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ARTICLE INFO ABSTRACT

Keywords: In present work, a simplistic, efficient and highly durable electroactive and high dielectric BaF, nanoparticles
PVDF (NPs) incorporated polyvinylidene fluoride (PVDF) thin film based Self-Charged Hybrid Photo-Power Cell
B _phase. (HPPC) has been designed which is able to self-charge under visible light illumination. The incorporation of NPs
]S);;’fli;t;‘:gmg into the PVDF matrix has effectively enhanced the polar B crystallite nucleation (~96%) and the dielectric value

(~2570) of the PVDF thin film. A composite dye film of TiO, NPs, phenosafranine-polyvinyl pyrrolidone in the
presence of H3PO, is acted as the light absorbing and photoelectrons generating part in the HPPC. The photo-
electrons are stored in the energy storage part made of the in situ synthesized BaF, NPs embedded PVDF thin
film. Our HPPC is able to generate a photovoltage ~1.3 V within 65s under exposure of visible light (~110
mW/cm?) with superior energy storage efficiency ~79%. The device has the ability of storing charge ~1200 F/
m? with power density ~18.7W/m? and charge density ~1500 C/m?. Our light weighted self-charged power

Power, durable

bank may be utilized as power supplier in portable electronic appliances.

1. Introduction

Safety of energy, environment and economical condition are the
most important issue of our entire human society in the 21st century
[1]. To resolve the critical problem of overall energy demands in a
sustainable fashion, it is very essential to replace the traditional fossil
fuels (e.g. coal, petroleum, gas etc.) by the naturally available renew-
able energy sources (like sunlight, wind, water, biomass energies,
geothermal and mechanical resources) in our living system because of
their rapid demolition and related environmental pollution and global
warming issues [2,3]. The basic strength of the modern social activities
have been resolved around the conversion of the electrical energy from
living systems and the storage of the energy with enhanced power
quality [4,5]. Thus, the researchers and engineers are highly involved
to develop advance multifunctional materials and techniques for the
conversion of other form of energies like solar energy and mechanical
energy to electrical energy. Conversion of solar energy to electrical
energy is highly appreciated from the beginning by renewable energy
researchers due to unlimited supply of eco-friendly sunlight and their

* Corresponding authors.

large scale application possibilities in our society [6,7].

Recently, piezoelectric nanogenerators (PENGs), dye-sensitized
solar cells and perovskite solar cells are some popular techniques of
energy conversion from mechanical and solar energy respectively [7,9].
Self-charging hybrid power cell capable for both energy generation and
storage is a new and promising approach in renewable energy fields
[10-12]. Integration of solar energy conversion units (i.e. dye sensitized
solar cell, organic photovoltaic (OPV), perovskite solar cell etc.) with an
energy storage systems (i.e. Li-ion batteries, supercapacitors etc.) have
been previously reported by some researchers [8,13-24]. Integrations
of energy generator and storing part have decreased the overall outputs
due to increase of net resistance and limitations to rule the light illu-
mination. These shortcomings may be defeated by integrating the en-
ergy harvesting unit and storage part in same unit. Recently, Wee at al.
designed a photo-supercapacitor combining a OPV and carbon nano-
tube based supercapacitor with low power loss [16]. Zhang et al. re-
ported an integrated power cell by combining a dye-sensitized solar cell
energy storage function through PVDF/ZnO nanocomposites (NCs)
(energy density ~ 1.4 mWh kg’l) [15]. Extensive research works have
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been carried out to develop high dielectric polymer or polymer NCs for
energy storing. The polymeric NCs with very good dielectric properties
may be a promising prospects for fabricating superior self-charged
hybrid photo-power cell. But, design of high dielectric polymer based
efficient hybrid polymeric solar cells with energy storage capability are
few till now. Piezoelectric PVDF is considerably applied for harvesting
electrical energy from mechanical energy. But, the applications of PVDF
in hybrid photo induced power cell are very few [24,25]. Previously we
have successfully designed some high dielectric polymeric films based
simplistic two electrode self-charged photo-power cells using poly-
vinylidene fluoride (PVDF) and their composites or NCs thin films as
efficient energy reservoir in a single unit [22-24].

