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Abstract

The present work emphases the fabrication of a simple, solid-state, and cost-effective multifaceted device called a “self-
charging photo power bank” based on an in situ-synthesized MgO, NP-impregnated electroactive and high dielectric poly
(vinylidene fluoride) thin film composite as its active material. Positioned under visible-light illumination of 110 mW/cm?
and in the absence of any sort of external bias, our optimized multilayered device can self-charge to a voltage of 1170 mV in
just 24 s. An excitingly high energy density of 240 mW h/m? and a remarkable charge density of 1350 C/m? along with the
excellent energy-retaining power of the device for a considerable period of time illustrate its potential as an efficient power
bank. The device is used for 30 consecutive days to prove its commendable long-term cycling stability. Three blue,
commercial LEDs and a digital table clock are successfully powered by our device. Our fabricated device portends an
innovative approach for self-generation and simultaneous storage of electrical energy, making it an efficacious nascent
aspirant in the realms of energy harvesting and storage, which can undoubtedly meet the energy necessities in the imminent
future.

Introduction

Over the last few decades, electroactive polymers (EAPs)
have been acknowledged by the scientific community for
their outstanding contributions to the fields of actuators,
acoustic transducers, membranes, nonvolatile memories,
batteries, piezoelectric sensors/nanogenerators, flexible
energy harvesting and storage systebiomaterials, etc
[1-8]. Among all EAPs, PVDF (CH,—CF,) has been the
most popular semicrystalline plastic because it is highly
flexible and economically and ecologically nonthreatening.
Although the a polymorph (TGTG’ dihedral conformation)
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of PVDF is the most thermodynamically stable nonpolar
phase, the § polymorph of PVDF, with all trans TTTT
planar conformations, has received attention from the
research community owing to its possession of a remark-
ably high dipolar moment per unit cell of 8 x 107> Cm due
to the disparity in the electronegativity of fluorine atoms
and hydrogen and carbon atoms; thus this configuration
exhibits the highest piezo-, pyro-, ferro-, and dielectric
characteristics when matched with other polar polymorphic
forms (y and 6) of PVDF [1, 7-10].

To date, innumerable endeavors have been employed to
obtain complete crystallization of a stable f-phase from the
nonpolar a form of PVDF, but accomplishing this task is
challenging. Electrospinning [11], electric and magnetic
field application [12], and stretching and poling [13] of
nonpolar PVDF are a few of the many techniques adopted
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for f-phase augmentation. However, researchers have also
initiated exploitation of various inorganic fillers, such as
nanoparticles (NPs), oxide nano/micro-fillers [14—18],
organic clays [19-21], CNTs [22], ceramic materials [23],
ferrites [24], grapheme [25], etc., for the nucleation and
significant intensification of the electroactive S-phase by
impregnating these materials within the PVDF matrix. This
method has provided positive results. In situ doping of
PVDF layers has emerged as one of the effective trends in
the promotion and enrichment of this phase, and several
reports have established this method [16, 26]. However, a
thorough literature survey could not find a single report on
in situ doping with MgO, NPs in PVDF. A prototype
approach for synthesizing MgO,/PVDF composite thin
films by a fast and facile in situ doping process has been
studied in our present work. To produce a series of MgO,/
PVDF films, varying concentrations and molar ratios are
considered. The exploration of the role of MgO, NPs as the
active phase nucleator of PVDF and the creation of large
quantities of dipoles at the onset of MgO, nanofiller
impregnation, leading to interfacial polarization and con-
tributing to the enhancement of the dielectric constant and
energy storage aptitude, are crucial perspectives of our
study. Our investigation is unique owing to both these
insights, which further elucidate fresh opportunities in pie-
zoelectric nanogenerators and the energy harvesting and
storage industry.

The current situation indicates a severe predicament due
to plentiful interlinking relationships in the provinces of
energy and power requirements and the steady exhaustion
of limited natural resources such as coal, petroleum, etc.
With the ever-increasing population, demands in the energy
sectors will magnify and become reasonably challenging to
realize. Thereafter, the world’s energy groundwork is at
stake and can be replenished only by exploiting inexhaus-
tible and environmentally benign solar energy [8, 27-31].

To harness solar energy, its simultaneous photoelectric
conversion and implementation in various energy storage
devices has attracted attention from modern day researchers.
The fabrication of solar devices with a photovoltage gen-
eration unit using a dye absorbing source has been reported
in several works [32-34]. Some studies have been reported
in the domains of photochargeable energy storage devices,
which consist of separate units of both light energy har-
vesting (photovoltaic/solar cell) and storage system
(lithium-ion batteries and supercapacitors) units together
[35-39]. The total increase in the resistances and inap-
propriate regulation of light input severely decrease the
energy output values in such integrated devices [40, 41].
Nevertheless, this energy dearth can be surpassed by the
appropriate integration of the energy production and storage
units into a single unit, which may minimize this energy
loss problem. Few efforts have been incorporated to
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fabricate such devices. In one work, a photosupercapacitor
was engineered by integrating an organic photovoltaic
device with a CNT-based supercapacitor into a single unit,
which overcomes the internal resistance and power loss to a
great extent [40, 42].

