

0,. = weyk tan &

()

Here, C, d, A, &;, and @ represent the capacitance, thickness, area of
the samples, free space permittivity, and angular frequency applied
between two surfaces of the films, respectively.

The output characteristics of our PPC were investigated with the
help of a digital multimeter (Agilent U1252A) and an electrometer
(Keysight- B2985A). The performance of CMPENG is measured by a
digital storage oscilloscope (Keysight, Oscilloscope DSO-X 3012A).

B RESULTS AND DISCUSSION

The multifunctional PCM film has been utilized successfully to
design two devices CMPENG and self-charged PPC
(fabrication process detailed in CMPENG Fabrication and
PPC Fabrication, respectively). Schematic diagrams of the two
device are demonstrated in Figure la,b, respectively.

Here we utilize CM loaded PVDF composite (PCM) film
for realistic multifunctional applications. First, we have
optimized the multifunctional CM assisted electroactive and
high dielectric PVDF film via proper characterization and
choose the best prospectus for designing the devices. CM
loaded PVDF thin film is the origin of piezoelectricity of the
nanogenerator which responds under touching and converts
mechanical energy into electrical energy. In a photovoltaic self-

DOI: 10.1021/acssuschemeng.8b05080
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charging power bank, the high dielectric and electroactive
PCM thin film acts as a storage part.

Characterization for Device of CM Modified PVDF
Thin Films. Surface Morphology and Microstructure
Analysis. Figure 2 represents the microstructure and surface

Figure 2. (a) FESEM micrograph of pure PVDF. (b—f) Surface
morphology of the CM assisted PVDF composite thin film. (g—1)
Formation spherulites in pure PVDF and the CM loaded PVDF
samples.

morphology of pure PVDF and CM modified PVDF thin films.
Uniform distribution and strong interaction of the MMT
sheets into the polymer matrix can be described in the FESEM
images (Figure 2b—f). Panels g—I of Figure 2 represent the
different morphological changes, i.e., formation of domains in
the pure PVDF and CM doped PVDF films (see the
Supporting Information). FESEM image of pure PVDF
shows formation of domains with diameter ~ 50—60 pm
(Figure 2g), whereas for PCM1, PCM2 and PCM3 samples
formation of smoothened uniform spherulites with smaller
diameter ~ 5 pm are clearly observed (Figure 2h—j). The
formation of small spherical domains with clear boundary and
enhanced smoothness is attributed to formation of electro-
active f3 crystallites.”” But for higher CM doping, i.e,, PCM4
and PCMS samples, the spherulites are not grown properly and
the smoothness of the spherulites are decreased indicating
reduction of /3 crystal nucleation in the samples (Figure 2k]1).?

X-ray Diffraction Analysis. Electroactive f-phase formation
into the polymer matrix have been studied by the X-ray
diffraction pattern. Figure 3a represents the XRD pattern of
pure PVDF and CM modified PVDF films.

For pure PVDF, XRD patterns show peaks at 20 = 17.6°
(100), 18.3° (020), 19.9° (021), and 26.6° ((201), (310));-
which refer to the presence of nonpolar a-phase. After addition
of CM into the polymer matrix, the characteristic peak of
electroactive f-phase appear prominently at 20.6°((110),
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(200)) vanishing all peaks corresponding to « phase in
composite samples. Also a small diffraction peak is observed at
36.8° ((020), (100)) for PCM3 and PCM4 sample which is
also due to electroactive S-phase.”'***These indicate that the
crystallization of f-phase is accelerated due to catalytic effect of
CM. Closer investigation indicates that the intensity of main f-
phase peak at 20 = 20.6° increases with increasing mass % CM
and maximized for 3 mass % loading of CM. A qualitative idea
about the amount of f-phase and a-phase content may be
obtained by calculating the ratio of the intensity I,y4 and I ;g3
shown in Figure 3b. The ratio of the intensity I,y 4 and I ;g has
been found for the PCM3 film indicating formation of
maximum £ phase at that concentration.