PVDF, with molecular structure (-CH,-CF5-),, is a semi-crystalline,
flexible, electroactive polymer, which is exceptionally attracted by the
present researchers for its superior properties i.e. dielectric, Piezo, Pyro
and Ferroelectricity. PVDF is extremely applied in different fields like-
sensors and memory devices, batteries, thin film transistors, PENGs,
self-charging storage devices as well as in biomedical fields [24-29].
PVDF has five distinct crystalline polymorphs o, 3, v, 8 and e. Among
those phases a and ¢ are completely non-polar and f3, y and § are polar.
Two antiparallel arrangement of the dipole moments in the monoclinic
unit cell of the lattice structure form non-polar groups and establish its
TGTG’ (trans-gauche + -trans-gauche -) dihedral polymeric chain con-
figuration. B phase is the most electroactive polymorph of PVDF due to
the highest dipolar moment per unit cell (8 X 10~3° C m) which has
raised due to the orthorhombic unit cell matrix and all trans i.e. TTTT
planar zigzag conformation [26,30,31]

In present study, the electroactive B phase rich and large dielectric
BaF, nanoparticles (NPs) incorporated PVDF thin film has been pre-
pared via in situ process followed by solution casting procedure. We
have demonstrated a more simple, cost-effective and efficient prototype
Self-Charged Hybrid Photo-Power Cell (HPPC) by integrating a dye-
sensitized solar light capturing and converting part with large dielectric
BaF,/PVDF thin film as storage unit in a single power pack. Our light-
weighted self-charged HPPC is able to charge under visible light
without any external electrical bias which may be used as power sup-
plier unit in portable electronic gadgets.

2. Experimental
2.1. Materials

The used materials for synthesizing the BaF,/PVDF thin films are
Poly (vinylidenefluoride) (PVDF) pellets (Aldrich, Germany. M,:
275,000 GPC, M,,: 71,000), Strontium nitrate (Ba(NO3),) (CDH, India),
Ammonium fluoride (NH4F) (Merck, India), dimethyl sulfoxide,
(DMSO) (Merck, India). For the HPPC fabrication, we have used FTO
coated glass (Sigma Aldrich, Germany), Phenosafranine (PSF) (Sigma
Aldrich, Germany), polyvinyl pyrrolidone (PVP) (Loba Chemie) and
TiO5 NPs (See supporting information for preparation process), Ortho-
phosphoric acid (H3PO,4) (Merck, India). All the materials or chemicals
are purchased from the above mentioned chemical companies. The
synthesis and design of BaF, NPs incorporated PVDF films and our
device are described in Sections 2.2 and 2.3 in detail. TiO, NPs has been
prepared in laboratory and the procedure and used chemicals are dis-
cussed in supporting information.

2.2. In situ synthesis of BaF, NPs incorporated PVDF films

At first, two solutions of Ba(NO3), and NH4F have been separately
prepared within initially produced 4% PVDF — DMSO solution at 60 °C
with different molar concentration (0.01-0.2 (M)) and (0.02-0.4 (M))
respectively. Then, NH,F/DMSO solution has been slowly poured into
PVDF/Ba(NOj3), solution and stirred continuously in magnetic stirrer at
80 °C. BaF, NPs have been formed within PVDF matrix after addition of
NH4F solution into the PVDF/Ba(NOs),/DMSO mixture. Thereafter,
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BaF,/PVDF NC films have been obtained by evaporating the solvent in
a dust free oven at 80°C for 12h using solvent casting method.
Simultaneously, pure PVDF film is also prepared using the same pro-
cedure in same condition. All the films have been collected in a vacuum
desiccator for further characterization. The average thickness of the
prepared films are 20 um. The different concentrations of BaF, NPs in
PVDF matrix (0.01-0.2 M) have been tabulated in Table S1 (see sup-
porting information).

2.3. HPPC fabrication

Initially, PSF (20 mg/ml), TiO, NPs (100 mg/ml), H3PO4 and PVP
(10% mass) are added to 5ml distilled water and stirred magnetically
for 6 h to prepare the light sensitive dye solution. Then, 20 pl dye so-
lution has been casted on two unstrained FTO coated glasses and dried
at 50 °C temperature. When the dye solution has become sticky, the
previously prepared in situ PVDF/BaF, NCs (0.15M) and pure PVDF
thin films deposited on two aluminium foils are placed on the sticky
layer of the FTOs separately. Further drying ensures the evaporation of
water completely and optimize contact between the dye layer and the
PVDF based films. To investigate photovoltaic phenomenon of our
synthesized HPPCs, two wires are connected with the acting electrode
FTO and counter Al electrode respectively (Fig. 1).

2.4. Characterization

2.4.1. X-ray diffraction (XRD)

The formation of the NPs and 8 phase of the pure and NC doped
films have been verified by X-ray diffractometer (Model-D8, Bruker AXS
Inc, Madison, WI) with scan speed of 0.3 s/step using Cu-K, irradiation
working under a voltage of 40 kV in 20 range from 10° to 50°.