The newly synthesized electroactive and high dielectric
MgO,/PVDF nanocomposite thin films and their utilization
in solar energy capture and storage for the operation of
various electronic gadgets are the sole focus of our present
investigation. Our study introduces MgO, NPs for the first
time as a successful filler for phase modification of PVDF.
Apart from the polar phase transformation of PVDF and its
enhancement to a remarkable extent, the dielectric constant
of PVDF was also enhanced, increasing its storage prop-
erties. The device fabricated using MgO,/PVDF nano-
composite thin films as an active material assisted by a
photon-absorbing dye composite film can prove to be quite
promising due to its low weight and simple nature. The
current study proposes a novel and combined methodology
for light energy harvesting and storage.

Experimental
Materials

Precursor materials used in our work include chemicals viz.
poly(vinylidene fluoride) (PVDF) pellets (Aldrich, Ger-
many, Mw =275,000 GPC; Mn=110,000), dimethyl
sulfoxide (DMSO) (Merck India), magnesium chloride
hexahydrate (MgCl,-6H,0) (Merck, India), sodium bor-
ohydride (NaBH,4) (Merck, India), polyvinyl pyrrolidone
(PVP) (Lobachemie, India), eosin yellow (CoH¢B1r4Na,0s),
(Lobachemie, India), TiO, and CdS NPs (synthesized NPs;
see Supporting Information), and conc. sulfuric acid
(H,SO4, 98% pure, Merck, India). Commercially procured
glass-coated FTO substrates and aluminum foil from
Sigma-Aldrich, USA are the electrodes used in this study.
Apart from the preparation of a 10% solution of sulfuric
acid in DI water, all these supplies are employed as pur-
chased without going through any further supplemental
alteration.

In situ synthesis of MgO, NP-modified PVDF (MP)
composite films

A simple preparative solution casting route is adopted to
synthesize pure and MgO, NP-loaded PVDF films. PVDF
solution (5% PVDF in 5 mL DMSO at 60 °C) is taken in a
culture tube, and magnesium chloride hexahydrate
(MgCl,-6H,0) (c.f. Supporting Information Table 1) is
added to it with constant magnetic stirring. Then, 1M
sodium borohydride solution prepared in DMSO is slowly
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added dropwise to the previous solution, and the stirring
continues for another 12h at the same temperature. The
reducing agent NaBH, is responsible for the transformation
of the metal to its respective oxide in air at ambient tem-
perature. MgO, NP-modified PVDF thin films are procured
by pouring the solution on clean glass plates placed in a
dirt-free hot-air oven and drying them by complete eva-
poration of DMSO at a temperature of 80°C for 24 h.
Sealable enclosures are used to protect the synthesized films
from moisture exposure prior to advance characterization
and device fabrication.

SPPB fabrication

FTO-coated glass plates (pretreated with acetone/distilled
water (DI) and air dried) and aluminum foils are used as
positive and counter electrodes, respectively, for our device
fabrication. First and foremost, a dye solution is obtained by
mixing 10 mg/mL each of eosin Y, TiO, NPs, and CdS NPs
along with 10 mass % PVP in DI water with stirring at
ambient temperature. Furthermore, dilute sulfuric acid (10%
acid in water by volume) is gradually added to the solution
and stirred overnight to attain good uniformity. A viscous
orange thin layer of dye film is attained when 20 uL of the
aforementioned suspension is drop-casted on the conduct-
ing side of FTO glass, which constitutes the solar part
of our SPPB device. Our optimized in situ-synthesized
MgO,/PVDF thin film (MP 0.09) with a thickness of
~20pum and dimensions of 0.3x0.3cm is also cast on
aluminum foil. Then, the film is sandwiched neatly atop the
viscous dye film and dried at 60 °C for quick evaporation of
excess water and to secure contacts between the solar and
storage parts. Parallel preparations are carried out for
devising our control device SPPB1 by simply substituting
the storage part with an unadulterated PVDF film to com-
pare the photovoltage results. Cu wires are attached at either
end of both electrodes for subsequent photovoltage
measurements.

Sample characterizations and measurements

Proper growth of MgO, NPs, their leverage in the electro-
active f-phase crystallization in all the in situ-synthesized
MP composite films and their thermal behaviors are char-
acterized by an X-ray diffractometer (Model-D8, Bruker
AXS Inc., Madison, WI) using nickel-filtered Cu-K,
radiation from 10° to 60° 20 values, a Fourier transform
infrared spectrometer (FTIR-8400S, Shimadzu) in the
wavenumber range from 400cm™! to 1000cm™' with a
4 cm™! resolution and 50 scans per sample and differential
scanning calorimetry (DSC-60, Shimadzu (Asia Pacific)
Pte Ltd, Singapore) at an increasing rate of 10 °C/min under
a N, gas atmosphere.

Beer-Lambert law is used for the estimation of the
amount of f-phase transformation from FTIR spectra and is
given by

Ap

F(ﬂ)(%)Aa_A'_Aﬂ’

(1)

where Ay = the absorbance at 840 cm™!, A, = the absor-
bance at 764cm”', and Ky = 7.7x 10*cm?mol™! and
K, = 6.1 x10*cm?>mol ™! are the absorption coefficients
at 840 cm ! and 764 cm™!, respectively [4, 8, 24].

