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ABSTRACT: Electrospun nanocomposite polymer blend poly(vinylidene di-
fluoride-co-hexafluoropropylene) (PVDF-HFP)/poly(methyl methacrylate)
(PMMA) membranes with a novel dispersion of x wt % of one-dimensional
(1D) TiO2 nanofiber fillers (x = 0.0−0.8 in steps of 0.2) were developed using the
electrospinning technique. The developed nanocomposite polymer membranes
were activated using various redox agents such as LiI, NaI, KI, and tetrabutyl
ammonium iodide (TBAI). Introduction of the 1D TiO2 nanofiber fillers improves
the amorphous nature of the blended polymer membrane, as confirmed through X-
ray diffraction (XRD) and Fourier transform infrared (FTIR), and yielded an
electrolyte uptake of over 480% for a 6 wt % TiO2 nanofiber filler-dispersed sample.
PVDF-HFP/PMMA−1D 6 wt % TiO2 nanofiber fillers with the LiI-based redox
electrolyte provided a high conductivity of 2.80 × 10−2 S cm−1 and a power
conversion efficiency (PCE) of 8.08% to their fabricated dye-sensitized solar cells
(DSSCs). The observed better ionic conductivity and efficiency of the fabricated DSSCs could be due to the faster movement of the
smaller-ionic-radius (Li) ions entrapped inside the amorphous polymer. This enhanced mobility of ions in the quasi-solid electrolyte
leads to faster regeneration of the depleting electrons in the photoanode, resulting in improved efficiency. Further, the achieved high
conductivity was analyzed in terms of the dynamics and relaxation mechanisms involved by the ionic charge carriers with complex
impedance spectroscopy using a random barrier model and Havriliak−Negami formulation. It was observed that the high-
conducting PVDF-HFP/PMMA−1D 6 wt % TiO2 nanofiber fillers with LiI-based redox electrolyte show better ac conductivity
parameters such as a σ of 5.82 × 10−2 S cm−1, ωe (12685 rad s

−1), τe (0.909 × 10−4 s), and n (0.578). Also, dielectric studies revealed
that the high-conducting sample has a higher dielectric constant and subsequently high loss. The J−V characteristics were studied
using the equivalent circuit of a single-diode model, and the parameters influencing the photovoltaic performance were determined
by Symbiotic Organisms Search (SOS) algorithm. The results suggest that the high-efficient sample possesses a minimum series
resistance of 1.33 Ω and a maximum shunt resistance of 997 Ω. Hence, the highest-conducting electrospun-blended polymeric
nanocomposite (PVDF-HFP−PMMA−6 wt % TiO2 nanofiber fillers) with LiI-based redox agent and tert-butyl pyridine (TBP)
additive as the polymer quasi-solid electrolyte nanofibrous membrane can be a better electrolyte for high-performance dye-sensitized
solar cell applications.

1. INTRODUCTION

Photovoltaic technology is considered as the best method of
producing energy, as it can convert photons to electrons
without causing any environmental impact. Dye-sensitized
solar cells (DSSCs) have been focused as a hopeful substitute
towards the conventional solar cells as they are cost-effective
and eco-friendly.1 Recently, the highest power conversion
efficiency (PCE) of 14% has been achieved for a cobalt(II/III)
complex redox electrolyte solution.2 The most crucial
component of the DSSC is the electrolyte, which plays a
significant function in the charge transport and dye
regeneration. A high ion-conducting and chemically stable
redox electrolyte is essential to improve the photovoltaic
performance of DSSCs. Although higher efficiencies are

achieved by liquid electrolyte-based DSSCs, they suffer from
serious problems such as leakage of the electrolyte due to low
viscosity and poor sealing, evaporation at room temperature,
deterioration of electrode materials, dissolution of the
adsorbed sensitizer in the photoanode, short-circuiting, etc.,
which hinder their performance in the long run. A lot of effort
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Figure 1. Schematic representation showing the preparation and ion transport mechanism. (a) Intercalation, exfoliation, and aggregation processes;
(b) device architecture; (c) enlarged image of the different ions present inside the electrolyte of the developed novel nanocomposite electrospun-
blended polymeric electrolyte membranes (PVDF-HFP−PMMA−6 wt % TiO2 nanofiber fillers) with distinct iodide-based redox agents based on
cations Li, Na, K, and TBA quasi-solid electrolyte.
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has been taken to supersede liquid electrolytes by high-viscous
gel electrolytes or polymer solid-state electrolytes, although
they exhibit lower ionic conductivity.3 In polymer electrolytes,
the spatial distribution of pores and their dimensions play a
vital role in the intake of the electrolyte and the mobility of
ions.3,4 However, the dimensions of the pores present in the
electrolyte are influenced by the processing techniques,
different one-dimensional (1D) and two-dimensional (2D)
nanostructures, etc.5 Among several processing techniques, the
electrospinning process has been successful in producing
highly porous 1D nanofibrous polymer membranes that have a
high surface area to entrap a huge quantity of fluid. Numerous
polymers have been used as host matrices in the application of
electrolytes for distinct applications such as lithium batteries,
supercapacitors, DSSCs, electrocatalysts, etc.4−7 The host
polymers include poly(vinylidene difluoride) (PVDF), poly-
(vinylidene difluoride-co-hexafluoropropylene) (PVDF-HFP),
poly(acrylonitrile) (PAN), poly(methyl methacrylate)
(PMMA), polystyrene (PS), poly(ethylene oxide) (PEO),
etc., among which semicrystalline PVDF-HFP is utilized in
many applications due to its favorable properties such as
appreciable mechanical strength, highly stable electrochemical
properties, and high dielectric constant (ε ≈ 8.4).8−15 PVDF-
HFP is a copolymer in which PVDF is crystalline and HFP is
amorphous, and the crystallinity is reduced by the HFP units in
PVDF-HFP.16 Moreover, amorphous polymers exhibit ionic
conductivity by the metameric motion of ions in the polymer
strands. In order to raise the mobility of charge-carrying ions in
the polymer matrix, various methods have been adopted in
recent times, such as blending and co-polymerization, of which
blending with a soft amorphous polymer is preferred. In this
regard, various polymers such as PEO, PMMA, and their
copolymers, including poly(ethylene carbonate-co-ethylene
oxide) [P(EC-EO)], poly(vinylidene fluoride-trifluoro ethyl-
ene), and poly(methyl methacrylate-co-acrylonitrile-co-lithium
methacrylate) (PMAML), are the most opted polymers that
can be blended with PVDF-HFP.17,18 Among these, PMMA
was selected for blending with PVDF-HFP in our present
study, as it is highly amorphous in nature. Based on our
conductivity results, a 9:1 proportion of the PVDF-HFP−
PMMA sample is found to be more appropriate for electrolyte
applications, as it has higher conductivity than other

compositions. Hence, the 9:1 composition of PVDF-HFP−
PMMA is chosen for further optimization of crystallinity by the
incorporation of inorganic fillers to form a nanocomposite
polymer quasi-solid electrolyte.
Polymer matrix-based nanocomposites have become one of