Fourier Transform Infrared Spectroscopy. Electroactive -
phase nucleation in the PCM samples have further been
confirmed by the FTIR spectroscopy shown in Figure 3c. The
IR spectrum of pure PVDF represents absorbance peaks at 487
cm™' (wagging of CF2 bond), 531 cm™ (CF2 bonds
bending), 616 and 764 cm™' (CF2 skeletal bending), 796
and 976 cm™' (CH2 rocking) indicating the presence of
nonpolar a-crystallite. After incorporation of CM into the
PVDF matrix, all the absorbance peaks associated with a-phase
are diminished and the absorbance peaks appear at 479 cm™
(CF, deformation), 510 cm™' (CF, stretching), 600 cm™
(CF, wagging), and 840 cm™ (CF, stretching, CH, rocking,
skeletal C—C) indicating the electroactive f-phase nucleation
in PCM thin films.”'>* With increasing the amount of CM
into the polymer matrix, the intensity of the main S-phase peak
at 840 cm ™! increases to PCM3 due to catalytic activity of the
CM particles which is compatible with X-ray diffraction
analysis. Further doping of CM in PVDF (ie, PCM4 and
PCMS) confines the free movement of the chains of the
polymer and the nucleation of electroactive f polymorph in
the PCM4 and PCMS samples as the nucleation points
increases so many that the  spherulites cannot be developed
properly. Thus, #-phase nucleation is reduced at higher doping
of the CM which is also confirmed by FESEM image shown in
Supporting Information (Figure S6).

Furthermore, F(f) in the samples has been calculated using
eq 1. The histograms of F(f) with the varying mass content of
CM into the PVDF matrix are shown in Figure 3d. The
obtained maximum £ phase content is~ 91% for PCM3.

The formation of B-phase crystallization has been justified
very clearly by FESEM, XRD, and FTIR data. The driving
factor for f phase transformation in CM loaded PVDF matrix
may be the outcome of well interaction between the — CH,/
CF, dipoles of PVDF chains and charged surfaces of CM
sheets resulting in longer polymer chain of all-trans
conformation, i.e, TTTT conﬁguration.4’30

Dielectric Behavior Analysis. The dielectric properties, i.e.,
dielectric constant, tangent loss, and conductivity of the pure
PVDF and CM assisted PVDF composite films, have been
investigated with varying the CM mass percent into the
polymer matrix and frequency under the ambient condition.
Panels a and b Figure 4 represent the frequency dependency of
dielectric constant and tangent loss in the range from 20 Hz to
2 MHz. With increasing frequency, the dielectric constant and
tangent loss have been decreased for all films. Confinement of
the movement of the dipoles with increasing frequency reduces
the net Maxwell-Wagner—Sillars (MWS) interfacial polar-
ization as dielectric constant. At the lower frequency range the
dipoles are able to follow the externally applied ac electric field,
whereas the movements of the dipoles are restricted at the
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ACS Sustainable Chem. Eng. 2019, 7, 4801—4813


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05080/suppl_file/sc8b05080_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05080/suppl_file/sc8b05080_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.8b05080

ACS Sustainable Chemistry & Engineering

Research Article

PCM&

PCM2

Intensity (a.u.)

20

PCM3,
PCM4
8 pcuz/\
-]
= PCM1
= A
g A PCM5
&
-
24
A PVOF
04—

v 0o 1 2 3 4 5
® 20 (Deg?ge} % d CM content (mass %)
() (d)
100
;? %‘.‘5",‘ é i « 00 PCM2 Pcf.m FCW‘ PCMS5
o s i : LN —A
L ~ 80
o=
3 <7
5 <
iR 60
o T — : 50
0 il
A 40
<A N . el

600 750 900
Wavenumber (cm™)

450

1050

0 1 2 3 4 5
CM content (mass %)

Figure 3. (a) XRD pattern of pure PVDF and PCM composite thin films (PCM1, PCM2, PCM3, PCM4, and PCMS). (C) Ratio of L,y and I g3 of
the samples measured from XRD spectra. (c) FTIR spectra of pure PVDF and CTAB-MMT/PDVF composite thin films. (d) S-phase content of

the samples calculated from FTIR spectra.