2.4.2. Fourier transform infrared spectroscopy (FTIR)

Further, the crystalline phases of the films are investigated using
FTIR (FTIR-8400S, Shimadzu). The absorbance data have been col-
lected by scanning the samples 50 times in the wavenumber range from
400cm™! to 1100 cm ™' with a resolution of 4cm™!. The B-phase
fraction (F(B) %) of pure PVDF and NC films are calculated by using

Lambert-Beer law
A

F(B) = Kﬁiﬁ
(E)Aa + Aﬁ

@

where Aa and A are the absorbance at 764 cm ™' and 840 cm ™! re-
spectively and KB (7.7 x 10* em?® mol™!) and Ka (6.1 X 10* cm?
mol 1) are the absorption coefficients at the respective wavenumber
[26].

2.4.3. Study of optical properties

The formation of BaF, NPs in PVDF matrix is also confirmed by a
UV-Visible spectrometer (Lambda 25, Perkin Elmer, USA and UV-
3101PC, Shimadzu) by recording the absorbance spectra of synthesized
films in the range 200-450 nm. The photoluminescence characteristics
have been characterized using a Cary Eclipse fluorescence spectro-
photometer (Agilent Technologies) exciting the sample at wavelength,
Aex ~ 268 nm.

2.4.4. Field emission scanning electron microscopy (FESEM)

The morphological structure of the pure PVDF and NC films have
been examined by a field emission electron microscope (FESEM)
(INSPECT F50, Netherland). First, the films are coated with gold
through plasma spraying. The samples are placed within a vacuum
chamber (Pressure ~ 5 x 10~ 2 Pa). Then FESEM images of the samples
are captured under operating voltage of 20 kV, emission current 170 pA
and with beam spot size of 3 mm.



F. Khatun et al.

Energy Conversion and Management 171 (2018) 1083-1092

(C) FTO Coated
Glass

(a)

(b)

BaF2/PVDF
Thin Film

Thin Film of PVP +
PSF + H3PO4 + TiD2
Nanoparticle Dye
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Fig. 1. (a, b) Digital image of the HPPC, (c) Schematic representation of the fabrication of the HPPC.

2.4.5. Dielectric properties measurements

The dielectric variations of the films have been studied by mea-
suring the capacitance (C) and tangent loss (tan §) within the frequency
range 20 Hz to 2 MHz using a digital LCR meter (Agilent, E4980A) at
room temperature applying 1V ac voltage across the two opposite
surfaces of the samples. The dielectric constant (¢) and the ac con-
ductivity (o) of the samples were calculated using the following equa-
tions,

e=C.d/gA 2

3

where d and A are the thickness and area of the samples respectively
and f is the frequency in Hz applied across the samples and ¢, is the
permittivity of the free space with value 8.854 x 1072 F m ™! [24,26].

Oae = 27fegetand

2.4.6. Investigation of device performances

The output characteristics of our fabricated prototype devices are
studied by connecting the two copper wires which are extended from
the electrodes to a digital multi-meter (Agilent U1252A) and an elec-
trometer (Keysight-B2985A) under light illumination and dark condi-
tion without applying any external bias voltage across the electrode of
the devices.

3. Results and discussions

The digital images of the fabricated device (3 mm X 3 mm) are
shown in Fig. 1a and b. The fabrication of HPPC is schematically dis-
played in Fig. 1c. The light absorbing part i.e. PVP-PSF-TiO, film de-
posited on FTO has been adjoined with the neighbouring energy storage
part i.e. the BaF, NPs loaded PVDF (PBF0.15) or pure PVDF thin films
casted on Al foil. The well-known TiO, and PSF have been used as light
absorbing dyes in our present study. The novelty of present study re-
solves around the in situ synthesis and characterization of BaF, NPs
incorporated electroactive [ polymorphs rich and giant dielectric PVDF
film. And to design a very simple self-charged hybrid photovoltaic
power cell capable to store charge or energy in same unit effectively.

