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Abstract: In the present work, phthaloyl chitosan (PhCh)-based gel polymer electrolytes (GPEs) were
prepared using dimethylformamide (DMF) as a solvent, ethyl carbonate (EC) as a co-solvent, and a set
of five quaternaries of potassium iodide (KI) as a doping salt, which is a mixed composition of iodine
(I2). The prepared GPEs were applied to dye-sensitized solar cells (DSSC) to observe the effectiveness
of the electrolyte, using mesoporous TiO2, which was sensitized with N3 dye as the sensitizer.
The incorporation of the potassium iodide-based redox couple in a polymer electrolyte is fabricated
for dye-sensitized solar cells (DSSCs). The number of compositions was based on the chemical
equation, which is 1:1 for KI:I2. The electrical performance of prepared GPE systems have been
assessed using electrical impedance spectroscopy (EIS), and dielectric permittivity. The improvement
in the ionic conductivity of PhCh-based GPE was observed with the rise of salt concentration, and the
maximum ionic conductivity (4.94 × 10−2 S cm−1) was achieved for the 0.0012 mol of KI:I2. The study
of dielectric permittivity displays that ions with a high dielectric constant are associated with a high
concentration of added ions. Furthermore, the gel polymer electrolyte samples were applied to DSSCs
to detect the conversion effectiveness of the electrolytes. For electrolytes containing various content of
KI:I2 the highest conversion efficiency (η%) of DSSC obtained was 3.57% with a short circuit current
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density (Jsc) of 20.33 mA cm−2, open-circuit voltage (Voc) of 0.37 V, fill factor (FF) of 0.47, as well as a
conductivity of 2.08 × 10−2 S cm−1.

Keywords: gel polymer electrolyte; impedance study; ionic conductivity; dielectric properties;
UV-VIS study; dye-sensitized solar cell (DSSC)

1. Introduction

In recent decades a massive increase in energy demanded and concerns with using fossil energy
resources, with respect to their environmental effect and deficiency of storage, have become a global
energy problem. The answer to this problem is to find a cheap, clean, and renewable energy source
and alternative to fossil fuels. Solar energy is the most promising energy source among all renewable
energy resources. Efficient conversion of solar energy into electric power has been a promising solution
to the energy crisis. Solar cells function to capture free sunlight energy and convert it to electrical
power. Currently, crystalline silicon solar cells comprise the majority of solar cells. However, high
manufacturing cost and environmental issues associated with the manufacture of crystallized silicon
have promoted the development of other types of solar cells. Dye-sensitized solar cells (DSSCs) are
another important type of solar cells, showing potential as a next-generation photovoltaic device to
replace silicon solar cells [1,2]. O’Regan and Gratzel in 1991 developed a new type of solar cell called
the dye-sensitized solar cell (DSSC), because of novel properties became a new source of renewable
energy [3].

An electrolyte in a DSSC is one of the components that plays an important role in DSSCs because
the charge transport between the electrodes happens through it [4]. Other factors, such as sensitizer
and semiconductor energetics also affect the power conversion efficiency (PCE) of DSSCs. A sensitizer
governs the transportation of electrons and photon harvesting after the surface of nano-structured
semiconductor is injected with electrons [5]. Additionally, the conduction-band electrons’ recombination
and forming of dye accumulation on the semiconductor surface are the key reasons for the decline
in conversion efficiency for many organic dyes [6]. Generally, electrolytes are classified into several
types, such as liquid, quasi-solid state, and solid-state electrolytes. Due to a crucial impact on the
efficiency of the solar cell, electrolytes have been subjected to extensive studies [2,4,7–10]. The liquid
electrolytes are considered an important factor that affects the long lifetime because of volatilization
problems related to the long-term operation of DSSC, as well as during fabrication, the handling of
liquid electrolytes is quite difficult. To overcome these problems several solutions have been suggested
and solid-state electrolytes control the dissolving of electrolytes and leakage problem, but they have
low ionic conductivity. In addition, gel polymer electrolytes or quasi-solid state electrolytes provide an
alternative for long-term operation based on preventing volatilization and corrosion with a counter
electrode [11,12]. An electrolyte in a DSSC serves to restore the dye after oxidation. The three sorts
of electrolytes used in DSSCs are termed liquid, quasi-solid-state, and solid-state electrolytes [11].
However, the quasi-solid electrolyte has one shortcoming, it is quite dependent on the working
temperature of the solar cell, where high temperatures cause a phase transformation from a gel state to
a solution state [13,14]. Gel polymer electrolytes are made by an organic liquid plasticizing solvent
mixed with salt, then added to a polymer to provide mechanical stability.