the interesting fields in recent times as they have numerous
applications as electrolytes for dye-sensitized solar cells
(DSSCs), lithium-ion batteries, supercapacitors, fuel cells,
etc.19−21 Dispersal of nanosized inorganic ceramic fillers
including Al2O3, ZnO, TiO2, SiO2, etc., into the polymer
strands would help in their ready contact with the polar
radicals present in the polymeric matrix by the chemical
interaction of the Lewis acid−base and disrupt the crystallinity,
resulting in the betterment of the intrinsic properties of the
matrix, which favors conductivity.22−31 Addition of ceramic
nanofillers into the polymeric matrix influences the rate of
crystallization, degree of crystallinity, and melting enthalpy of
the nanocomposite polymeric electrolyte.32 The reduction of
crystallinity of the developed nanocomposite polymeric
electrolyte membranes is caused by the crystallization in
confined spaces. This results in a homogeneous and
heterogeneous nucleation process with distinct pore size and
pore volume. When a low content of nanofillers is
incorporated, confined nucleation takes place to substitute
the nanofillers in the primary nuclei to attain the spherule
growth of crystallization, which leads to the intercalated
nanocomposite formation.33 At a higher concentration of
nanofillers, the spherule growth is disrupted, which leads to
confined crystallization in the nanopores of the polymer
matrix.34 The complete nanocomposite formation is achieved
for an optimal concentration of nanofillers with exfoliation of
the polymer strands. In the exfoliation process, the crystallinity
would be drastically reduced, increasing the pathways for the
transfer of ionic charges in the nanocomposite polymer
electrolyte.35,36 Compared to the other inorganic ceramic
fillers, TiO2 nanofillers had better compatibility towards the
TiO2-based photoanode. Moreover, the higher dielectric
constant of TiO2 (≈86−170) can facilitate better dissociation
with the polymer and hinder agglomeration in the polymer
matrix. In this regard, novel TiO2 nanofiber fillers are chosen
to achieve exfoliated nanocomposite formation for the
electrolyte in DSSC application. TiO2 nanofibers embedded

Figure 2. (a) XRD patterns, (b) Fourier transform infrared (FTIR) spectra of electrospun-blended polymeric membranes of PVDF-HFP−PMMA/
x wt % of 1D TiO2 nanofiber fillers.
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in a blended electrospun polymeric matrix (PVDF-HFP−
PMMA) might lead to a better mechanical durability and ion-
conducting attributes on account of the dipolar nature and
interaction of the Lewis acid−base radicals of TiO2 with the
polymer strands. To our knowledge, the dispersion of 1D
nanofillers into the polymer host was not investigated until
now. Electrospun 1D TiO2 nanofibers dispersed in the blended
polymer also exhibit a mesoporous morphology with a high
surface area that can engulf more electrolytes, in addition to
the nanofibrous structure of the polymer, and facilitate a 1D
continuous channel for the transfer of ionic charges inside the
polymer matrix. In the present study, distinct weight
percentages of 1D TiO2 nanofibers were dispersed in the
PVDF-HFP−PMMA blend and electrospun to analyze its ion-
conducting performance with distinct iodide−triiodide redox
agents based on LiI/I2, NaI/I2, KI/I2, and tetrabutyl
ammonium iodide (TBAI)/I2. To understand the ion
dynamics and relaxation mechanisms of the developed
nanocomposite polymer quasi-solid electrolytes, the ion-
conduction mechanism is analyzed using a random barrier
model (RBM) and Havriliak−Negami (HN) formulation. The
performance of the assembled DSSCs with the developed
quasi-solid electrolytes is studied under 1 sun illumination
(Figure 1).

2. RESULTS AND DISCUSSION

2.1. X-ray Diffraction (XRD) Analysis. Figure 2a depicts
the XRD patterns of electrospun-blended polymeric nano-
composite membranes of PVDF-HFP−PMMA−TiO2 with
various contents (2, 4, 6, and 8 wt %) of 1D TiO2 nanofibers as
fillers. The XRD patterns of the electrospun-blended polymeric
nanocomposite membranes of PVDF-HFP−PMMA−TiO2
exhibit diffused and broad diffraction peaks at 18.2° (100)
and 20.1° (020) compared with JCPDS data (38-1638), which
confirms the formation of a semicrystalline nature of PVDF-
HFP. The broadness of the diffraction peaks is due to the
contents of TiO2. The observed peak-free XRD patterns of the
PMMA confirm the amorphous phase. The intensity of the
observed diffraction peak corresponding to PVDF-HFP
drastically reduced for the blended polymeric sample due to
blending with PMMA. This represents an enhancement in the
amorphous character of the polymer blend PVDF-HFP−
PMMA. The intensity of the XRD peaks still decreased with
the incorporation of TiO2 nanofibers up to 6 wt %. The
diminishing intensity of the XRD peaks for the nanocomposite
polymer blend samples is attributed to the intercalation of
TiO2 by the Lewis acid−base interaction between PVDF-HFP
and TiO2.

37 The more amorphous nature of the electrospun-
blended polymeric nanocomposite PVDF-HFP−PMMA−
TiO2 polymer blend would render many free pathways for
conduction and increase the mobility μ of the charge carriers.
Further increase in the contents of TiO2 nanofiber fillers to 8
wt % leads to the emergence of the XRD peaks at 24 and 49°.
These emergence of these XRD peaks is attributed to the
crystallization of the anatase phase of TiO2 nanofiber fillers
inside the polymer matrix, which is compared with the JCPDS
data (84-1285). The observed crystalline anatase phase of
TiO2 nanofiber fillers might be due to agglomeration of the
TiO2 nanofiber fillers, which may hinder the movement of
ionic charges and in turn lower the conductivity of the
nanocomposite PVDF-HFP−PMMA−TiO2 sample for the 8
wt % content of TiO2 nanofiber fillers.

2.2. FTIR Analysis. Figure 2b represents the FTIR spectra
of pristine electrospun PVDF-HFP, PMMA, and PVDF-HFP−
PMMA (9:1) blended polymeric thin-film membranes and
nanocomposite PVDF-HFP−PMMA (9:1) with various
contents (2, 4, 6, and 8 wt %) of 1D TiO2 nanofiber fillers.
The FTIR peaks noticed at 472, 510, 766, 842, 976, 1279, and
1408 cm−1 denote the distinctive characteristics of the PVDF-
HFP (−CH2−CF2−) crystals.38 The peaks at 766, 531, and
976 cm−1 are ascribed to the presence of the semicrystalline
nature of α-PVDF-HFP. A prominent peak detected at the
wavenumber 840 cm−1 reveals the proximity of β-PVDF-HFP
to the rocking vibration modes of CH2. The wagging vibration
modes of CF are observed at 472 cm−1, which affirms the
existence of pristine γ-PVDF-HFP. The peaks at the wave-
numbers 510 and 1279 cm−1 are, respectively, due to the CF2
bending vibrations and asymmetric stretching vibration
modes.39 The observed IR peaks corresponding to CH2
rocking (752 cm−1), CH2 wagging (988 cm