3.1. Characterization of pure PVDF and PBF NC films

3.1.1. X-ray diffraction (XRD) analysis
Fig. 2a illustrates the X-ray diffraction curves of the NPs doped
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PVDF and pure PVDF thin films. The existence of the strong peaks at
26 =19°, 22°, 31°, 36.8° and 38.6° and few weaker peaks at 26 = 33°,
41.4°, 44.7°, 48.9°, 50.4° in the diffraction pattern of the NPs doped
PVDF films confirm the formation and crystallization of the BaF, NPs in
the polymer matrix. Existence of the non-polar a phase in pure PVDF
has been confirmed by the presence of diffraction peaks at 26 ~ 17.4°
(100),19.6° (021) and 26.3° ((201), (310)) in the XRD spectrum of
pure PVDF. The characteristic peaks related to non-polar a-PVDF are
completely disappeared in the NPs incorporated PVDF films
[26,32-34]. Only a characteristic diffraction peak is observed strongly
at 20.7° ((110), (200)) for the BaF,/PVDF thin films confirming the
electroactive f phase nucleation due to the incorporation of the NPs in
PVDF matrix [35,36]. The increment of the intensity of the [(-phase
characteristic peak up to a certain molar concentration suggests in-
timate interaction of the NPs and the polymer chains due to well dis-
semination of the in situ synthesized BaF, NPs up to that concentration
of doping (19.4 vol% loading of NPs). Further doping of the NPs leads
to decrease the intensity of the B-phase characteristic peak.

Fig. 2d represents the peak intensity ratio of 20.7° and 18.3° (I5 .7/
I1s.3) which is the qualitative measure of [ phase content within the
polymer matrix [37]. The ratio is calculated to be ~0.99 for pure
PVDF. The ratio is gradually increased upto 19.4 vol% loading of NPs
and then has decreased for further NPs doping concentration in PVDF.
The highest value is evaluated to be 35.4 for PBF0.15 which is the clear
affirmation of maximum electroactive 3 phase crystallization in PVDF
at this concentration.

3.1.2. Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared spectroscopy (FTIR) has also been stu-
died for investigating the phase behavior of the films shown in Fig. 2c.
All the characteristic absorbance bands related to non-polar a phase at
489 cm ™! (CF2 waging), 533 cm ™! (CF, bending), 615 and 764 cm™*!
(CF, bending and skeletal bending), 795 and 975 cm ™! (CH, rocking)
which are present in the FTIR spectrum of pure PVDF are totally van-
ished in the absorbance spectra of the NPS incorporated PVDF films
[23,38,39]. The absorbance band at 475cm~! (CF, deformation),
510cm ™! (CF, stretching), 600 cm ™! (CF, wag) and 840 cm~ ! (CH,
rocking, CF, stretching and skeletal C-C stretching) are raised clearly
indicating the nucleation of electroactive 3 phase within the BaF,; NPs
modified PVDF thin films [26,35]. Intensity of the mainf phase ab-
sorbance peak at 840cm™! has been increased with the NPs
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Fig. 2. (a) XRD patterns of pure PVDF and BaF,/PVDF thin films, (b) Ratio of I, and I 3 of the samples. (c) FTIR spectra of pure PVDF and BaF,/PVDF thin films,

(d) B-phase content with increasing BaF, content form IR spectra.

concentration and becomes maximum for 19.4 vol% i.e. for PBF0.15
and decreased for the higher concentration.

The relative fraction of the ( phase content i.e. F () (%) is eval-
uated using Eq. (1) and plotted against BaF, NPs content shown in
Fig. 2d. A sharp increment of F () (%) with the increase of doping
concentration (volume %) up to a certain value has been observed and
the maximum F (3) (%) value ~96% has been obtained for PBF0.15 M.
So, the FTIR data are well agreed with the XRD study. The nucleation
and stabilization of electroactive B phase in BaF, NPs modified PVDF
thin films have been accelerated by BaF, NPs up to a certain value due
to uniform distribution and optimum electrostatic interaction between
the NPs surface and the CH,/CF, dipoles of the polymer chains [25,26].

3.1.3. Optical properties (UV-Visible and photoluminescence spectroscopy)

UV-Visible spectroscopy of the BaF,/PVDF and pure PVDF thin
films are depicted in Fig. 3a. For pure PVDF thin films no characteristic
absorption peak has been observed. But a wide and prominent peak

(a)

- PVDF
= PBF0.01
= PBF0.05

Absorbance (a.u.)

300 360 420

Wavelength (nm)

240

centred at 280 nm (~ 4.43 eV) has been found for the NPs loaded PVDF
thin films. It signifies the formation BaF, NPs and the homogeneous
distribution and interaction between the NPs and PVDF matrix in the
BaF,/PVDF thin films. The intensity of the absorbance peak has been
raised with increasing loading concentration of the NPs suggesting the
acute electrostatic interaction and uniform distribution of the NPs in
polymer matrix [40]. Fig. 3b shows the photoluminescence emission
spectra of the pure and NPs modified PVDF thin films. Two distinct
wide emission peaks at wavelength 371 nm and 434.5 nm are appeared
at excitation 1. = 268 nm. Intensity of the emission peaks are suc-
cessively increased due to the more incorporation of the BaF, NPs in the
samples. Inception of the peaks may be explained by the movement and
recombination of the conduction band electrons within the different
luminescence centres originated due to the internal molecular ar-
rangement or various defects in between the NPs and polymer matrix.
The absorption property of the BaF,/PVDF films in UV region and si-
multaneous photoluminescence emission in both UV and visible region