High dielectric constant, high ambient ionic conductivity, mechanical flexibility (different shapes),
and good electrode/electrolyte are properties that make GPEs subject to intensive study by many
researchers and have become a common material used in electrochemical devices compared to liquid
electrolytes or SPEs [15]. Lately, various studies in the literature have been conducted on chitosan
owing to having definite properties that attract many researchers, as it offers several potentials in
industrial, biomedical, and pharmaceutical applications [16,17]. Cellulose is the supreme abundant
natural polymer beyond chitosan, and it is obtained from N-deacetylated chitin. It constitutes a
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host polymer for electrolytes since it can dissolve ionic salts, and is able to form a high conductivity
polymeric system due to multifunctional properties and the protonated amino group in its chain
structure. Using chitosan as an electrolytesis limited because it is typically insoluble in all organic
solvents while it is only soluble in dilute acetic solution. Thus, to widen the range of the solubility of
chitosan, the modification of chitosan to phthaloyl chitosan (PhCh) has been done as the solubility
of chitosan can be enhanced by modifying it to PhCh. By replacing two-hydroxyl groups with a
hydrophobic Ph group, this modification is known as phthaloylation, which decreases the crystallinity
and increases the solubility of chitosan. Afterward, PhCh can be dissolving in several organic solvents,
such as dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and pyridine [18–20]. The presence
of a hydrophobic Ph group in chitosan leads to destroying the hydrogen bond that is formed from
the interaction between the solvents and its amino and hydroxyl groups, and it also becomes a
proper host polymer in the PEs. Additionally, excluding enhancing the solubility of the polymer,
numerous styles have been explored and reported by previous researchers, with the improvement of
conductivity in the GPEs based on PhCh, such as PhCh:EC:PC:TPAI:LiI [3], PhCh:PEO:NH4I:BMII [21],
and PhCh:EC:DMF:TPAI [22]. The maximum ionic conductivity for the above-mentioned system has
been found to be 5.46 × 10−3 S/cm. In the polymer-based electrolytes, the conductivity is strongly
dependent on the ionic compound which is present in the electrolyte systems. Correspondingly, the
ionic compound leads to the presence of redox mediators in the PEs. Regarding this, the KI salt has
been used to provide mobile ions and regenerate the oxidized electrolyte, closing the circuit, whereas
the common disadvantage of using an inorganic salt is poor solubility at room temperature [23,24].

The iodide/triiodide (I−/I3) redox couple is the most popular, and it has preferred the greatest stable
and effectual in DSSC. Moreover, the iodide/triiodide couple has found to be an appropriate redox
potential, owing to it having enough solubility and not absorbing too much light [25]. On the other
hand, cobalt (Co (II) and Co (III))-based redox electrolytes possess some outstanding characteristics,
like non-volatility, safety, and being weakly colored. It has overcome the main disadvantage of the
iodide/triiodide (I−/I3) redox couple due to it limiting the efficiency of the iodide/triiodide (I−/I3) redox
couple. With the presence of Co (II) and Co (III), the misalliance between the redox potential of
iodide/triiodide (I−/I3) and a typical sensitizer can be reduced significantly. Regarding this, several
studies were reported in the literature using cobalt-based redox electrolytes for the application of
DSSCs [26–28]. Through using I−/I3 as a redox mediator the probability of the formation of polyiodide
is very high and exhibits lower conductivity of the GPE. Additionally, the amount adding of KI:I2 was
varied and the composition is based on the chemical equation:

I− + I2→ I3
− (1)

Thus, in this research, the correlation between the formation of polyiodide and the variation of
molarity will be observed. The prepared GPEs were applied to DSSC to observe the effectiveness of the
electrolyte, using mesoporous TiO2 sensitized with N3 dye as the sensitizer. The prepared PhCh-based
GPEs have been characterized utilizing electrical impedance spectroscopy, dielectric properties, and the
current density-voltage curve.