−1), CH2 scissoring
(1485 cm−1), and carbonyl CO (1733 cm−1) correspond to
the vibration modes of pristine PMMA. The distinctive peaks
of 1159, 1449, and 1721 cm−1 are, respectively, assigned to 
OCH3, CH3, and CO stretching vibration modes. The
existence of the observed characteristic FTIR peaks of PVDF-
HFP and PMMA ensures the good blending of the two
polymers in the resultant membrane due to the intermolecular
interaction between PVDF-HFP and PMMA. Furthermore,
due to dispersion of various concentrations of nanocrystalline
1D TiO2 nanofiber fillers (2, 4, 6, and 8 wt %) into the PVDF-
HFP−PMMA blended polymeric matrix, a slight shift and a
massive reduction in the transmission spectra of the FTIR
peaks representing the crystalline phase of PVDF-HFP were
observed, indicating the enhancement in the amorphous nature
of the developed polymeric thin-film membranes. Moreover,
upon the addition of the 1D TiO2 nanofibers as fillers to the
blended polymeric PVDF-HFP−PMMA, a wide band around
the wavenumber range 600−450 cm−1 is detected, which is
attributed to the stretching modes of vibration of crystalline
anatase TiO2 at 512 cm−1.40 Hence, the addition of PMMA
and nanofillers has increased the amorphous property in the
electrospun-blended polymeric nanocomposite PVDF-HFP−
PMMA−TiO2 membranes.

2.3. Scanning Electron Microscopy (SEM) Analysis.
Figure 3a,b shows the surface morphologies of pristine blended
polymeric electrospun PVDF-HFP−PMMA and electrospun-
blended polymeric nanocomposite PVDF-HFP−PMMA/6 wt
% 1D TiO2 nanofibers as fillers, respectively. The inset of
Figure 3b (i.e. Figure 3c) depicts the continuous nanofibrous
morphology of crystalline anatase TiO2 nanofibers calcined at
600 °C with a mean fiber diameter of 250 nm. The SEM
images exhibit a three-dimensional (3D) mesh-like morphol-
ogy with the highly interconnected multifibrous stratum of
continuously woven nanofibers. The interconnected stratum of
the multifibrous network produces a mesoporous thin film that
could imbibe and hold a greater quantity of electrolyte inside
the membrane. The entrapping of more electrolytes in the
membrane will increase the number of ionic charge carriers,
and the porous nature of the membrane will also facilitate the
transport of the ionic charge carriers, thereby improving the
ionic conductivity. The mean fiber diameters of electrospun
PVDF-HFP−PMMA pure and electrospun-blended polymeric
nanocomposite PVDF-HFP−PMMA−TiO2 nanofibers were
found to be in the range of 300−350 nm. The variation in the
AFD might be influenced by the variation in the concentration
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of the precursor solution upon addition of TiO2 nanofibers
despite keeping the electrospinning parameters constant for
both the samples.
2.4. Electrolyte Uptake (EU) Analysis. All of the

developed blended polymeric electrospun pristine and nano-
composite PVDF-HFP−PMMA−TiO2 NF membranes were
immersed in the developed ionic liquid electrolyte prepared
using 0.5 M of ionic salts such as LiI, NaI, KI, and TBAI were
individually added in 0.05 M I2, 0.6 M BMII, and 0.5 M of tert-
butyl pyridine (TBP) were added in the mixture of a solvent
consisting of ethylene carbonate (EC), propylene carbonate
(PC), and acetonitrile (AN) (1:1:3, v/v/v). After imbibition of
the electrolytes in each membrane, the excess electrolyte was
removed by a tissue paper and the weights were determined
individually. The electrolyte absorption capacity of all of the
developed membranes was computed using eq 8. The
calculated electrolyte uptake percentage was plotted against

the nanofiller concentration for various redox cation-based
iodide−triiodide redox mediators as shown in Figure S1.
Figure S1 reveals an enhanced electrolyte uptake percentage
for various redox pairs up to 6 wt %. The highest electrolyte
uptake percentage was noticed for the LiI-based electrolyte,
which might pertain to the highly porous nature of the
multifibrous morphology, as well as the coordination of TiO2
with the polymer strands by Lewis acid−base interaction.
Moreover, the crystalline TiO2 nanofibers also possess a
mesoporous nanofibrous structure that permeates a high
quantity of the liquid electrolyte. Furthermore, the observed
higher percent of electrolyte uptake for the Li-based redox
electrolyte might be because of the smallest ionic radius of the
cation lithium (Li) facilitating easy migration inside the
polymer nanocomposite matrix among other cations used for
the present study. On the other hand, PVDF-HFP−PMMA
with 8 wt % of TiO2 nanofiber fillers shows a reduction in
uptake behavior, which might be associated with the
agglomeration of the TiO2 nanofiber fillers inside the polymer
matrix, also confirmed by the XRD studies.

2.5. Impedance Studies. Figure 4a−d shows the room-
temperature impedance spectra of electrospun-blended poly-
meric nanocomposite PVDF-HFP−PMMA/x wt % of 1D
TiO2 nanofibers as fillers (x = 0, 2, 4, 6, and 8) with various
iodide−triiodide redox agents such as LiI/I2, NaI/I2, KI/I2,
and TBAI/I2. In Figure 4, the impedance spectra of all of the
developed blended polymeric nanocomposite PVDF-HFP−
PMMA-based quasi-solid electrolyte membranes show a
curved arc and a slanting spike. The arc observed at the high
frequency denotes the bulk resistance, while the spike present
at the low frequency elucidates the interfacial electrode−
electrolyte double-layer capacitance effect as the constant-
phase element (CPE). The x-intercept of the arc indicates the
resistance (Rb). From Figure 4, it is inferred that the bulk
resistances of the developed electrolyte membranes are
lowered with the addition of nanofiller content equal to 6 wt
% concentration and thereafter increase. The impedance
spectra of the developed electrospun-blended polymeric
nanocomposite (PVDF-HFP−PMMA−TiO2 nanofibers with
various redox electrolytes) quasi-solid electrolytes were fitted
using the “WinFIT” software in accordance with its respective
equivalent circuit. The conductivity of the developed electro-
lytes was computed using eq 9 and is presented in Table 1.
The variation in the value of conductivity with respect to the
nanofiller concentration is shown in Figure S1b, and the
variation is similar to the electrolyte uptake behavior, as
observed in Figure S1a.
The conductivity increased with the increase in concen-

tration of the 1D nanofillers equivalent to 6 wt % and then
reduced for 8 wt %. The reduction in conductivity might be
ascribed to the aggregation of fillers that leads to an increase in
crystallinity and can affect the porosity.41 The pristine and
nanocomposite electrospun-blended polymeric membranes of
PVDF-HFP−PMMA with 6 wt % of nanofibrous TiO2-
activated in Li-based redox agent proved to have a high ionic
conductivity of 0.253 × 10−2 and 2.80 × 10−2 S cm−1,
respectively. From Table 1, it is found that 6 wt % of the 1D
TiO2 NF filler sample exhibits the highest value of conductivity
among the developed electrolyte membrane samples with
other nanofiller concentrations and distinct redox pairs.
According to the values of conductivity of the developed
electrolyte membranes, the better-conducting samples can be
arranged in the order of iodide−triiodide redox agents as LiI/I2