10

Dielectric
=

(=]

2 3 4 5
CM content (mass %)

(b ?.-‘.

« PVDF
1241 « PCM1
1.0 : + PCM2

N + PCM3
to 0.84 ni% « PCV4
cos] HE » PCM5|
g0 W, +PEN

0.4 B
02] “na .:lx,
0.0} o ﬁt:w-l‘-'
10 10° 10° 10° 10° 10°
(d) Frequency (Hz)
-3
,__10 « PVDF
4 -
o] rom P
2107} ; o P
= 5 : 23 -
-E 1 06] PCM! E ':ﬂé ‘#
Q0T ;ﬂ-*.:
310 | gt
510-51 -43':"
P l"ﬂ.
8107
10 10 10°  10° 10° 10°
Frequency (Hz)

Figure 4. (a, b) Variation of dielectric constant and tangent loss of unblended PVDF and PCM thin films with frequency. (c) CTAB-MMT content
dependent dielectric constant and tangent loss. (d) Frequency dependent ac conductivity of unblended PVDF and PCM thin films.

higher frequency region. Thus, the dipoles lag behind the
electric field and lead to decrease in dielectric constant with
increasing frequency.4’14’48

With increasing the doping concentration of CM into the
polymer matrix, the dielectric value as well as tangent value
also increases (Figure 4c). The maximum dielectric constant ~
48 (where for unblended PVDF, the value of dielectric
constant is just ~9) with very low tangent loss 1.22 has been
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obtained for 3 mass % doping of CM in PVDF at the frequency
20 Hz. Introduction of the CTAB-MMT in PVDF matrix leads
to alignment of the polymer chains in all-trans conformation
(TTTT), i.e., nucleation of electroactive § phase, and enhances
the interfacial areas and the dipoles in the composite samples,
which leads to improvement of dielectric property through
interfacial polarization effect, i.e, MWS interfacial polarization
effect. The charge accumulation at the interfaces between the

DOI: 10.1021/acssuschemeng.8b05080
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Figure S. (a—c) Open circuit voltage (V,,.), magnified view of V,, and short circuit current (I,.) of CMPENG under repetitive finger impartation.
(d) Frequency dependent output voltage and power density of CMPENG under constant force.

CM sheets and PVDF matrix and formation of f-phase content
through electrostatic interaction between the CM sheets and
polymer chains have increased with increasing CM concen-
tration and maximized at 3 mass % of CM doping in PVDF
(Figure 2 and Figure 3). Consequently, the interfacial
polarization via MWS effect has been maximized upon
reaching the percolation threshold value of the dopant, i.e.,
at 3 mass % doping of CM in PVDF, which results maximum
dielectric value (~48) in the PCM3 sample. Further loading of
the CM sheets leads to agglomeration and decreases the
interfacial surfaces between the CM sheets and the PVDF
matrix as well as reduction in f-phase nucleation (Figure 2 and
Figure 3). So, the dielectric value is reduced for higher
concentration, ie., for PCM4 and PCMS. Figure 4d
demonstrates the variation of ac conductivity in the frequency
range from 20 Hz to 2 MHz. ac conductivity increases with the
increasing frequency due to MWS effect between the interface
of CM sheets and polymer matrix, ' **>4"4%

Thus, we have successfully achieved our optimized multi-
functional sample named as PCM3 with highest electroactive
P-phase content and dielectric value. The piezoelectric
coefficient (dy;) value of PCM3 is measured to be ~62.5
pC/N at 50 Hz by Piezotest, PM300. This PCM3 thin film has
been used for fabricating our two prototype devices.