2. Results and Discussion

2.1. Study of Impedance Spectroscopy

To understand the ionic transport and electrical properties in the polymer-based electrolytes,
the analysis of electrical impedance spectroscopy (EIS) is an outstanding informative method [29].
The EIS was performed in this study to characterize the impedance plots for the prepared gel polymer
electrolyte GPE systems. This is done by applying a small oscillatory voltage to the sample and
measuring the resulting oscillatory current through the sample. The phase and amplitude difference
between the voltage across, and the current through, the sample determine the impedance of the
sample at that frequency [15]. Figure 1 explains the impedance spectra of Nyquist plots (Zi versus Zr)
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of PhCh-based GPE for the samples of I0, I1, I2, I3, and I4 incorporated with 0, 0.0003, 0.0006, 0.0009,
and 0.0012 mol of KI/I2, respectively, at room temperature. The salt influence on ionic conductivity of
the GPE-incorporated phthaloyl chitosan has been carried out by adding varying mole ratios of KI/I2.
Overall, the Nyquist plots show a half semicircle for the sample without KI salt. This is attributed to the
bulk resistance with the charge transfer resistance representing the diffusion resistance of electrolytes.
However, the tails (i.e., spike) are obtained by adding salt, which corresponded to the blocking effect of
the electrode [30–32]. Additionally, the bulk electrical resistance Rb value for each GPE system has
been determined from the complex impedance plots at the low-frequency intercept on the real axis
(Zr). Obviously, the system with the minimum Rb value has the maximum DC ionic conductivity.
It can be perceived that, by increasing the salt concentration, the bulk resistance is reduced, and the
ionic conductivity is improved owing to the rise in the number of mobile ions in the gel electrolytes
and the rise of salt dissociation which leads to the increase of conductivity. The DC conductivity was
calculated for the all of the electrolyte systems by utilizing the Equation (2) [33–35].

σ =
t

RB ×A
(2)
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Figure 1. Nyquist plot (Zi versus Zr) of gel polymer electrolytes with room temperature for (a) I0, (b) I1,
(c) I2, (d) I3, and (e) I4 systems. It is obvious that the plot for the sample of I0 displays a semi-circle due
to its incorporated with no KI salt. Subsequently, the spike region increases upon adding the KI salt,
and the semi-circle was disappeared at the high-frequency regions for the samples of I1–I5.

The variation of conductivity against the molarity of the KI/I2 ratios for the GPE samples is
presented in Figure 2. The error bars are also shown in Figure 2 in which three samples were used to
calculate the error bars. The optimum value of ionic conductivity was found to be 4.94 × 10−2 S cm−1,
achieved from the sample that includes the highest amount (0.012 mol) of added salt at room temperature,
as shown in Table 1, which indicates the highest ion mobility among the GPE systems. It can be noticed
that the conductivity increases with the increment of the salt concentration. This suggests that the ion
migration in the gel polymer electrolyte samples integrated with KI salt was signified by a resistor [36].
In comparison, the room temperature ionic conductivity of the present study is fairly near to some other
former studies based on PhCh; for instance, the conductivity obtained for the PhCh-PEO-TPAI-EC
system was 1.11 × 10−2 S cm−1 examined by Buraidah [37]. Our previous work consisted of PhCh
reacted with the KSeCN salt PhCh:EC-DMF:KSeCN system, with a value of 4.75 × 10−2 S cm−1 [38].
Consequently, for the PVA:EC:PC:KI system is was 1.25 × 10−2 S cm−1, as reported by Aziz [39].
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Figure 2. Conductivity versus molarity of KI salt.
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Table 1. The conductivity value of gel polymer electrolytes with variation molarity at ambient temperature.