Sample images are captured, and the corresponding
morphologies are analyzed by FESEM (INSPECT, F50,
Netherlands) operating under an emission current of 170 pA
and an operating voltage of 20kV.

A digital LCR meter (Agilent, E4980A) is employed to
explore the dielectric properties viz. dielectric constant (¢),
tangent loss (tan §), and AC conductivity (o,.) of the pure
PVDF and MgO, NP-embedded PVDF thin films in the
frequency range from 20 Hz to 2 MHz under a 1-V AC
voltage signal.

The equations involved in the calculation of the dielectric
constants and AC conductivity of the synthesized MP
composite films are as follows:

e=C-d/eA (2)

Cac = 271f €0€ tand, (3)

where C is the capacitance, A is the area, d is the thickness,
tan ¢ is the tangent loss of the film samples, f stands for the
applied frequency in Hz, and &, denotes the permittivity
of free space with the value 8.854x10 > Fm™!
[8, 20, 21, 26].

A 40 W tungsten filament lamp and a multimeter (Agi-
lent U1252A) are used to study the photovoltaic perfor-
mance of the optimized MgO,/PVDF nanocomposite film.

Equations involved in the computation of the energy
density (Ep), charge density (Qp), areal capacitance (Cy),
and power density (Pp) of our fabricated device are given
by

Jp =Va/(R x A) 4)

Ep = (CaxVy)/2 (5)
Op :/JD.dl‘ (6)
o = ( / JD.dt) Jav 7)
Pp = Vi X Jp, (8)
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where V,, is the maximum voltage attained by the device, Jp
is the discharge current density, A is the area of the film
considered, R is the resistance, and dV is the difference in
the discharge potential. All the characterizations are
accomplished at room temperature and atmospheric pres-
sure [8, 41].

Results and discussion
Analysis on electroactive B-phase identification

With the aim of having a detailed and comparative study on
the formation and nature of the development of the elec-
troactive f-phase in PVDF after its matrix is modified by
increasing concentrations of in situ-synthesized MgO, NPs,
X-ray diffraction, FTIR, DSC, and FESEM studies were
performed.

The diffraction patterns illustrated in Fig. 1a marked by
the prominent blue line patches at 20 = 17.5° (100), 18.2°
(020), 19.9° (021), and 26.5° ((201), (310)) finely elucidate
the existence of crystalline a-phase reflections in pure
PVDF [1, 8, 16, 20]. On the other hand, due to the influence
of the in situ dopant in the polymer matrix, the characteristic
peaks at 20 =31.9° (111), 41.5° (210), and 45.7° (211) in
the spectra indicate the proper formation of MgO, NPs
embedded inside the polymer layers (JCPDS card no:
761363). The oxidation state of Mg in the magnesium
peroxide (MgO,) NP/PVDF composite film is +2. The
peroxide groups are designated by O,>~, which is bonded

with Mg?" to form the MgO, NPs. Eventually, a new phase
recognized as the electroactive fS-phase appears with peaks
at 26 =20.7° ((110), (200)) and 36.5° ((020), (100)) in the
MgO, NP-modified PVDF (MP) spectra with the simulta-
neous disappearance of all the larger a-spherulites [1, 7, 8].
According to JCPDS-761363, MgO, also has a peak at
37.1°, which is in close proximity to the position of the -
phase peak. Therefore, the isolated presence of this peak of
MgO, is not significant. Hereafter, a definite S-phase
transformation from nonpolar a crystals and its augmenta-
tion with the doping concentration relative to pure PVDF
are confirmed. The highest f-phase content was found for
the sample ~3.37wt% (MP 0.03). Following a slight
decrease, these values saturate at the higher doping
concentrations. Good homogenous dispersal of the MgO,
catalytic agents due to its fine intercalation within the inner
sheets of the polymer resulting in the long-range TTTT
conformation can be accredited for the molecular reor-
ientation of the PVDF structure and increase in the f-phase.
Agglomerated deposits of the dopant within the polymer
matrix, however, lead to a slight decrease in the intensity of
p-phase with a further increase in the doping concentration.
The intensity ratios (Ipg7/1;g,) portrayed in Fig. 1b signify
the quantity of §# and a phase present in the pure and
composite films. A sharp rise in this ratio to a maximum
value of 15.08 is observed for the sample MP 0.03 with
3.37wt% loading, from only 0.89 in the case of pristine
PVDF, validating the enhancement of f-phase nucleation.
The presence of all plausible absorbance peaks of the
nonpolar a-phases in the pure PVDF film as well as those of
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Fig. 1 a X-ray diffraction patterns of neat PVDF and MP thin films.