Figure 3. SEM micrographs. (a) Pure and electrospun-blended
polymeric nanocomposite PVDF-HFP−PMMA. (b) Electrospun-
blended polymeric nanocomposite membranes of PVDF-HFP−
PMMA with 6 wt % of TiO2 nanofiber fillers. (c) Electrospun
crystalline anatase 1D TiO2 nanofibers.
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> NaI/I2 > KI/I2 > TBAI/I2. The observed variation may be
ascribed to the size of the cations present in the redox species.
Smaller cations might travel very easily within the polymeric
matrix and can enhance the mobility of charge carriers, which
in turn leads to high conductivity.42

The ionic transport inside the electrolyte was analyzed in
terms of the diffusion coefficient D, mobility μ, and number
density n. The values of D, μ, and n of the developed
electrospun-blended polymeric nanocomposite PVDF-HFP−
PMMA−TiO2 quasi-solid electrolyte membranes with LiI-
based redox electrolyte membranes were calculated using eqs
10, 13, and 14, respectively, and are shown in Table 2. In Table
2, the aggregate product values nμ of the number density and

the mobility of the ionic carriers are shown incremented up to
6 wt %. The best electrolyte was distinguished with the highest
value of the product nμ. From Table 2, it is noticed that the
developed electrospun-blended polymeric nanocomposite
PVDF-HFP−PMMA−TiO2 NF quasi-solid electrolyte sample
with 6 wt % sample shows the highest value of 1.75 × 1017 as
the product of nμ.

2.6. AC Conductivity Studies. The frequency-dependent
complex conductivity spectra (σ′ and σ″) of PVDF-HFP−
PMMA/x wt % of TiO2 NF membranes, developed by the
electrospinning process and immersed in the respective
iodide−triiodide redox agents, viz., LiI/I2, NaI/I2, KI/I2, and
TBAI/I2, is given in Figure S2. The σ* spectra with respect to

Figure 4. Nyquist plots of the developed PVDF-HFP−PMMA/x wt % of TiO2 NFs (x = 0, 2, 4, 6, and 8) with distinct iodide−triiodide redox
agents (a) LiI/I2, (b) NaI/I2, (c) KI/I2, and (d) TBAI/I2.

Table 1. Conductivity Values of Electrospun-Blended
Polymeric Nanocomposite Membranes of PVDF-HFP−
PMMA/x wt % of TiO2 NFs (x = 0, 2, 4, 6, and 8) with
Distinct Iodide−Triiodide Redox Agents LiI/I2, NaI/I2, KI/
I2, and TBAI/I2

σ (10−2 S cm−1)

wt % of TiO2 NFs LiI/I2 NaI/I2 KI/I2 TBAI/I2

0 0.253 0.215 0.181 0.174
2 0.729 0.693 0.328 0.298
4 1.24 1.03 0.829 0.425
6 2.80 1.50 1.36 1.09
8 1.59 1.09 0.787 0.645

Table 2. Ionic Transport Parameters (D, μ, and n) of
Electrospun-Blended Polymeric Nanocomposite
Membranes of PVDF-HFP−PMMA/x wt % of TiO2 NFs (x
= 0, 2, 4, 6 and 8) with the Li-Based Redox Agent at Room
Temperature (303 K)

wt % of
TiO2 D (cm2)

μ
(cm2 V−1 s−1) n (cm−3) nμ

0 1.35 × 10−8 5.15 × 10−7 3.07 × 1022 1.58 × 1016

2 1.79 × 10−7 6.84 × 10−6 6.65 × 1021 4.55 × 1016

4 1.97 × 10−7 7.53 × 10−6 1.03 × 1022 7.75 × 1016

6 1.67 × 10−7 6.38 × 10−6 2.74 × 1022 1.75 × 1017

8 1.76 × 10−7 6.73 × 10−6 1.47 × 1022 9.93 × 1016
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frequency show an enhancement in conductivity along with the
increase in frequency, which is known as the polarization
region, and then, the conductivity remains constant for a small
frequency range, termed as the dc-conductivity region. In the
high-frequency range, the conductivity keeps on increasing,
which is due to dielectric dispersion. It is noted that the
conductivity spectra curve rises with the increase in the weight
percent of fillers up to an optimum concentration of 6 wt %,
and then lowers for 8 wt % concentration. Moreover, the
general three distinguishable regions are not observed, as the
low-frequency and mid-frequency regions merge due to
dominance in electrode polarization. The effect of electrode
polarization has affected the edge of the onset of dc-
conductivity. To understand the mechanism of ionic
conduction and the crossover frequency at the onset of
steady-state conduction, several hopping models have been
discussed in the literature.43−47

Among the models discussed, the random barrier model
(RBM) describes the hopping of charge carriers over the
randomly distributed energy barriers. The charge carriers hop
over one barrier to the other and have a high probability to
jump over the energy barrier with the lowest energy. RBM is
considered to be the most realistic model to depict ion-
conducting behavior mechanisms, as the charge carriers
involved in the conduction process are assumed to be ions
in this representation. In RBM formulation, the frequency-
dependent conductivity σ* is evinced as

σ ω σ
ωτ

ωτ
* = +

+
( )

i
ln(1 i )dc

e

e (1)

where ω = 1/τe is the frequency needed to overcome the
biggest energy barrier, and σdc is the dc-conductivity at τe. The
real σ′ and imaginary σ″ parts of complex conductivity can be
segregated as
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The real σ′ and imaginary σ″ parts of the experimentally
measured data were fitted, respectively, to eqs 2 and 3 by
Scipy’s Levenburg−Marquardt method, and all of the obtained
fitted parameters (σdc, ω, τe, and n) are shown in Table 3 for
PVDF-HFP−PMMA/x wt % of TiO2 NF (x = 0, 2, 4, 6, 8 wt
%) electrolyte membranes with iodide−triiodide redox agents
based on cations Li, Na, K, and TBA.48 The obtained values of

the parameters (σdc, ω, and n) increase with the addition of
TiO2 NF concentration equal to 6 wt % and then decrease.
The relaxation process of the charge carriers is described by

the typical relaxation time (τe) required to overcome the
randomly distributed energy barriers. The developed polymeric
blended nanocomposite electrolytes show relaxation times
ranging in the order of 10−4 s. Moreover, the value of τe
reduces with the incorporation of TiO2 NFs equal to 6 wt %
concentration. The highly conducting, developed electrolyte
sample depicts the characteristic frequency exponent (n) value
of 0.578. The observed n value is found to be slightly >0.5,
which represents a change in the stochastic hopping to a one-
dimensional orderly transport of ionic carriers inside the
blended polymeric electrolyte sample.
In all of the plots, a similar behavior is perceived for

conductivity. The σdc conductivity values of the developed
blended polymeric nanocomposite PVDF-HFP−PMMA with
TiO2 NFs varies with respect to the iodide−triiodide redox
agents based on cations in the order Li > Na > K > TBA. This
order of redox agents might due to the bulky nature of cations
in the electrolyte.