Sample Conductivity, S/cm

I0 8.213 × 10−4

I1 2.01 × 10−2

I2 2.19 × 10−2

I3 4.38 × 10−2

I4 4.94 × 10−2

The formation of poly-iodide is formed when excess iodide reacts with tri-iodide as shown in the
equation below:

I3
− + I−→I4

−2 (3)

UV-VIS spectroscopy is the most vital technique to comprehend the transition of electrons.
The region in which the electrons hopped from the ground energy state to the upper energy state by
an incident photon is called the absorption edge. In the amorphous materials, the bandgap energy
can be determined from the absorption edge. To confirm the formation of the polyiodide, ultraviolet
visible (UV) spectroscopy has been used [40]. Figure 3 below displays the graph of absorbance against
wavelength for sample I3. The figure displayed two surface plasma resonance (SPR) peaks at 288 nm
and 363 nm, indicating the presence of I3

− and I4
2− ions, respectively. This phenomenon will happen

when the natural frequency of surface electrons and the photon frequency are equal to each other [41].
The peak of the wavelength at 288 nm indicates the presence of I3

− ions [42], while for the presence of
I4

2− (polyiodide) it is detected at the peak at 359 nm [43]. The peaks obtained are approximate to the
value of I3

− ions and I4
2− ions which are 298 nm and 366 nm, respectively.
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2.2. Dielectric Studies

In this study, the capacity of the dielectric GPE based on PhCh has been characterized to determine
the material’s ability to attain the electrical storage charge through employing dielectric permittivity.
Additionally, it can estimate the ion transportation phenomena that occurred in the electrolyte samples.
The dielectric permittivity consists of two components that are a dielectric constant and dielectric loss.
The dielectric constant (ε′) signifies the capability of materials to collect the electric charge, and the
dielectric loss (ε”) represents the loss of energy to ion mobility and aligns dipoles once the electric field
polarity reverses quickly, and is typically associated with ionic transport. The dielectric constant and
dielectric loss are designated as a real part of permittivity (ε′) and the imaginary part of permittivity
(ε”), respectively. The formula for each permittivity was shown in Equations (4) and (5) [44,45].

ε′ =
t

ωAεo

 Z′′

(Z′)2 + (Z′′ )2

 (4)
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ε′′ =
t

ωAεo

 Z′

(Z′)2 + (Z′′ )2

 (5)

Figure 4a demonstrates the dielectric constant versus frequency at room temperature for the
prepared GPE samples. The Sharpe surge in the real dielectric constant for the samples indicate
the higher ionic conductor at a low frequency associated with the polarization effect due to the
accumulation of ion species near the blocking electrode. Since the dielectric constant is high, this
leads to high storage of the dipole electric charge per unit volume [46]. In the meantime, the dielectric
constant value reaches its lowest value and gets close to zero at high frequency, owing to the dominance
of the relaxation process occurring, and lowers the dielectric constant. This occurred because of the
quick change in the direction of the field, which results in inadequate time for the ions to accumulate at
the electrode [47–49]. Beyond that, the increase of the dielectric constant with the increasing molarity
of the salt can be observed. Among the GPE systems, the highest value of the dielectric constant (i.e.,
ε′) was recorded for the maximum content of KI added salt. This is because the interaction between
the polar molecules with the ions from the salts helps in the dissociation of ions and increases the
concentration of ion species in the polymer matrix [50]. By means of the graph of dielectric loss (ε”) in
Figure 4b, the same behavior can be observed as the dielectric constant which shows the variation of
dielectric loss versus frequency for the whole samples at ambient temperature. One can see that, as the
frequency is increased, the value of the dielectric loss decreased. The number of ion species governs
the polarization of the space charge with an increase in the salt ratio, and leads to the enhancement of
the accumulated space charge polarization from the increase of charge carriers by adding a greater salt
ratio [51,52]. The values of dielectric constant at low frequency and ionic conductivity are shown in
Table 2. It is noticeable from Table 2 that high dielectric constant corresponds to high ion conductivity.

Table 2. The values of ionic conductivity in direct current and dielectric constant for the all GPE systems
with various molarity of KI/I2.