b Ratio of I,y7 and I3, of the neat PVDF and MP thin films. ¢ FTIR
spectra of neat PVDF and MP thin films. d Evaluation of the F () (%)
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the prominent polar f-phases in MgO,/PVDF films in the
FTIR spectra (cf. Fig. 1c) shows the high volumes in
establishing the enrichment of the electroactive f-phase
nucleation in the MP composite films. The absorbance
peaks characteristic of nonpolar a-crystallites in the
spectra of neat PVDF are visible at 488 cm ™! (CF, waging),
532cm™! (CF, bending), 614cm™' and 764cm™' (CF,
bending and skeletal bending), and 796 cm ™! and 975 cm™!
(CH, rocking), entirely disappear, whereas the intensity of
the small absorbance peak of the f-crystal at 840 cm ™' (CH,
rocking, CF, stretching, and skeletal C—C stretching) stea-
dily increases in intensity with the increase in the weight
percentage of additives in the PVDF matrix. Furthermore,
the FTIR spectra also illustrate a notable upsurge in the
absorption bands of the f polymorphs at 479 cm™' (CF,
deformation), 510 cm ™! (CF, stretching), and 600 cm ™!
(CF, wagging) [1, 4, 8, 16] in the MgO, NP-modified
PVDF films, suggesting effective f-phase crystallization. It
is quite interesting to note that only a small amount,
ie., ~1.12wt% of MgO, NPs (MP 0.01), can initiate
p-phase nucleation in the MP composite films, with the
highest absorption at 840cm~! being for ~3.37 wt%
(MP 0.03). The homogeneous distribution of the MgO, NPs
entrenched within the polymer layers allow them to act as
fine catalytic agents, shaping the improvement in the elec-
troactive f-crystallites in the MgO,/PVDF films. In contrast,
internment in the movements of the PVDF chains impedes
long TTTT chain formation, leading to the attenuation of
the p-phase with further doping of the NPs in the PVDF
matrix. The quantification of the electroactive f-phase
content F (f) in the pristine and doped composite thin films
is computed by Beer—Lambert law, which is previously
mentioned as equation (1). The escalation of F (f) values
from only 38% in the case of PVDF to a maximum value of
~87% at 3.37 wt% loading in the MP 0.03 sample is
documented by the histograms in Fig. 1d. All of these FTIR

results are in good agreement with the XRD data, indicating
that f-phase nucleation is greatly accelerated by the incor-
porated nanofillers.

In conjunction with the phase study, the thermal behavior
of the diverse crystalline phases of the pure and MP com-
posite samples can also be well explained by the DSC ther-
mograms. The prominent endothermic peak at 163.5 °C in
Fig. le marks the obvious occurrence of nonpolar a-phase
crystals in pristine PVDF [8, 16, 41]. Nonetheless, the melting
peak (7}, shifts to the higher temperature side (7},,) by 5-7 °C
once the fillers are embedded in the polymer layers. Strong
electrostatic interactions between the in situ-synthesized
MgO, NP surface and the CH,/CF, groups of PVDF chains
and the simultaneous formation of long TTTT chains of
f polymorphs in the composites due to the incorporation of
NPs play an important role in the nucleation process, resulting
in the transformation of the polar S-form from its nonpolar
state, ensuring a notable upshift in the endothermic peaks
[8, 26]. Closer observation shows some heat absorption near
100-120 °C in the DSC curves of MP 0.07 and MP 0.09,
which might be due to evaporation of absorbed moisture in
the surface of the samples from the atmosphere during the
measurements. DSC analysis is an effective complementary
technique to XRD and FTIR in establishing the nucleation
and augmentation of the electroactive S crystals in the in situ
MgO, NP-modified PVDF thin films.

Strong supporting evidence for the successful growth of
p spherulites with the impregnation of MgO, dopants into a
polymer matrix can be obtained through FESEM morpho-
logical images, which once again corroborate with the
previous XRD, FTIR, and DSC analyses. Large nonpolar a
spherulites ranging in diameters from 30 to 60um constitute
the matrix of neat PVDF (see Supporting Information
Fig. S3). However, the picture alters significantly with
the incorporation of MgO, nanofillers into the PVDF
matrix. Figure 2a—e demonstrates the uniform distribution

Fig. 2 FESEM micrographs (a, b, ¢, d, e) showing different weight %
of MP thin films with evenly distributed in situ-synthesized MgO, NPs

in a PVDF matrix and (f, g, h, i, j) the formation of f spherulites in
different weight % of MP thin films
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of the in situ-synthesized MgO, NPs with dimensions of
~150-300nm over the polymer matrix with intense
clarity. The FESEM image of the fractured surface of the
MgO,/PVDF composite film with the highest doping con-
centration, i.e., MP 0.09, is provided in Fig. 3a, which
clearly illustrates the homogeneous distribution of MgO,
NPs within the PVDF matrix. The graphical representation
of the particle size distribution of the MgO,/PVDF nano-
composite film is also provided in Fig. 3b with a Gaussian
fitting to ascertain the range of the particle size distribution
in the film sample. The consistency in the filler dispersal
definitely helps in the enrichment of the polar f-phase
crystallization. The presence of well demarcated smaller
spherulites ~3—5 pum in size (c.f. Fig. 2f—j) [7, 8, 14] is also
strong evidence of this phase transformation throughout the
matrix.