G
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Fig. 3. (a) UV-Visible absorption spectra and (b) Photo luminescence spectra (A.x = 268 nm) of pure PVDF and BaF, NPs doped PVDF thin films (PBF0.01, PBF0.05,

PBF0.10, PBF0.15 and PBF0.20).
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Fig. 4. FESEM images of (a) pure PVDF, (b) PBF0.01, (c) PBF0.05, (d) PBF0.10, (e) PBF0.15 and (f) PBFO0.2.

is very attracting fact in the different field of application such as op-
toelectronics, UV protectors and sensors, and light emitting diodes
(LEDs) [41].

3.1.4. Morphology and microstructure of the BaF, NPs modified PVDF thin
films

The formation and structural morphology of the BaF, NPs in the
polymer matrix from microscopic point of view has been studied by
field emission scanning electron microscopy (FESEM). The FESEM
images of the samples are shown in Fig. 4. The formation of spherical
BaF, NPs (diameter ~ 50-80 nm) within polymer matrix has been
confirmed by FESEM images of BaF, NPs modified PVDF thin films
[42,43]. The synthesis process and the temperature are the two vital
issues of controlling the size of the NPs. As the NPs are synthesized via
in situ process in to the polymer matrix with controlled NPs grown and
drying temperature, the size of the NPs is well controlled. The spherical
NPs are uniformly dispersed upto 19.4 vol% loading of the NPs and
agglomeration of NPs has been observed for further increase of the
loading concentration of the NPs in PVDF. The formation of smaller size
of the spherulites (~3 to 5 um) due to the catalytic effect of the well
distributed BaF, NPs suggest the nucleation of electroactive § phase in
BaF, NPs modified PVDF thin films. While for nonpolar « polymorph,
diameter of the spherulite is within 20-40 um which is observed in pure
PVDF (Fig. 4a) [44,45].

3.1.5. Dielectric properties

Fig. 5a and b illustrate the variation of the dielectric constant and
tan 6 with respect to BaF, NPs content of samples at 20 Hz and 2 MHz.
The values of the dielectric constant and tan § been increased sharply
up to 19.4 vol% incorporation of BaF, NPs in PVDF and decreased for
further loading of the NPs at 20 Hz. It is also noticeable that the values
of those parameters are slowly increased at higher frequency (i.e.
2 MHz) with NPs content. The non-linear improvement of the dielectric
constant at 20 Hz and a sharp increment of dielectric value at 19.4 vol%
of loading of the NPs may be interpreted by the Maxwell-Wagner-Sil-
lars (MWS) interfacial polarization [25,26,46-48]. Maximal value of
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the dielectric constant has been found to be ~2570 for the PBF0.15
thin film at 20 Hz frequency whereas for pure PVDF it is 9 at same
frequency. Strong interconnection and well mixing of the in situ syn-
thesized BaF, NPs with the PVDF matrix reduce the intermolecular
space and enhance large number of charge carriers i.e. dipoles which
have induced longer planar zigzag conformations into the polymer
matrix resulting a significantly large dielectric constant of the PBF0.15
at this concentration of the NPs [26,49,50]. At lower doping of the NPs
in PVDF matrix the NPs are well separated from each other and there is
no possibilities of effective interaction between the NPs. When the NPs
content has been increased, the interfacial area per unit volume be-
tween the polymer matrix and the NPs is increased and the inter-par-
ticle distances are reduced. Thus the average interfacial polarization
has increased effectively up to the doping concentration of NPs when it
has reached to percolation threshold value that is 19.4 vol%. The mi-
crostructures of the samples i.e. FESEM images also well consistent with
the dielectric data. Uniform distribution of in situ formed NPs in
polymer matrix upto the threshold value of doping also observed in
FESEM image (Fig. 4) which leads to optimum interfacial surface area
per unit volume of the NPs upto 19.4 vol% of NPs which effectively
enhance the associated interfacial polarization by forming maximum
number of micro-capacitive grains centring every NPs [24]. The ag-
glomeration of the NPs in PBF0.20 has reduced the interfacial surface
area per unit volume resulting lower dielectric value (Fig. 4f) [24,26].
The dependence of ac conductivities of the samples with NPs loading
concentrations at 20 Hz and 2 MHz have been illustrated in Fig. 5c. A
linear increase in ac conductivity with increment of the volume content
of BaF, NPs is observed for both higher and lower frequencies (20 Hz
and 2MHz) with maximum values for PBF0.15. The ac conductivity
values are reduced for higher loading of NPs.