2.7. Dielectric Permittivity Studies. The dielectric
constant ε′ and dielectric loss ε″ of the developed electrolytes
with respect to frequency are shown in Figure S3. It is
observed that the high dielectric constant value ε′ at lower
frequencies is due to space charge polarization close to the
interface between the electrode and electrolyte. The value of
dielectric constant becomes almost constant at higher
frequencies, represented as ε∞, which is ascribed to the
instantaneous polarization of ions for an applied electric field
with respect to the variation in time. The same kind of
variation was noticed for dielectric loss ε″. The experimental
data of ε′ and ε″ have been investigated by Havriliak−Negami
(HN) formulation,49,50 in which the complex dielectric
permittivity is given by

ω
ωτ

ϵ* = ϵ +
ϵ − ϵ

[ + ]α γ∞
∞

Ä
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ÅÅÅÅÅÅÅÅÅÅ

É
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1 (i )
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HN HN (4)

where ϵs and ϵ∞ are, respectively, the static and high-frequency
dielectric constants, τHN is the dielectric relaxation time, and
αHN and γHN are the asymmetric shape parameters with values
0 ≤ αHN < 1 and 0 ≤ αHNγHN < 1.

Table 3. Conductivity Parameters (σ, ωe, τe, and n) Found by RBM Formulation for the Electrospun-Blended Polymeric
Nanocomposite Membranes of PVDF-HFP−PMMA/x wt % TiO2 NFs (x = 0, 2, 4, 6, 8) with Distinct Iodide−Triiodide Redox
Agents, viz., LiI/I2, NaI/I2, KI/I2, and TBAI/I2

σ (10−2 S cm−1) ωe (rad s−1) τe (10
−4 s) n

wt %
TiO2 Li Na K TBA Li Na K TBA Li Na K TBA Li Na K TBA

0 2.83 0.375 0.475 0.517 4652 8433 7994 8098 2.15 1.19 1.25 1.23 0.329 0.294 0.235 0.194

2 5.31 0.698 0.507 0.542 7660 10 055 9658 8405 1.31 0.995 1.04 1.19 0.456 0.364 0.308 0.235

4 5.45 1.01 0.668 0.571 8837 10 276 10 055 9678 1.13 0.973 0.995 1.03 0.531 0.368 0.368 0.351

6 5.82 1.24 1.06 0.798 12 685 11 002 11 690 16 213 0.788 0.909 0.855 0.617 0.578 0.477 0.464 0.491

8 5.30 1.12 0.759 0.633 10 108 10 394 10 487 11 663 0.989 0.962 0.954 0.857 0.577 0.374 0.419 0.372
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The imaginary part is expressed as
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The term S/ωn in eq 6 explains the existence of interfacial
polarization. Figure S3 presents the frequency-dependent real
and imaginary dielectric spectra of the electrospun-blended
polymeric nanocomposite electrolytes PVDF-HFP−PMMA/x
wt % of TiO2 NFs (x = 0, 2, 4, 6, 8) with the respective distinct
iodide−triiodide redox agents based on cations Li, Na, K, and
TBA. From Figure S3, it is observed that the value of dielectric
constant ε′ gradually decreases as the frequency of the input
signal increases, and then a constant ε′ is observed at the high-
frequency range. The variation in the ε′ at low-frequency range
is attributed to the effect of electrode polarization. The
dielectric constant of the developed samples shows enhance-

ment with the addition of TiO2 NFs equal to 6 wt %
concentration, implying that it exhibits high conductivity
among the developed compositions. The developed high-
conducting electrolyte sample possesses a high dielectric
constant and subsequently high loss. In order to analyze the
non-Debye relaxation behavior of the developed electrolyte
samples, Havriliak−Negami (HN) formulation is used. The ϵ′
and ϵ″ data were fitted using eqs 14 and 15, by applying Scipy’s
Levenberg−Marquardt method. The obtained fitted dielectric
parameters of the developed electrospun-blended polymeric
nanocomposite PVDF-HFP−PMMA−TiO2 NFs with iodide−
triiodide redox agents based on cations Li, Na, K, and TBA are
shown in Table 4. In Table 4, an enhanced dielectric strength
Δϵ can be observed for 6 wt % composition of the electrolyte.
The observed two asymmetric shape parameters (αHN, γHN)
reveal the non-Debye relaxation behavior of ionic conductivity.
Among all combinations of the developed electrolytes with the
respective redox agents, 6 wt % composition shows the highest
δ, which implies high polarizability.
The dielectric strength of the developed electrospun-

blended polymeric nanocomposite electrolytes PVDF-HFP−
PMMA with TiO2 NFs varies in accordance with the presence
of the iodide−triiodide redox agents based on cations in the
order Li > Na > K > TBA. Obviously, Li-based PVDF-HFP−
PMMA with 6 wt % TiO2 NF electrolyte shows the highest δ.
The observed inference very well supports the complex
conductivity analysis.

2.8. Performance of the Fabricated DSSCs. Figure 5a,b
displays the J−V curves of the DSSCs fabricated with
electrospun-blended polymeric pure PVDF-HFP−PMMA (0
wt %) and electrospun-blended polymeric nanocomposite
electrolyte fibrous membranes PVDF-HFP−PMMA−6 wt %

Table 4. Dielectric Parameters (Δε, αHN, and βHN) Evaluated by Havriliak−Negami Formulation for the Electrospun-Blended
Polymeric Nanocomposite Membranes of PVDF-HFP−PMMA/x wt % TiO2 NFs (x = 0, 2, 4, 6, and 8) with Distinct Iodide−
Triiodide Redox Agents

Δε αHN βHN

wt % TiO2 LiI/I2 NaI/I2 KI/I2 TBAI/I2 LiI/I2 NaI/I2 KI/I2 TBAI/I2 LiI/I2 NaI/I2 KI/I2 TBAI/I2

0 34 378.27 25 111.90 33 555.21 36 053.15 0.0663 0.0783 0.3399 0.0632 3.0665 4.9437 0.0113 3.9076
2 487 040.4 39 195.99 37 592.56 36 415.98 0.5199 0.4618 0.3716 0.3402 1.1466 0.0338 0.8889 0.0146
4 348 274.9 55 669.31 37 616.72 33 794.82 0.6129 0.2493 0.3691 0.3228 2.076 0.2227 0.6596 0.0735
6 278 382.1 63 544.72 51 012.89 33 995.21 0.0259 0.3777 0.0423 0.1174 6.026 1.8162 1.313 2.911
8 441 511.4 60 850.73 40 871.54 30 649.54 0.0173 0.4067 0.0123 0.0181 2.156 1.7924 3.683 2.2086