Performances and Mechanism of CMPENG. Designing
of CMPENG with the highest electroactive PCM3 film has
been detailed in Experimental Section “CMPENG Fabrica-
tion”. Under the application of periodic force via finger
touching (force ~ 12 N), our prototype CMPENG generates
excellent output characteristics, i.e., open circuit voltage (V,.),
the short circuit current (I.), and the superior power density
shown in Figure 5. The CMPENG successfully produces
superior power density ~ 50.72 mW/cm?® with V. ~ 41 V and
I. ~ 1.9 pA under finger impartation (~12 N) illustrated in
Figure Sa,c, respectively. The frequency dependent output
characteristics, i.e., V.. and power densities, have been
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demonstrated under constant force and shown in Figure
Sd,e, respectively. The output piezoelectric voltage becomes
maximum at 5 Hz, which may be due to the enhancement of
current with better impedance matching in the measured
system. At higher imparting frequency the restoring of the
CMPENG to its original state may be restricted and the
impedance of the system might be mismatched, which lead to a
decrease in output Voltage.4’49To check the longevity, the
output performances of our CMPENG are observed for 10
weeks (one cycle of 400 s per week). The output performance
remains almost the same for a long period of 70 days. (See
Figure S4 in the Supporting Information.)

To explore the superior performances and stability of our
CMPENG in realistic utilization, the capability of the device is
investigated by charging a capacitor and glowing up
commercially available light-emitting diodes (LEDs). The
superiority of our device is examined by charging a capacitor
(1 uF) under repetitive finger touching, which is connected
through a four probe bridge rectifier circuit shown in Figure 6a.
Our CMPENG is capable of charging the capacitor up to ~2.4
V in 14 s under cyclic finger impartation. The typical charging
pattern of the capacitor is similar to the exponential curve
shown in Figure 6b. Instantaneous mechanical energy to
electrical energy conversion efficiency () ~ 60.2% has been
calculated in the capacitor charging process (see Table S1 of
the Supporting Information for calculation). The comparative
study of output characteristics and mechanical to electrical
energy conversion efficiency of our CMPENG have been
executed with previously reported PENGs and shown in
Tables S2, S3, and S4 (see the Supporting Information). The
comparative study implies the superiority of our CMPENG
over other previously reported PENGs elsewhere. The ability
of fast charging phenomenon of our talented device may be
proposed for the direct application probabilities such as touch
sensor, mobile charging under just finger touching. Our
CMPENG is also able to light up 26 blue LEDs (connected in
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Figure 6. (a) Schematic diagram of capacitor charging circuit. (b) Capacitor charging (voltage vs time) graph by using CMPENG under repetitive
finger impartation. (c) Snapshot of glowing blue LEDs driven by CMPENG. (d) Schematic representation of working mechanism of our

CMPENG via piezoelectric effect under repetitive finger impartation.

series) under periodic finger impartation and relaxation (see
Figure 6¢ and Video S1).

Further we have checked the piezoelectric output data in
bending mode as well as connecting in reverse mode to clarify
the triboelectric effect. The output data in bending mode are
found to be very small, ~60 mV (peak to peak voltage),
proving the negligible contribution to the obtained output data
by triboelectric effect. The output characteristics in reverse
connection mode are just similar to the piezoelectric data
obtained in direct connection mode (Videos S3 and S4). Also
the output voltage is well consistent with the piezoelectric
coefficient value which is compared in the Supporting
Information. Thus, the triboelectric contribution to piezo-
electric output data is very negligible. Figure 6d illustrates the
possible mechanism of generation of electrical energy under
repetitive finger impartation and relaxation. The generation of
electric voltage under mechanical force can be explained by the
piezoelectric effect due to polar dipoles present in the PCM3
sample. The electrostatic interaction between the CM sheets
and the -CH,/CF,dipoles of PVDF induces self-polarization
and the alignment of polymer chains in all-trans configuration
which leads to electroactive # phase formation in the polymer
matrix. This self-polarization effect activates the piezoelectric
voltage generation. The dipole movement through the crystal
lattice as well as redistribution and displacement of the dipoles
in the self-poled polymer matrix under external force by finger
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impartation lead to development piezoelectric voltage.”' " In