Fig. 5d and e represent the frequency dependent dielectric constant
and tangent loss of the pure PVDF and BaF, NPs modified PVDF thin
films at ambient condition. The dielectric values for all samples are
gradual reduced with increasing frequency as noticed (Fig. 5d). This
decreasing phenomenon of dielectric constant may be elucidated by
MWS interfacial polarization principle. Intimate interaction has been
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occurred between the NPs and the PVDF chain during the in situ for-
mation of the BaF, NPs within polymer matrix [46-48,51]. Thus, short
range dipolar interaction and large accumulation of the space charges
have arised at the interfaces of NPs and PVDF chains which develop a
quite large dielectric constant at lower frequency region [36,42]. With
increasing frequency, the movement and realignment process of the
dipoles have been restricted and the dipoles within the polymer sam-
ples cannot follow the fast change of the frequency of the applied
electric field [52]. As a result small number of dipoles are able to re-
arrange them with the external field which reduce the overall polar-
ization in higher frequency region. Therefore, dielectric value is de-
creased with increasing frequency (Fig. 5d) [37,47,48]. The tangent
loss peaks are observed for the NPs modified thin films at lower fre-
quency region (Fig. 5d). The origination of these Debye-type dielectric
relaxation peaks are mainly appeared because of the resonance or heat
energy dissipation due to oscillation of the dipoles [51,53]. The ac
conductivities of pure PVDF and BaF, NPs modified PVDF thin film are
increased linearly with increasing frequency shown in Fig. 5f. The
conductivity at higher frequency region is mainly regulated by the ac
conductivity but the dc conductivity occurs at low frequency region.
The raise of ac conductivity is mainly due the hopping of the dipoles in
a definite arrangement [37,50].
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3.2. Output characteristics and working mechanism of the HPPC

The photovoltaic phenomenon i.e. the self-charging and discharging
behavior of the fabricated HPPCs are shown in Fig. 6. The device has
been charged under visible light illumination by a 40 W tungsten bulb
covered with ultra-violet and infrared light eliminator filters with in-
tensity 110 mW/cm?, without using any external bias voltage. Ac-
cording to our aforementioned studies, PBF0.15 M has come out as the
most appropriate material for constructing the device. PBF0.15 thin
film (thickness ~20 pm and dimension ~0.3 cm X 0.3 cm) is the most
suitable charge storing material for designing the HPPC due to its large
dielectric value (~2570) which has been achieved by proper in-
corporation of well controlled smaller sized BaF, NPs in PVDF matrix
via in situ process. A composite film of TiO, NPs, PSF, PVP and H3PO4
has been used to generate photoelectrons. The dye film deposited on a
FTO coated glass has been attached with the high dielectric PBF0.15 or
pure PVDF thin film which are previously casted on aluminium foil. We
have constructed two prototype HPPC separately by using pure PVDF
and BaF, NPs incorporated (19.4 vol%) PVDF thin films as storing unit
for comparison purpose. The HPPC fabricated using PBF0.15 is charged
up to 1.3 V within 65 s under the visible light illumination (~110 mW/
cm?) whereas the maximum voltage is obtained ~0.87 V within 95 s for
the device constructed with pure PVDF film shown in Fig. 6¢ and d
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Fig. 6. (a, b) J-V curve and (c, d, e, f) Self-charging and discharging voltage-time (V-t) curves of HPPC fabricated by PBF0.15 and pure PVDF film.

respectively. The current density (J)-open circuit voltage characteristics
of the HPPC with PBF0.15 and pure PVDF thin film are illustrated in
Fig. 6a and b respectively. The short circuit current density (Js.) is
found to be ~2.6 mA/cm? and 0.3 mA/cm? for the PBF0.15 and pure
PVDF film based HPPC respectively.

The photoelectrons have been generated by the solar part i.e.,
composite dye film of TiO,, PSF, PVP and H3PO,. Under light illumi-
nation the dye film is excited and the electrons are jumps to its con-
duction band or LUMO by absorbing photons (hv). The UV-Vis ab-
sorption spectroscopy and the HOMO-LUMO states of the composite
dye film are schematically shown in Fig. 7a. According to the anatomy
of the energy diagram, photoelectrons generated by PSF molecules by
absorbing the light (LUMO ~ —3.07 eV) are injected to the lowest
energy level of conducting FTO (—4.4 eV) through TiO, NPs (LUMO ~
—4.21 eV). Here, The main function of TiO, NPs is to restrict the
electron-hole recombination by conducting the photoelectrons gener-
ated by PSF towards the FTO and this fact has improved the perfor-
mance of our HPPC [54,55]. The photoelectrons are injected to FTO
have immediately travelled towards the Al electrode through the con-
nected Cu wire [8,56].