Figure 5. J−V operating characteristic curves of assembled DSSCs using pure blended polymeric nanocomposite (a) PVDF-HFP−PMMA and (b)
PVDF-HFP−PMMA−6 wt % TiO2 NF electrolyte membranes with distinct redox along with the Symbiotic Organisms Search (SOS) fit.
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TiO2 nanofibers, respectively, activated in distinct redox
electrolyte solutions serving as electrolytes and pretreated
TiCl4 and TiO2 nanofibers (P25) serving as photoanodes. The
photovoltaic performance data such as open circuit voltage
(Voc) and short-circuit current density (Jsc) were obtained from
the J−V curves, whereas fill factor (FF) and power conversion
efficiency (PCE) (η%) were calculated using eqs 15 and 16.
The obtained photovoltaic parameters are tabulated in Table 5.
It was inferred that the DSSCs fabricated with the Li-based
redox agent reveals a higher PCE of 8.089% among all DSSCs
assembled with Na-, K-, TBA-based redox agents. Moreover,
the Jsc value for the DSSC with the Li-based redox agent was
noted to have the highest value of 14.48 mA cm−2, which can
be attributed to the higher ionic conductivity of the electrolyte
that proceeds with fast regeneration in the redox ingredients
and is successively followed by uninterrupted regeneration of
the dye. The continuous regeneration of the dye and redox
components restricts the negative effect of recombination
during the operation of the DSSCs. Furthermore, the
pretreated fluorine-doped tin oxide (FTO) acts as a blocking
layer for the photoanode and controls recombination, which
might also enhance the Jsc. Although Voc seems to be constant,
some variations are noticed, which might be due to the
influence of the cations existing in the redox mediator. The
cations present in the electrolyte would alter the Fermi energy
level of the photoanode. The performance of the DSSCs was in
accordance with the size of the cations present in the
electrolyte. Simultaneous electrochemical impedance spectros-
copy (EIS) measurement of the fabricated DSSCs is time
consuming, and maintaining a steady state of the DSSCs
during the experiment is difficult. The temperature of the
DSSCs varies due to incident radiation for a longer period.51

Furthermore, the analysis of EIS data requires a complex
process of fitting to a suitable equivalent circuit of the
impedance model and interpreting the parameters. Therefore,
a simple and faster method is required to determine the
parameters. The J−V characteristic data of the fabricated
DSSCs were analyzed by the single-diode model of the
photovoltaic cell. The intrinsic parameters (Jsc, Jo, Rs, Rsh, and
n) that influence the photovoltaic performance of the cell were
estimated by incorporating a meta-heuristic Symbiotic
Organisms Search (SOS) algorithm in an IPython plat-
form.52,53 The photocurrent density (J) can be explicitly
represented according to the single-diode model as
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where Jsc denotes the short-circuit current density, Jo represents
the dark photocurrent density, V is the applied voltage, Rs is
the series resistance, Rsh is the shunt resistance, n is the diode
ideality factor, k is the Maxwell Boltzmann constant, and T is

the operating temperature of the device. The internal
parameters of the fabricated DSSCs were obtained by
minimizing the root-mean-square error (RMSE) between the
experimental J−V characteristic data and the simulated JV
characteristic data evaluated from the single-diode model
equation through the SOS algorithm applied in IPython
platform. The intrinsic parameters responsible for the perform-
ance of the device were obtained by the best fit of the
experimental and simulated J−V curves with a minimum value
of RMSE. The obtained internal parameters of the fabricated
DSSCs are shown in Table 5.
From Table 5, it is observed that the value of Rs has

decreased for the fabricated DSSCs with the addition of 6 wt %
TiO2 NFs, whereas the value of Rsh has increased for the
fabricated DSSCs’ nanocomposite electrolyte. The low value of
Rs prohibits the negative recombination reactions with the dye
and the electrolyte, and facilitates faster transport of charge
carriers in the photoanode material. The high value of Rsh
accelerates the regeneration process involved by the redox
agents and the dye. In Table 5, the DSSCs fabricated with LiI-
based electrolytes show a lower value of Rs and higher value of
Rsh compared with other redox agents (Na, K, and TBA),
which favors a better photovoltaic performance of the device.
By the incorporation of one-dimensional nanofibrous TiO2, the
values of Rs and Rsh were further improved, due to the increase
in amorphous nature of the blended polymeric matrix.
From the conductivity studies, the electrospun PVDF-HFP−

PMMA/6 wt % TiO2 nanofiber fillers with various redox
agents were noticed to be high-conducting electrolytes. Rs is
anticipated to have a low value and Rsh should have a high
value for enhanced FF and η% of the cell. From Table 5, it is
noticed that the DSSCs fabricated with Li-based electrospun-
blended polymeric nanocomposite PVDF-HFP−PMMA−6 wt
% of 1D TiO2 reveal a low value of Rs and a high value of Rsh in
comparison with the DSSCs fabricated by other redox agents,
which might be due to the smaller cationic radius of lithium.

3. CONCLUSIONS

Fast ion-conducting nanocomposite (PVDF-HFP−PMMA−
TiO2 nanofiber fillers) polymer quasi-solid electrolyte nano-
fibrous membranes were developed with various iodide−
triiodide redox agents based on cations Li, Na, K, and TBA as
electrolyte solutions using the electrospinning method as well
as electrolyte uptake (EU) measurement. All of the developed
nanocomposite polymer quasi-solid electrolyte nanofibrous
membranes were characterized using XRD, FTIR, differential
scanning calorimetry (DSC), and SEM. The conductivity of all
of the developed nanocomposite polymer quasi-solid electro-
lyte samples was evaluated by analyzing the measured
impedance data using WinFIT software. It is found that the
PVDF-HFP−PMMA−1D 6 wt % TiO2 with Li-based redox

Table 5. Photovoltaic Parameters of the DSSCs Fabricated Using Pure Blended Polymeric Electrolyte (PVDF-HFP−PMMA−0
wt % 1D TiO2) and Blended Polymeric Nanocomposite (PVDF-HFP−PMMA−6 wt % 1D TiO2) Electrolyte Membranes with
Distinct Redox Pairs

Voc (V) Jsc (mA cm−2) Jo (nA cm−2) Rs (Ω) Rsh (Ω) n FF (η%)

redox
couple 0 wt % 6 wt % 0 wt % 6 wt % 0 wt % 6 wt % 0 wt % 6 wt % 0 wt % 6 wt % 0 wt % 6 wt % 0 wt % 6 wt % 0 wt % 6 wt %

LiI 0.756 0.773 13.12 14.48 1.67 1.66 4.54 1.33 439 997 1.846 1.88 63.556 72.268 6.304 8.089

NaI 0.742 0.751 12.57 13.74 1.68 1.66 5.36 2.17 226 874 1.845 1.828 56.052 70.619 5.228 7.287