addition, when an external force is applied, the alignment of
dipoles into the crystal along the applied mechanical stress has
also triggered induced polarization without any type of external
bias field. The rising of self-polarization effect of piezoelectric
material due to combination of induced surface charge
polarization and stress drives the excellent output performance.
When a vertical compression is applied on our CMPENG, the
top electrode has acquired positive polarization charge and at
the same time the same amount of negative charge has been
induced at the bottom electrode (Figure 6d). In this way a
piezoelectric potential difference which has been produced
between top and bottom electrode drives electron flows from
one electrode to the top electrode through an external load
without any external biasing. After withdrawal of compression,
the dipoles immediately return back to their initial state by
diminishing the piezoelectric potential sharply and an opposite
electrical signal is produced due to opposite flow and
accumulation of electrons via the external load.'**°
Performances and Proposed Working Mechanism of
Self-Charged PPC. The high dielectric PCM3 film has been
utilized as a storage unit for designing our highly eflicient
portable simplistic two electrode self-charged PPC. Our PPC
has a solar energy to electrical energy converting part, i.e.,
MnO,-MWCNT/PVP/H;PO, film. The converted electrical
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Figure 7. -V curves of PPC with (a) PCM3 thin film and (b) pure PVDF. (c, d) Self-charging and spontaneous discharging curves of PPC with
PCM3 and pure PVDF film under light illumination and dark condition, respectively. (e, f) Self-charging and discharging curves with constant
discharge current density. (g) Specific areal capacitance vs current density graph. (h, i) Self-charging and discharging performances over S0 cycles
and magnified view of first, 15th, 35th, and SO0th cycles of the PPC with PMC3 films.

energy is effectively stored into the PCM3 thin film in a single
unit (Figure 1b).

Panels a and b Figure 7 represent the photocharacteristics,
i.e., current density (J) vs voltage (V) and power (P) vs voltage
(V) of our PPC containing pure PVDF and PCM3 films,
respectively. The data are collected under illumination
intensity (P,,) ~ 110 mW/cm® by a 40 W tungsten bulb
having UV and IR blocking filters. Though highly efficient two
electrode hybrid cell fabrication is more challenging as the
presence of energy storage part reduces the energy conversion
efficiency (Weonversion)-Our PPC with PCM3 film shows good
Vo ~ 1.38 V, J,. ~ 3.7 mA/cm?, and fill factor (FF) ~ 0.60
with energy conversion efficiency (conyersion) ~ 2-80%, which is
many times greater than the PPC with pure PVDF shown in
Table S5 (see the Supporting Information). The FF and
Heonversion are calculated by the following equations,

FE = (Vo)) (Ved,) @
V.J. FF

n /% = M X 100

conversion En (5)

Here,V,,, and J,,, are the voltage and current corresponding to
maximum power point of PPC with pure PVDF or PCM3 film
determined from the J—V curve Figure 7a.
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Panels ¢ and d of Figure 7 denote the charging and
spontaneous discharging phenomenon under light and dark
condition of both of our PPCs, respectively. Our PPC with
PCM3 film has been fully charged within a very short time ~S0
s up to ~1.38 V under light illumination, whereas the PPC
with pure PVDF film is charged up to ~0.947 V in ~79 s. The
insertion of PCM3 film instead of pure PVDF into the PPC
shows better output characteristics with significant charge
storage stability. Under dark condition, the photovoltage of the
PPC constructed with PCMS3 film is almost constant (~1.38
V) (Figure 7c),over a long time, whereas the photovoltage of
pure PVDF based PPC has discharged to 200 mV in a short
time span due to internal recombination of charges (Figure
7d).