Dielectric analysis

Notably, changes in the dielectric properties, i.e., the
dielectric constant (¢), tangent loss (6), and AC conductivity

=]
h

(b) Equaton 70 = (AN Bare PR expd -2 (xac i 2)
_ Ad), R-Square 0983132
Value Standaed Error
a3ens 04837
211354085 209036
10025788 536880
254372586 157 55135
50.97800
118.04475

2024377

Number of Counts

. : ———
0 100 200 300 400 500 600 700
Particle size (nm)

Fig. 3 a FESEM image of the fractured surface of MgO,/PVDF
nanocomposite thin film (MP 0.09); b particle size distribution of the
nanocomposite film with Gaussian fitting
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(o), of pure PVDF after permeation by in situ-synthesized
MgO, NPs are obvious from the graphical illustrations
depicted in Fig. 4, which are computed using two well-
known equations (2) and (3). Graphs plotted in Fig. 4a, b
with respect to the weight % content of additives are shown
for a number of frequencies, i.e., 20 Hz, 100 Hz, 10 kHz,
and 1 MHz. The value of the dielectric constant progres-
sively increases (cf. Fig. 4a) with the rise in the doped
concentration of MgO, NPs in PVDF until the doping
content reaches 7.88wt% (MP 0.07) and its percolation
threshold, resulting in a sudden maximum value of 2.7 x 10°
for the maximum doping concentration of 10.13wt% (MP
0.09) for 20 Hz. This achieved value of the dielectric con-
stant is startlingly high, i.e., ~3 x 10° times greater than the
dielectric value of pure PVDF, i.e., 9 [1, 7, 16], whereas the
tangent loss recorded corresponding to the highest dielectric
constant at 20 Hz is only 15 times (approximately) greater
than that of PVDF at the same frequency. Electrons tunnel
out from one MgO, NP surface to its adjacent surface,
initiating a conducting chain system may contribute to
dielectric escalation [41, 43]. Other higher frequencies also
exhibit feeble yet identical styles of dielectric intensification
with the doping concentration. Agglomeration of NPs
decreases the interfacial surface area with further dopant
increases, and further increases in the dielectric constant are
restricted due to the generation of surface pores and
degradation of the material’s surface integrity [8].
Maxwell-Wagners—Sillars (MWS) polarization is pre-
dominant in the lower frequency range and strongly edifies
the enhancement of the dielectric constant. Because of the
incongruence in the conductivities of the NPs and the
polymer surfaces, at the onset of an external alternating
electric field, all the charge particles/dipoles quickly move
with the intent of substantial accumulation and simulta-
neous deposition, resulting in a large localized interfacial
polarization at the interface created between the aforemen-
tioned heterogeneous media. The reduction in the inter-
molecular distance, the increase in the interfacial area for
each unit volume associated with both the NPs and polymer
surface, the enrichment of the f-phase (all trans TTTT long
chains) with the increase in the dopant density within the
PVDF and the simultaneous appearance of abundant small
range dipoles all confirm the excellent embedment and fine
homogeneity of the NPs in the layered polymer matrix as
well as substantial charge deposition at the interface. This
charge deposition leads to a large increase in the dielectric
value of the doped samples relative to that of PVDF
[1, 8, 41, 44, 45]. Graphical illustrations in Fig. 4c under-
score a dramatic decrease in the dielectric constant with
increasing frequency. This fact can be explained by dipolar
polarization, which controls the higher frequency range. At
this juncture, otherwise randomly oriented dipoles/charge
carriers are positioned in the direction of the field but its



Self-charging photo-power cell based on a novel polymer nanocomposite film with high energy density and...

o —=—20Hz MP0.09 204 —0—20Hz MP0.09
(@) S .s]=om (b) —o— 100Hz
,:_‘, . ——10KHz g 164—i—10KHz
g 2.0 —5— 1MHz S IMHz
Z B 42
£ 1.54 5
o 1.04 MPLOT : LE MFPD.05
o1 K i
= 5
- MPO,05 d 4
2 0.5 o 4
= - MPO.01
= MPD03 - e
Jrvor e — 4 p
LA g\_lﬁ.m i PVDF MPO,03
0 3 IR 12 0oz 4 6 8 10
MgO content (wt%) MgO content (wt%)
16
C — PVDF —a—PVDF ;
( )_m"! :\’. _:_m,,,_,,.l (d) -— MPO01 (e) 107y
£ odeg —a— MPO.03 ?4:5‘»;, ——MP0.03 =
i "\“‘ » AR 124 A —— MPODS 1
z ] <" y— MP0.0S 78
= T,  MBO.DT {;;; R = m*]
ol'y, '*“.;ué », »— MPD.09 # = :
o o 2
e 1 k\_‘ 'vb@. - :ur"
£ T &)
2 11 e YTV "'% B
_310'1 hfaans T B T T 1
a R i S 107
P ——
1
111 ey ™y ooy vy o oy ~or o oy v o ™ o mr
10 10’ ' 10° 10’ 10’ 10’ 10 10° 10° 10" 10’ 10" 10’ 10’

Frequency (Hz)

Fig. 4 MgO, NP content (weight %) dependency of the a dielectric
constant and b AC conductivity at different frequencies of neat PVDF
and MP thin films. Frequency dependency of the ¢ dielectric constant,

polarizing ability decreases as the dipoles cannot continue
to follow its pace and have an effective lag with reference to
the high frequency of the electric field. Then, a sharp
reduction in the number of dipoles along with the dipole
movement internment follow, resulting in a decrease in the
dielectric value of the material in the higher range of fre-
quency [8, 16, 45].