Sample Code Ionic Conductivity σ (S/cm) Dielectric Constant

I0 8.22 × 10−4 2.96 × 106

I1 2.08 × 10−2 2.90 × 106

I2 2.21 × 10−2 6.40 × 106

I3 4.38 × 10−2 6.75 × 106

I4 4.94 × 10−2 7.50 × 106
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2.3. J-V Characteristic of DSSC

All the components in DSSCs have important impacts on the efficiency and stability, first,
enhancing electrical conductivity and light transmittance are two properties required for a conducting
oxide glass substrate. Second, porosity and morphology of the TiO2 surface and the amount of
dye molecules absorbed on it provide a massive area of reaction sites for the absorption of incident
lights [53]. Third, iodine and tri-iodide as a liquid electrolyte used in redox mediators and due to
its volatilization problem of liquid electrolytes other solid state and quasi-solid electrolytes used to
overcome these disadvantages [14]. The full five GPE systems prepared in this study have been
approved in dye-sensitized solar cells (DSSCs). The photocurrent-photo-voltage (J-V) graph of the
DSSCs was performed to illustrate the PhCh-based gel polymer electrolyte samples incorporated
with 0 mol, 0.0003 mol, 0.0006 mol, 0.0009 mol, and 0.0012 mol of KI salt at room temperature, which
are presented in Figure 5. Consequently, the photo-voltage characteristics shown in Figure 5 are
epitomized in Table 3. The dye-sensitized solar cells prepared with the GPEs exhibit similar or higher
open-circuit voltage (Voc) and lower short circuit density (Jsc) than the DSSCs with the liquid polymer
electrolyte [54,55]. Several factors affect the DSSC application, such as the charge density and mobility
of the ions in the polymer-based electrolytes. Through the iodide ions (I−), the sensitizer generates
the electrons and then transportation will occur from the photo-anode to the counter electrode (CE),
then rebound back to the anode. The oxidized photo-sensitizer becomes regenerated again once the
electrons from the iodide ions reach the holes. When the electron transfers by the iodide ions to the
sensitizer, the electrons are converts to the tri-iodide (I3

−) ion and spreads to the counter electrode [56].
The parameters of solar cells and the values of the short circuit density (Jsc), open-circuit voltage (Voc),
fill factor (FF), and conversion efficiency (η%) are presented in Table 3, which are obtained from the J-V
curve. It can be prominent that all solar cell parameters are enhanced except Voc by incorporating
0.0003 mol of KI salt at room temperature into the PhCh-based gel polymer electrolyte sample (I1)
although the extra increase of KI/I2 into GPE strongly influenced these parameters. Section 3.1 and
Section 3.2 display that, with increasing KI salts into the GPE, the DC conductivity and dielectric
constant are increased [57]. However, these enhancements have not to be seen in the DSSC system due
to numerous issues. First, in the sample of I1, increasing Jsc to its maximum value represents more free
carriers transferred from the electrolyte to the photo-anode, but Voc decreased to its minimum value.
The reason for these changes is explained by the downshift of the conduction band and the Fermi level
of TiO2 more toward the redox potential because of the increasing number of free ions in GPE and more
free cations will be adsorbed and accumulated on the TiO2 mesoporous surface [57–59]. It is noticeable
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that the value of the DSSC efficiency was significantly enhanced from 0.06% to 3.57% up on adding of
0.0003 mol of KI/I2. Second, in other samples (I2, I3, and I4) open-circuit voltage increases and becomes
constant, while the short circuit current density and efficiency dropped. By further increasing the KI/I2
concentration due to the aggregation of KI salt the cations do not absorb on the TiO2 surface and the
downshift of the conduction band and Fermi level is less [60,61]. Thus, the value of (Voc) changed from
0.37 V to 0.52 V. Furthermore, the decrease of efficiency is due to the increased of I− ion concentration,
which contributes to ion-pairing in its place of dissociation of ions [62–64].
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Figure 5. The J-V curve for the PhCh based GPE based on I0, I1, I2, I3, and I4 systems.

Table 3. DSSC parameters of the GPEs based on PhCh with various molarity of KI salt.