As the high dielectric PBF0.15 thin film has placed in between the
solar part and Al electrode, the photoelectrons have been stored be-
tween the junction of Al and PBF0.15 as well as the interfaces of the
BaF, NPs and the polymer matrix resulting a voltage generation in our
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HPPC. The insufficiency of electrons of PSF molecules are fulfilled by
the donation of electrons from PVP and H3;PO,. This electron generation
process has been repeated and counter electrode (Al) terminal has
charged negatively by accumulating and storing the photoelectrons in
the PBF0.15 by forming large number of micro-capacitor type struc-
tures around the BaF, NPs in PBFO0.15. The presence of BaF, NPs in
PVDF matrix has effectively enhanced the charge storage capability of
PBF0.15 by improving its dielectric value (~2570) which is also pre-
viously confirmed in dielectric properties section. At the same time, the
solar part becomes positively charged due to generation holes. Thus, a
potential difference has existed between the electrodes which results a
large open circuit voltage 1.3V under fully charged condition of
PBFO0.15 based HPPC [8,57]. Under fully charged condition the pho-
toelectrons generation process has been completely ceased and the Jg.
become zero [22,23,58]. The photoelectrons formation and re-
combination process by absorbing visible photons from light irradiation
are as follows:

PSF + v = PSF* + e~, PVP—PVP~, PSF" + PVP~ = PSF + PVP"

H,PO, — H3P0,~, PSF* + H;PO4 = PSF + H3PO,"

After completion of the charging process the light is switched off
and the charge storage stability of our devices have been tested in dark
atmosphere. Initially, a very small fall in voltage is observed for
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Fig. 7. (a) UV-Visible absorption spectrum of the dye film, schematic presentation of HOMO-LUMO energy states and the probable photoelectrons generation and
storage mechanism. (b, c¢) Investigation of self-charging and discharging recyclability or durability test ((a) charge/discharge V-t profile for 45 days (1 cycle per day)
and (c) recycling test for 200 cycles of the PBF0.15 based HPPC under light and dark ambient. (d) V-t curve of three PBF0.15 based HPPCs connected in series under
light illumination. (e) Digital image of glowing of the 14 blue and 2 green LEDs by serially connected three PBF0.15 based HPPCs as a power pack. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

PBF0.15 based HPPC and the voltage becomes almost constant for long
time indicating the charge storage ability and low internal re-
combination of electrons and holes (shown in Fig. 6¢). For the pure
PVDF based HPPC the output voltage reaches to its initial value within
96 min (approximately) (Fig. 6d). The storing ability and slow internal
electrons-holes recombination in fully charged PBF0.15 based HPPC are
mainly due to the dissimilarity of the dielectric value of PBFO0.15
(~2570 that is 200 times greater than pure PVDF) and the formation of
many micro-capacitors in the BaF, NPs incorporated PVDF film i.e.
PBFO.15 sample. The PBF0.15 based HPPC and pure PVDF based HPPC
have been discharged with a constant discharge current density
~1.44mA/cm? and ~0.97 mA/cm? respectively. The output voltage
has been discharged to its initial value within 105 s for PBF0.15 based
HPPC and 5 s for the pure PVDF based device (Fig. 6e and f). The output
characteristics i.e. stored charge, capacitance, energy density and
power density of our two prototype HPPCs have been evaluated from
the discharge curves (Fig. 6e and f) by the following equations:

Q= S Jaisdt C)]
C=Q/dv )
Eouput = 1/2CV? O]
P= Vigis )

where Q, C, Equpue P, Jais, dt and dV are the charge density, capaci-
tance, output energy density, power density, discharge current density,
discharge time and voltage difference respectively. Maximum energy
density is calculated to be ~281.6 mWh/m? with excellent power
density ~18.7W/m? and specific areal capacitance 1200 F/m? for
HPPC fabricated by PBF0.15. Whereas for pure PVDF based HPPC, the
value of energy density, power density and specific areal capacitance
are evaluated to be ~5.9 mWh/m?, 8.4 W/m? and 55.7 F/m? respec-
tively (See comparison Table S2 supplied as supporting information).