KI 0.731 0.742 12.41 13.69 1.66 1.66 5.54 2.34 214 841 1.825 1.81 55.083 70.112 4.997 7.122

TBAI 0.72 0.738 11.36 12.31 1.66 1.66 5.62 2.49 209 819 1.81 1.813 53.807 69.820 4.401 6.343
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nanocomposite polymer quasi-solid electrolyte exhibits the
highest conductivity of 2.80 × 10−2 S cm−1. The evaluated
conductivity and dielectric permittivity data were, respectively,
analyzed using a random barrier model and Havriliak−Negami
formulation, and it was found that the developed electrospun-
blended polymeric nanocomposite polymer blend quasi-solid
electrolyte nanofibrous membranes exhibit the non-Debye
behavior of conduction mechanism.
Dye-sensitized solar cells (DSSCs) were fabricated using the

developed electrospun-blended polymeric nanocomposite
polymer blend quasi-solid electrolyte nanofibrous membranes,
and it was found that PVDF-HFP−PMMA−6 wt % TiO2
nanofiber fillers with Li-based redox agent and TBP additive
achieved the highest power conversion efficiency (η) of 8.09%.
The power conversion efficiency (PCE) (η%) was evaluated
for all of the developed DSSCs using the measured voltage and
current density data. It is found that the DSSCs fabricated
using electrospun-blended polymeric nanocomposite polymer
blend quasi-solid electrolyte nanofibrous membrane exhibits
the highest power conversion efficiency (PCE) of 8.08%.
Hence, the highest-conducting electrospun-blended polymeric
nanocomposite (PVDF-HFP−PMMA−6 wt % TiO2 nanofiber
fillers) with Li-based redox agent and TBP additive as the
polymer quasi-solid electrolyte nanofibrous membrane can be
a promising electrolyte for high-performance dye-sensitized
solar cell applications. The J−V characteristic data of the
fabricated DSSCs were analyzed by an equivalent circuit of the
single-diode model and the intrinsic parameters influencing the
photovoltaic performance were determined by the SOS
algorithm.

4. EXPERIMENTAL SECTION
4.1. Materials. Poly(vinylidenedifluoride-co-hexafluoropro-

pylene) (Mw = 500 000), poly(methyl methacrylate) (Mw =
300 000), titanium isopropoxide (97%), tert-butyl pyridine
(TBP), ethylene carbonate (EC), and propylene carbonate
(PC) were procured from Sigma-Aldrich. Poly-
(vinylpyrrolidone) (PVP, Mw = 1 300 000) and iodide-based
compounds such as iodine (I2), n-butyl-3-methyl imidazolium
iodide (BMII), potassium iodide (KI), lithium iodide (LiI),
sodium iodide (NaI), and tetrabutyl ammonium iodide
(TBAI) were purchased from Alfa Aesar. Solvents such as
acetone, acetonitrile (AN), and N,N-dimethyl acetamide
(DMAc) were procured from Merck. 1D TiO2 nanofiber
fillers were synthesized by electrospinning methods. All of the
utilized chemicals are analytical grade and were used without
any further purification procedures.
4.2. Synthesis of TiO2 Nanofibers. One milliliter of

titanium isopropoxide was dissolved in a mixture of solvents
containing acetic acid and ethanol in the ratio (2:2) under
constant stirring using a magnetic stirrer to obtain a
homogeneous sol solution. Then, a polymer solution was
developed by dissolving 0.53 g of PVP in 6 mL of ethanol
under constant stirring. The sol solution and the polymer
solution were mixed gradually under constant magnetic stirring
until a homogeneous solution with adequate viscosity was
obtained. The resultant homogeneous composite polymeric
(PVP/TiO2) viscous solution was filled in a new sterile syringe
with a stainless-steel needle size of 21 gauge and with 0.71 mm
as the diameter for the process of electrospinning. The length
of the space between the syringe’s needle tip to the grounded
rotating drum was fixed at 12 cm, and the solution was injected
with the flow rate fixed at the pump as 1.5 mL h−1. The

rotating drum, made of stainless steel (SS), was covered with a
piece of foil made of aluminum. A very high electric potential
of 18 kV was supplied within the metallic needle, and the
formed electrospun composite (TiO2/PVP) nanofibers were
collected around an aluminum foil. The resultant composite
(TiO2/PVP) nanofibers were calcined at 600 °C at 20 °C
min−1 rate of heating for 3 h to get the crystalline anatase TiO2
nanofibers.

4.3. Synthesis of Nanocomposite Polymer Blend
Nanofibrous Membranes. The polymeric blend solution
was prepared by taking 16 wt % of 9:1 (w/w) ratio of two
polymers such as PVDF-HFP and PMMA, dissolved in a
solvent mixture comprising DMAc and acetone (3:7, v/v). The
obtained solution was stirred vigorously for 3 h at room
temperature under magnetic stirring to obtain a homogeneous
polymer blend solution. Subsequently, different (2, 4, 6, and 8
wt %) concentrations of 1D TiO2 nanofibers, already
synthesized by the electrospinning technique, were added
slowly to the obtained precursor solution under steady
magnetic stirring to form a whitish viscous optimal solution.
The whitish precursor blended polymeric nanocomposite
solution was filled in a 10 mL syringe with a metallic needle
of thickness 24 gauge. The solution-filled syringe was loaded in
an electrospinning instrument by fixing the distance between
the rotating drum collector and the tip of the needle as 12 cm.
In the electrospinning instrument, the feed rate of the solution
was adjusted to 1.25 mL h−1. The speed of rotation of the
rotating drum was adjusted to 500 rpm. A constant high
voltage of about 18 kV was subjected between the drum and
the metallic needle. The electrospun nanofibers were gathered
over an aluminum foil wrapped around the rotating drum. The
electrospun nanofibrous blended polymeric film was peeled
out from the wrapped aluminum foil and dehydrated at 60 °C
for 24 h to remove the remnant solvents. The mean thickness
of the developed thin-film membranes was observed to be in
the range of 60−100 μm, which was measured using a digital
meter.