Excellent storage performance has been a characteristic of
the PPC with PCM3 film under dark condition by the
discharging of our PCM3 based PPC with three constant
discharging current, 1.54, 1.92, and 3.07 mA/ cm?, respectively,
shown in Figure 7e. The PPC with PCM3 film is fully
discharged within 135, 102, and 60 s under the constant
discharged current density 1.54, 1.92, and 3.07 mA/cm’
respectively. The discharging process has also been performed
for PPC with pure PVDF with constant discharge current
density of 1.05 mA/cm? illustrated in Figure 7f. Furthermore,
the accumulated charge density (Q,), areal specific capacitance
(Cy), energy density (E,,), and power density (P,) of our
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fabricated PPC with PCM3 and PPC with pure PVDF film
have been evaluated from the discharge V—t graph (Figure 7e,f,
respectively) using the following equations:

A = (/Idis dtdis)

(6)
C, = ( f T dtdis)/dV (7)
E,p = 0.5C,V* ®
P, = VI, )

where I, dtg, dV, and V are the constant discharge current
density, discharging time, discharging potential difference, and
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maximum voltage fully charged using light illumination,
respectively.4 Figure 7g represents the areal capacitance vs
current density graph. Maximum specific areal capacitance has
been obtained ~1501 F/m* for constant discharge current
density ~ 1.54 mA/cm?”. The maximum value of specific charge
density, energy density, and power density of PMC3 based
PPC are calculated to be ~2079 C/m? 400.3 mWh/m? and
21.33 W/m?, respectively, which results are much higher than
the PPC with pure PVDF shown in Table SS (see the
Supporting Information).

The durability and recycling performances of our PCM3
based PPC has been performed for 50 charging—discharging
cycles over 50 days (1 cycle/day) demonstrated in Figure 7h.
Figure 7i represents the magnifying view for first, 15th, 35th,
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and S0th cycles of Figure 7h. After S0 days, the voltage
generation ability of our PCM3 film based PPC decreases only
~5%. This decrease in photovoltage generation after 50 days
(50 cycles) may be due to electron loss in external circuit,
which leads to occurrence of irreversible redox reaction and
formation of depletion layer at the junction between the solar
part and the dielectric part. The storage efficiency (nsmrage) and
overall efficiency (#,yeran) are calculated to be ~93% and 2.62%
using eqs 10 and 11 (Figure 8a,b).The storage, conversion, and
overall efficiencies of our PCM3 film based PPC are sufficiently
higher than the efficiencies of PPC with pure PVDF film
(seeTable S6 in the Supporting Information).

novera
;/Istorage/% = . x 100
rlconversion ( 10)
Eout
Woverall/ % = X 100
Ein (11)
Ein = Pin dtcharg (12)

where E;, and dt,,,, are the input energy density and charging
time under light illumination, respectively.”'

The output performances of our prototype PCM3 based
PPC are much more promising than the other previously
reported prototype photo-power unit or photo-supercapacitor
with in situ storage systems (see comparison Table
§6). #5112,21-29,52,53

Further, to verify the realistic utilization of our simplistic two
electrode PCM3 film based PPC, commercially available LEDs
are driven using three serially connected PPC with PCM3 film
shown schematically in Figure 8c and Video S2 (see
Supporting Information). First the three serially connected
PPC is fully charged up to 3.95 V in just 50 s, shown in Figure
8d under light illumination. After the fully charge condition,
our PCM3 based PPC is able to light up 24 blue LEDs
(connected in parallel) continuously for 7 days, which proves
superiority of our device for using as a power bank for portable
electronic gadgets in our daily life.

Further, the working mechanism of our self-charged PPC
may be explained considering the principle of a typical dye-
sensitized solar cell and well established literature. Our PPC is
not only able to harvest energy from light but also capable to
store the photogenerated energy in the same unit. Thus, our
proposed mechanism has been divided into two processes, i.e.,
creation of photoelectrons under light exposure and storage of
the photogenerated electrons.”>'>>*>°

In our PPC, MnO,-MWCNT/PVP/H,;PO, film attached
with the FTO is acting as electron—hole creator and the
storage is mainly controlled by high dielectric PCM3 film.
When the device is illuminated under visible light, the MWNT
and MnO, are excited by absorbing the light (hv) and the
electrons spring up to the LUMO state from the HOMO state
(UV—visible spectra are shown in the Supporting Information
(Figure S3). The excited electrons are moved to the FTO
according to their energy configuration shown in Figure 8e.
Thus, MWNT and MnO, are oxidized by losing the electrons.