Dampened oscillations of electric dipoles originating
from heat loss and intermolecular hopping of electrons are
responsible for the tangent losses in samples. The Debye-
like relaxation peaks obtained (cf. Fig. 4d) are considerably
trivial when compared to the large dielectric values. How-
ever, our synthesized samples are good dielectric materials
with low loss. A prominent right shift in this tangent loss is
noted in the higher frequency range with the increase in the
concentration. Strong dipolar relaxation resulting from the
strong ion—dipole interaction of MgO, NPs with the CH,/
CF, polymer chains is likely the cause of this shift [8, 46].

The AC conductivity, as shown in Fig. 4b, has an overall
increase with the frequency and loading weight content of
MgO, NPs, exhibiting the highest conductivity for 10.134
wt% loading. Therefore, substantial charge accumulation by
MWS polarization and dipolar relaxation contributes to the
improvement in the AC conductivity with the loading
concentration [8, 44, 45]. Careful observation reveals that
although the AC conductivities of the samples with lower
doping percentages (MP 0.01 and MP 0.03) inclusive of
PVDF show a prominent increase with frequency; for
samples with higher doping concentrations (MP 0.05, MP

Frequency (Hz)

Frequency (Hz)

d tangent loss, and e AC conductivities of neat PVDF and MP
thin films

0.07, and MP 0.09), the conductivity is almost independent
of frequency, establishing the good frequency stability of
these materials (cf. 4 (e)). The lower and higher frequency
zones are regulated by the DC conductivity and AC con-
ductivity, respectively. The disappearance of the lower
frequency plateau in Fig. 4e due to rapid and linear growth
in the conductivity confirms the pure AC characteristic of
the conductivity for all synthesized composite films [8, 45].

Performance of SPPB and its detailed mechanism

Thus far, our study has established that sample MP 0.09
possesses the highest dielectric value on the order of 10° at
20Hz, indicating a high storage efficacy along with a
notable f-phase transformation of approximately an F ()
value of 82%. In the search for a material that is a combi-
nation of both attributes, MP 0.09 promises to fulfill both
and is a good candidate for our device fabrication. The
device named ‘“self-charging photovoltaic power bank” is
abbreviated as SPPB2 for convenience. The control device
fabrication is carried out with pure PVDF for a comparative
study and named SPPB1.

A diagram illustration of the step-by-step mechanism of
the device formation along with its digital photographs is
presented in Fig. 5. The light-receiving areas for both films
(PVDF and MP 0.09) with thicknesses of ~25 um each are
9% 102 cm? and are exploited as the active materials for
devices SPPB1 and SPPB2, respectively. Two separate
composite films comprising EY/CdS/TiO,/PVP/H,SO, and
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Fig. 5 a Pictorial schematic of
the SPPB device fabrication. b
Digital images of both sides of
the SPPB device
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Fig. 6 Self-charging and spontaneous discharging (V) graphs of the
device a SPPB1 and b SPPB2 in light and dark conditions; self-
charging and discharging (V-t) graphs of the device with a constant
current density ¢ SPPB1 and d SPPB2 as a function of time in light

in situ-impregnated MgO,/PVDF (MP 0.09) correspond-
ingly constitute the “solar part” and the ‘“storage part”,
making them the two unique components of our device.
Coupling these two units, which are sandwiched between
the two electrodes, completes our device construction.

Figure 6a—d displays the self-charge—discharge (V-f)
plots, which show the proficiency of the acquired voltage of
our fabricated device SPPB2 over that of SPPBI.

The device is irradiated under a 40 W tungsten filament
lamp (110 mW/cmz), and within just 24 s, the device is
observed to acquire a maximum voltage of 1.17 V. The next
outstanding feature witnessed is the memory of device
SPPB2, as it holds the voltage achieved for a remarkably
long period of time (cf. Fig. 6b). The recorded self-
discharge characteristics unveil that the voltage barely drops
and gradually saturates even after illumination ceases and
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and dark conditions; e histograms demonstrating the energy density,
power density, areal capacitance, and charge density of SPPB1 and
SPPB2; f self-charging and discharging recurrence cycle of
device SPPB2

darkness encompasses the device. This behavior indicates
the good stability of SPPB2. It should be mentioned here
that the device is working in the presence of only visible
light (ultraviolet as well as infrared eliminator filters are
attached to the source), which is the sole driving force for
output voltage generation. Photon absorber EY molecules
and CdS NPs of the photoelectrode EY/CdS/TiO,/PVP/
H,SO, film are used for photocharging purposes, and any
means of external biasing is absent. Hence, SPPB2 can
establish itself as a successful SPPB. SPPB1 charges up to
790 mV in 100s and is found to have a weak memory in
restoring the acquired voltage for a sufficiently longer per-
iod of time than SPPB2 (cf. Fig. 6a, b). The high dielectric
value of the MgO, NPs in the PVDF (MP 0.09) film (cf.
Fig. 4a, c) compared to that of only the PVDF film
empowers the high storage capability of SPPB2.
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Fig. 7 a Schematic of the device SPPB2 used as a cell/battery. b Self-
charging (V1) graph of three serially connected SPPB2s under illu-
mination along with its schematic circuit diagram for lighting three
commercial, blue LEDs using three self-charged devices. ¢ Self-
charging (V-f) graph and the schematic circuit diagram for the