4.4. Characterization. Various characterization techniques
were followed to evaluate the structural, morphological,
electrolyte uptake, and electrochemical properties of the
prepared samples, and finally, the photovoltaic performance
of the fabricated DSSCs was analyzed. The structural
characterization of the nanocomposite membranes dispersed
with distinct concentrations of TiO2 nanofibers was studied
using an XRD (PANalytical X-pert PRO (Philips) diffrac-
tometer) comprising a copper target that emitted Cu Kα
radiation with a wavelength of λ = 1.54060 Å. The XRD
patterns were recorded between 10 and 80° with a step size of
1.27°, which was functioned at 30 mA and 40 kV. The surface
morphology of the developed nanocomposite membranes were
analyzed by SEM micrograph images (SEM, Zeiss). FTIR
spectra were recorded by a Nicolet 6700 spectrophotometer in
the spectral range of 2000−400 cm−1 with a high resolution of
about 4 cm−1.
The electrolyte uptake capacities of all of the developed

electrospun-blended polymeric nanocomposite fibrous mem-
branes were determined by immersing them in an electrolyte
solution containing iodide−triiodide redox agents such as LiI/
I2, NaI/I2, KI/I2, and TBAI/I2 separately for 2 h. After
immersing, the activated electrolyte membranes were pressed
mildly using a tissue paper to extract the excess content of
liquid electrolyte used in the electrolyte uptake process and
then weighed.
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The percent of electrolyte uptake (EU %) was evaluated
using

=
−

×
W W

W
EU% 1001 0

0 (8)

where W0 and W1 are, respectively, the weight of dry and wet
membranes. The developed electrospun-blended polymeric
nanocomposite fibrous membranes embedded with various
concentrations of TiO2 nanofiber fillers (x = 2, 4, 6, 8 wt %)
immersed in electrolyte solutions containing iodide−triiodide
redox agents such as LiI/I2, NaI/I2, KI/I2, and TBAI/I2 were
sandwiched in between two electrodes made up of stainless
steel (SS). The SS electrodes are known as blocking electrodes,
and the impedance data were measured by a high-frequency
response analyzer (Novocontrol, Montabaur, Germany) within
the range of frequency 1 mHz to 1 MHz. The ionic
conductivity of electrospun-blended polymeric nanocomposite
quasi-solid electrolyte solutions containing iodide−triiodide
redox agents was computed by the following mathematical
expression

σ = −t
R A

S cm
b

1

(9)

where σ represents the conductivity, t denotes the thickness of
the developed polymeric electrolyte membrane (in cm), A
refers to the area (in cm2) of the membrane, and Rb denotes
the bulk resistance (in Ω) of the developed electrolyte
membranes.
In order to study the ionic transport of the developed

nanocomposite quasi-solid electrolytes, the diffusion coefficient
(D), the mobility of ions (μ), and the number density (n) are
calculated at room temperature (303 K) using the following
equations.
The diffusion coefficient of the ions is expressed as

τδ
=D

d2
2

2 (10)

where τ = 1/ω, τ is the relaxation time, ω is the angular
frequency at which the inclined spike cut the x-axis of the
Nyquist plots, δ = d/λ, d = t/2, t is the thickness of the
developed membrane, and λ is the thickness of the electrical
double layer, expressed as

λ =
ϵ′ϵ

−
A

k
o
1 (11)

where A is the area of the developed membrane, k−1 is the
capacitance of a constant-phase element obtained by fitting the
Nyquist plots, and ϵo is the permittivity of free space. The
dielectric constant can be evaluated using the following
expression

ω
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′ + ″

i
k
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Z
Z Zo

2 2
(12)

The mobility of the ions is given by

μ = eD
k TB (13)

where kB is the Maxwell−Boltzmann constant and e is the
electric charge (1.6 × 10−19 C). The number density is
expressed as

σ
μ

=n
e (14)

where σ is the conductivity of the sample.
The photovoltaic performance of the DSSCs was measured

using a solar simulator (Photo Emission Tech, Inc. (PET)),
with the spectral power measured by a standard AM 1.5G
filter. The photocurrent density−voltage (J−V) curves were
simultaneously recorded by an electrochemical system (BIO-
LOGIC SP-50, France) with an input power of 100 mW cm−2.
The photovoltaic performance of the developed quasi-solid
polymer electrolyte with 1D TiO2 nanofibers was studied in
terms of fill factor (FF) and power conversion efficiency (PCE
%). The fill factor is calculated using the expression

=
V I
V J

FF m m

oc sc (15)

where Vm and Im are, respectively, the maximum value of
voltage and current

η = ×
V I

P
PCE ( %) 100m m

in (16)

where Pin is the incident power.
4.4.1. Fabrication of DSSCs. The fabrication of DSSCs

involves the preparation of distinct components such as a
sensitized photoanode (TiO2), a platinized counter electrode,
and a quasi-solid electrolyte. The fluorine-doped tin oxide
(FTO, SnO2:F 7 Ω sq−1, purchased from Solaronix TEC7)
glass slides act as a transparent conducting oxide (TCO) for
the anode and cathode layers of the DSSCs. The FTO glasses
were washed with de-ionized water and ethanol and then dried.
To introduce a blocking layer for retarding the recombination
effect, the FTO glasses were drenched in 40 mM solution of
TiCl4, prepared by dissolving the fumes of TiCl4 in distilled
water at 70 °C for 30 min. After the pretreatment with TiCl4,
the FTO slides were washed with distilled water and ethanol.
In all, 0.4 g of TiO2 (P25 with the nanoparticle size ranging
from 25 to 30 nm), acetic acid, Triton-X, and ethanol were
mixed and ground using a mortar for half an hour to form a
colloidal paste of TiO2.
The colloidal suspension of TiO2 paste was spread over an

area of 0.25 cm−2 as a thin film with a thickness of 15 μm on
the FTO glass by the doctor blade technique. The TiO2-coated
plates were sintered at 450 °C in order to remove the organic
solvents and surfactant used in the preparation of the
suspension, and then gradually cooled at 80 °C. Then, the
plates were immersed in the dye solution of 0.5 mM ruthenium
red dye (N719 purchased from Sigma-Aldrich), mixed in a
mixture of solvents containing ethanol and acetonitrile in the
ratio 2:1 for 24 h, and kept in a dark room to prohibit the
absorption of light while sensitizing. After sensitizing, the
developed photoanodes were rinsed in isopropanol to remove
the extra dye and then dried out at room temperature.
Simultaneously, the counter electrodes were developed by
coating hydrogen hexachloro platinic acid mixed in acetonitrile
solution as a thin film by the drop casting technique onto the
active area of the FTO glass plates and sintered at 450 °C. In
order to introduce a spacer layer on the photoanode to prevent
short-circuiting, a Surlyn tape of thickness 19 mm was pasted
around the active area.
The quasi-solid electrolyte with 1D TiO2 nanofillers was

developed by dipping the developed electrospun-blended
polymeric nanocomposite membranes in the liquid electrolyte

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03644
ACS Omega 2022, 7, 1658−1670

1668

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


containing 0.5 M redox cationic salts (LiI, NaI, KI, TBAI)
individually; 0.05 M I2, 0.6 M BMII, and 0.5 M tert-butyl
pyridine were mixed in a solvent mixture of acetonitrile/EC/
PC (3:1:1, v/v/v). The excess liquid electrolyte was wiped
away with a tissue paper; all of the developed quasi-solid
electrolytes were then sandwiched between the dye-sensitized
TiO2 photoanode and the platinized counter electrode and
bound by clips. Figure 1 shows the schematic representation of
the preparation of the polymer electrolyte samples, and the ion
transport mechanism due to intercalation, exfoliation, and
aggregation processes with the incorporation of fillers. Also,
the figure shows the performance of the DSSCs fabricated with
the nanocomposite quasi-solid electrolytes.
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