MWNT + hv - MWNT* - MWNT, + e~

MnO, + hv - MnO,* = [MnO,],, + e~

Thereafter, the injected electrons on FTO are migrated to the
counter electrode, ie., Al, via connecting the external circuit
and gathered at the junction between the Al and PCM3 as well
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as at the interfacial surfaces of CM and PVDF chains, which
leads to formation of many microcapacitors in the high
dielectric PCM3 film. At the same time, the photocreated holes
in MWNT and MnO, are refilled by the donation of electrons
through PVP/H;PO; film which is acting as the solid
electrolyte in our device. So, MWNT and MnO, are reduced
to their original state and take part in the light absorbing and
photoelectrons generation process once again.

PVP < PVP™

H,PO, < H' + H,PQ,'”

H,PO,'” & H* + HPO,*~

HPO,”” < H* + PO,>~

MWNT, + PVP~ — MWNT + PVP

MWNT,_ + H,PO,
— [MWNT, ][H,PO,'” or HPO,* ] + H*

[MWNT, ][H,PO,'” or HPO,” ] + H* + e
— MWNT, 4 + H,PO,

[MnO,],, + PVP~ = [MnO,],.; + PVP

[MnO,],, + H,PO,
- [MnO,],,[H,PO,'” or HPO,*"] + H*

[MnO,],,[H,PO,'” or HPO,” ] + H* + e
- [MnO,],.q + H,PO,

Meanwhile, PVP and H;PO, take part as ionic mediator and
conductor of charge carriers. Continuous draining of electrons
through PVP/H;PO, film leads to net positive charges or holes
accumulation at the interfaces of acting electrode and high
dielectric PCM3 film.°*"®" Thus, an efficient potential
difference has been originated between the two electrodes
developing photovoltage in our PPC. When the open circuit
voltage ~ 1.38 V, the oxidation and reduction processes of
MWNT and MnO, are stopped and the current flow in the
circuit becomes zero. The proposed mechanism of our self-
charged PPC has been shown schematically in Figure 8f.

B CONCLUSIONS

In summary, we have synthesized CTAB-MMT assisted
electroactive (F() ~ 91%) and high dielectric (~48 at 20
Hz) PVDF thin film via solution casting process and optimized
the most appropriate thin film (PCM3) for fabricating two
simplified, cost-effective, biocompatible, and lightweight two
devices which can harvest electrical energy from mechanical
energy and have solar energy converting ability with in situ
storage function, respectively. Strong electrostatic interfacial
interaction between the CM and the PVDF chains leads to
electroactive f phase nucleation and large dielectric properties
of the composite samples. Fabricated CMPENG exhibits good
open circuit voltage (V,.) ~ 41Vand short circuit current (I.)
~ 1.9 uA, which correspond to high power density ~ 50.72
mW/cm™ under periodic finger impartation. Excellent
mechanical to electrical power conversion efficiency ~ 60.2%
in charging a capacitor has been achieved and 26 serially
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connected blue LEDs are driven by our CMPENG.
Furthermore, the self-charged PCM3 based PPC shows
superior recyclability and output performances with V. ~
1.38 V and I ~ 3.7 mA/cm® with remarkable storage and
overall efficienc of ~93% and 2.62%, respectively. High specific
areal capacitance ~ 1501 F/m? has been found with maximum
power and energy density of ~21.33 W/m? and 400.3 mWh/
m?, respectively, for our PCM3 based PPC. Three combined
PPC is also able to light up 24 blue LEDs continuously for 7
days after fully charged one time under light illumination.
Thus, our two devices have the direct practical application
possibilities in portable electronics as well as large scale energy
dem\ands of our modern society.
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