Discharged with a constant current density of ~1.3 mA/
m?, the acquired voltage of SPPB2 decreases to a mini-
mum of 100 mV in ~104s, whereas SPPB1 reaches its
initial voltage within 8 s with only a discharge current of
~0.8 mA/cm? (cf. Fig. 6¢, d). This discharging is carried out
in the absence of light.

Computed using equation 15, the well-defined histo-
grams (cf. Fig. 6e) indicate an impressive value of energy
density (Ep) of 240 mW h/m? for the SPPB2 device. This
value claims to be almost 34 times that of SPPB1. The
charge density (Qp), areal capacitance (C,), and power
density (Pp) of our fabricated device SPPB2 are also
simultaneously assessed using equations (16—18), and the
values obtained are 1350 C/m?, 1264 F/m?, and 15 W/m?,
respectively. These values are noticeably higher than those
of SPPBI1.

The obtained data for all measured entities of SPPB2,
i.e., the energy density, power density, charge density, and
areal capacitance, are superior to the previously reported
data from elaborate literature surveys [8, 37, 47, 48] (also
see supporting information Table 2) in related energy sto-
rage fields, making our device distinguishable from other
devices.

Figure 7a portrays a symbolic representation of our
device SPPB2 for diagrammatic simplification. At times, a
single device fails to facilitate the voltage and current
requirements of electronic devices, and then, a series/par-
allel combination of devices is needed. The series assembly
of three SPPB2 devices is self-powered under the same
illumination, and as anticipated, the maximum voltage

functioning of the display screen of a digital table clock using four
self-charged SPPB2s under illumination in series—parallel connection.
d, e Digital photographs of three lighted LEDs and working digital
table clock

attained by them is ~3 V. Figure 7b, d illustrate the series
combination of three SPPB2 power banks and how they
power three commercial blue LEDs connected in parallel to
both of the ends of the banks. The LEDs light up instantly
and are seen to sustain their glow for a long time (see
supporting Video V1). Similarly, to satisfy the current
needs, four SPPB2 are joined in a series—parallel connec-
tion, self-charged to a maximum voltage of ~2V and are
capable of delivering a higher current. This combination can
store adequate charge to operate a digital clock for a suffi-
cient amount of time (see supporting Video V2). The pic-
torial illustration as well as the captured images of the
digital clock in operation is displayed in Fig. 7c, e.

A colorful schematic of the operating and charging
mechanism with a strong emphasis on the electron—hole
transport phenomenon occurring in the fabricated device is
presented in Fig. 8a. The fabricated device SPPB2 is dis-
charged for a sufficient duration under a dark environment
before being placed under an illumination of 110 mW/cm?.
As soon as visible-light energy is incident on the device, the
EY molecules and CdS NPs present in the photoelectrode,
made up of the EY/CdS/TiO,/PVP/H,SO, dye composite,
start absorbing the photons of particular wavelengths (~494
and 532nm) shown by the UV-vis spectra of the dye
component in Fig. 8b. The photoexcited electrons of EY
henceforth jump from its HOMO (—5.0¢V) to its LUMO
(—2.5eV) energy state, while the electrons of the CdS NPs
are excited from its corresponding HOMO (—6.2 eV) to its
LUMO (—3.9¢V) state. Hereafter, both EY and CdS are
excited to EY* and CdS*, donate their electrons and
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Fig. 8 a Schematic representation of the self-charging and simultaneous storage mechanism in our fabricated device SPPB2. b UV-visible

spectrum of EY/Ti0,/CdS/PVP/H,SO, thin film

eventually transform into their oxidized states [EY],x and
[CdS],x during the charging process, as shown in the fol-
lowing reactions (i) and (ii).

EY +hv — EY*x — [EY] , + ¢~ (i)

CdS + ho — CdS* — [CdS],, + e (i)

These photogenerated electrons are further inoculated
into the conduction bands of CdS NPs with an energy state
of —3.9eV and into adjacent TiO, NP (—4.21eV) bands
through which they navigate to reach the photoelectrode
FTO with an energy state of —4.4eV.