Further the fill factors (FF) from J-V curve and the energy conver-
sion efficiency of our HPPCs (Fig. 6a and b) are calculated by using the
Egs. (8) and (9)
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Vo X T
FF= 22—
Voc X Iscl ®
P, Voc X Isc X FF
on% ="M %100 =262 5C T " 100
Neonversion © P, P, 9)
where voc = open circuit voltage, Isc = short circuit current, FF = fill

factor, P, = the incident light power = 110 mW/cm?, Vpp = voltage
power point, Ipp = current power point, (Here Isc and Ipp are in mA/
em?, voc and Vpp are in mV, P, and B, are in mW).

By using Egs. (6) and (9) and the following equations the overall
and storage efficiencies of our fabricated devices are evaluated. A
summarized output characteristic values for our both devices are ta-
bulated in Table 1.

E
Overall efficiency, 1 a1 % = P ¢ 100
input (10)
n _ 770verall%
" =
soree Nconversion% 11)

where the input energy density Eiypy = Pin X dt” and dt’ is the charging
time [59].

The values of efficiency parameters for the PBF0.15 based HPPC are
considerably higher than that of the pure PVDF based HPPC. The no-
velty of our integrated PBF0.15 based HPPC is not only circulate around

Table 1
Summarized of the output characteristics of the HPPC (See comparison Table S2
supplied as supporting information).

Parameters PBFO0.15 based HPPC Pure PVDF based HPPC
Energy density 281.6 mWh/m? 5.9 mWh/m?

Power density 18.7 W/m? 8.4W/m?

Storage ability 1200 F/m? 55.7 F/m?

Energy conversion Efficiency 1.78% 0.125%

Energy storage efficiency 79% 16%

Overall efficiency 1.41% 0.02%
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the high photovoltage generation, but also around the efficient con-
version and storage of energy for a long time which are the basic cri-
teria of a device for practical utility.

The longevity or durability of our PBF0.15 based device has ex-
amined by recording the data of photovoltaic performance i.e. self-
charging and discharging variation for 45days (1 cycle per day) and
testing the charge-discharge profiles for 200 cycles (Fig. 7b and c). The
durability i.e. recycling performances of pure PVDF based HPPC is
tested and shown in Fig. 7c. The generation of photovoltage by the
PBFO0.15 based HPCC is decreased only by 5.2% after 200 cycles.
Whereas, the photovoltage generation of pure PVDF based HPPC has
considerably dropped to its half value within 90 cycles (Fig. 7c). The
practical utilization of our PBF0.15 based HPPC has been demonstrated
by glowing commercially available light emitting diodes of two colours
using three serially connected device as power pack. The self-charging
characteristic i.e. V-t curve of our hybrid device under light is graphi-
cally shown in Fig. 7d. The combined devices are charged up to 3.9V
within 65s which is able to lightening up 14 blue and 2 green LEDs
with high intensity for long time (7 days). The digital snapshot of
glowing of LEDs by three serially connected PBF0.15 based HPPC are
shown in Fig. 7e. A video of the whole circuit connection of the PBF0.15
based HPPC with demonstration of glowing of LEDs is supplied as
supporting data (Video-S1 and Video S2). Our simplistic approach to
design the hybrid self-charged photo-power cell with very good energy
storage ability may have a promising impact in the field clean energy
harvesting and storing fields. But, the overall and solar energy con-
version efficiencies are still low. This shortcomings of our prototype
device may be further enhanced by focussing on proper choice and
optimization of solar light sensitive materials (like ZnO, CdS, etc.) to
improve the conversion solar energy. In future, our study will be fo-
cused to enhance the overall and conversion efficiency by choosing
some efficient new dyes and NPs.

4. Conclusions

Thus, we have successfully synthesized electroactive and giant di-
electric BaF, NPs incorporated PVDF thin film via in situ grown of the
NPs followed by solution casting process. Uniform distribution and
strong interfacial interaction between the NPs and the polymer chains
in the NCs have improved the electroactive B phase nucleation ~ 96%
and the dielectric constant ~ 2570 at 20 Hz for 19.4 vol% incorporation
of the NPs. Thereafter we have designed an inexpensive and highly
efficient prototype hybrid photo-power cell i.e. HPPC for converting the
solar energy to electrical energy with superior energy storage function
in same unit. Very popular PSF and TiO, NPs have been used as solar
energy absorbing and conversion unit which has been successfully ad-
joined with our developed high dielectric PBF0.15 thin film acting as
the storage unit of the photogenerated electrons. Maximum energy
storage efficiency ~79% is obtained for our PBF0.15 based HPPC that
is much greater than the storage efficiency of pure PVDF based HPPC
(~16%). The energy storage stability and the practical utilization of
our HPPC is evidently verified by glowing up 14 blue LEDs and 2 green
LEDs for 7 days. Our prototype HPPC may have the potential to fulfil
the recent power hunger of portable electronic tools as well as our
modern society.
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