Electron-hole recombination is circumscribed with the
introduction of CdS NPs and TiO, NPs into the dye
matrix. The easy flow of photogenerated electrons to the
working FTO electrode is enhanced, which in turn
improves the device performance [49, 50]. During photo-
charging, injected electrons at the FTO travel along the
outer circuit through the Cu wire and reach the counter
(Al) electrode. Employing the high dielectric and electro-
active MP 0.09 composite film (dielectric constant ~2.7 x
10%) between the dye film and Al electrode restricts easy
recombination of the electrons expelled from the dye
content, leading to a charge difference. The MgO, NPs
infused in PVDF (storage part) enrich its dielectric value to
a great extent and create small charge storage centers in the
polymer matrix, resulting in substantial electrical energy
storage [41]. A surplus of negative photoelectrons is
instantaneously amassed at the juncture of the Al electrode
and MP 0.09 film and in between the seams of the MgO,
NPs and PVDF, while the photogenerated holes in the EY
and CdS gather at the periphery of the FTO, concluding
the photocharging process of SPPB2. The maximum open
circuit voltage generation of 1.17V in the completely
charged condition of our device can be ascribed to the
large charge separation of electrons and holes at both ends
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of the film. EY and CdS NPs (solar part), which are in their
oxidized states, i.e., [EY],, and [CdS],x, due to their deficit
of electrons, now accept electrons from the immediate
solid electrolyte PVP/H,SO, PVP and H,SO, assist in
transportation of the charges for recombination and act as
ionic mediators when the discharging process is taken into
account. Their redox states are also clearly mentioned in
the equations below [40].

Then, EY/CdS are replenished and reduced, return to
their original states and are capable of once more absorbing
photons. They become photosensitized and release addi-
tional photoelectrons to repeat the entire process without
halting [8, 37, 41, 47, 48]. The following equations [(iii)—
(x)] can provide an understanding of the reactions occurring
in the process.

PVP + ¢~ < PVP~ (iii)
H,S04 — 2H" + SOZ (iv)
[EY],, + PVP~ — [EY].., + PVP (v)
[CdS],, + PVP™ — [CdS],., + PVP (vi)
[EY],, + H,SOs — [EY] [SO? | +2H (vii)
[EY],,[SO? | +2H +e  — [EY]., + HoSOs  (viii)
[CdS],, + H2S04 — [CdS], [SO3 ] +2H (ix)

[CdS], [SO; | +2H" +e — [CdS]y + H2SO4 (x)

red

During charging, the excitation of EY and CdS in the dye
composite film results in the production of photoinduced
electrons at the onset of light energy, and the simultaneous
recombination of the same electrons during discharging of
the device can be well explained by the abovementioned
equations [51-54].
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The electrons are drained incessantly through the PVP and
H,SO, portion, resulting in the overall charge separation at
the boundaries of the acting electrodes and the high dielectric
MP 0.09 thin film, which in turn enhances the potential dif-
ference and results in the concurrent increase in the photo-
voltage of our fabricated SPPB device. Upon reaching the
maximum open circuit voltage of 1.17 V, the current in the
circuit ceases. The device stability is quite commendable, as
even after 30 days, the memorized voltage is considerably
retained. Irreversible redox reactions resulting from electron
loss in the external circuit may be responsible for the slight
loss in photovoltage generation over time. No external bias is
necessary for the successful operation of SPPB2.

The mechanism elucidated above is simple and analo-
gous to that in our previous study [8]. We had earlier pro-
mised to work on the performance of these devices, and
“SPPB2” is assuredly an improvement and a potential new
approach for energy fields. Further development of the
photovoltaic efficiency of photogenerated energy storage
devices by calculating the optimization of the active mate-
rial, carefully selecting the photon absorber material, and
packaging the integrated device are our subjects of concern
in future studies. Nevertheless, SPPB2 is a simple and cost-
effective archetype device with remarkably impressive
values of energy density, power density, and storage ability
that should rise to a prominent level in the self-powered
photovoltaics, energy conversion, and storage sectors.

Conclusion

To briefly summarize, synthesizing electroactive and high
dielectric thin MP film composites with the incorporation of
in situ-synthesized MgO, NPs in a PVDF matrix to recon-
noiter its potential as a self-charging energy storage medium
was the major objective of our study. The results of the
current research are good. The « crystals, dominating the pure
matrix of PVDF, successfully nucleate into f crystallites
owing to the effective and homogeneous incorporation of in
situ-synthesized MgO, NPs, and this noteworthy phase
transformation is caused by the formation of long TTTT
chains throughout the polymer matrix. Of all the tested con-
centrations, the MP 0.03 film showed the highest S-phase
formation, i.e., F(f) ~87%. A substantial enhancement hap-
pened in the dielectric constant with the addition of the in situ
dopants into the polymer matrix, and the value increased up to
the order of 10° for the highest loading MP 0.09 films at 20
Hz. As an optimization, we utilized our synthesized film MP
0.09 with both a high phase and dielectric constant in the
fabrication of a simple yet reasonably low-cost energy storage
device. A film consisting of EY and CdS/TiO,/PVP/H,SO; is
used as a photon absorber material. Under illumination, the
open circuit output voltage achieved is 1.17 V in just 24 s, and

the voltage is retained by our device for many hours even
after the source of light is removed. Remarkable energy
density and areal capacitance values of 240 mW h/m? and
1264 F/m?, respectively, an admirable recycling ability for
30 days and hands-on applicability for powering modern
electronic devices, e.g., LEDs and digital watches, give our
device high potential for use in the practical world. We are
quite hopeful that in the near future large-scale integration of
this device, if carried out, will surely help the contemporary
energy scarcity to a notable extent.
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