Sample Jsc Voc (V) FF η%
(mA cm−2)

I0 2.46 0.51 0.14 0.76
I1 0.78 0.48 0.47 0.06
I2 20.33 0.37 0.65 3.57
I3 3.96 0.52 0.64 1.35
I4 2.51 0.52 0.59 0.84

Table 4 gives information about the calculated efficiency (η%) for some systems reported in the
literature that include binary salts [65–70]. In comparison, the value of efficiency (η%) of this work is
close to some of these reports. Meanwhile, the reason why the efficiency for KI is higher compared
to other salts may be due to the effect of lattice energy or mixed cation salt. The size of the I− ion is
much smaller, making it diffuse faster and the larger cation acts to produce a higher number of redox
mediators [66]. The efficiency of the current work (3.57%) is of excessive significance paralleled to
our previous work (2.28%) in which KSCN salt was used as a doping salt [39]. In our earlier work,
KSCN is used as the ionic source. KSCN has a lattice energy (UL) of 616 kJ/mol, which is slightly
lower than that estimated for KI, which is about 649 kJ/mol) [71]. Salt with lower UL tends to associate
easier compared with higher UL. However, due to the lower value of UL, there is a greater chance
for the cation and anion to associate again. Consequently, few free ions are available, thus resulting
in a lower efficiency value. It can be seen that the I2 system exhibit higher efficiency compared to
other systems. High concentration of ions may result in more ion association and ion triplets, thus,
medium salt concentration may be better for DSSC fabrication.
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Table 4. Various GPE systems based on efficiency (η%) for the DSSCs.

GPE Systems Sensitizer Efficiency (η%) References

PhCh:PEO:EC:DMF:TPAI/I2 Anthocyanin 0.56 [67]
PVA:EC-PC:KI-TPAI/I2 N3 3.27 [68]

PAN:EC:PC:TPAI/I2 Chlorophyll 1.97 [69]
PEO:EC-PC-DMC:NaI/I2 N719 3.6 [70]

PAN:EC:TPAI/I2 N3 3.45 [60]
PMMA:PVDF:KI:I2:EC/PC N719 4 [71]

PVDF:PMMA:EC: Imidazole:KI/I2 N719 3.04 [29]
PhCh:EC:DMF:KI/I2 N3 3.57 This work

3. Experimental

3.1. Modification of Chitosan to PhCh

The PhCh was attained using 1 g of low molecular weight chitosan, 30 mL of dimethylformamide
(DMF), and 4.3 g of phthalic anhydride which were mixed in a round-bottomed flask. All fresh
materials are acquired from Sigma-Aldrich (Darmstadt, Germany). The mixture was stimulated
constantly using a magnetic stirrer under nitrogen gas (N2), and heated at 120 ◦C for 6–7 h. After that,
the mixture was permitted to cool down to 60 ◦C and the gas pipe that connects the nitrogen gas from
the condenser was taken out, the product being left overnight. Then, ice water was used to form the
precipitate and filtered out using a filtration technique. Finally, ethanol was used to wash the collected
precipitate in a Soxhlet extractor for 6 h. Consequently, the final product was dried and vacuumed at
60 ◦C in a vacuum oven for several hours.

3.2. Gel Polymer Electrolyte (GPE) Preparation

To make an iodide/triiodide redox couple, 0.2 g of PhCh was dissolved in 0.6 g of dimethyl
formamide DMF. The mixture was heated at around 80 ◦C and stirred with the magnetic stirrer
for a half hour until the mixture becomes homogenous. Then, under the same condition, 0.6 g of
ethylene carbonate (EC) was added into the mixture and stirred constantly. After this, various levels of
potassium iodide (KI) were added into the solution mixture and heated to about 80 ◦C for five hours.
Lastly, the iodine was added to the mixture once the mixture already turned into a gelatin form, and
stirred for 2 h at room temperature until the homogenous behavior was obtained. The designation and
GPE compositions are summarized in Table 5.

Table 5. Designation and composition of PhCh:DMF:EC:xKI/I2GPE systems.

Samples PhCh (g) DMF (g) EC (g) KI/mol I2/mol

I0 0.2 0.6 0.6 0.0000 0.0000
I1 0.2 0.6 0.6 0.0003 0.0003
I2 0.2 0.6 0.6 0.0006 0.0006
I3 0.2 0.6 0.6 0.0009 0.0009
I4 0.2 0.6 0.6 0.0012 0.0012

3.3. Characterization of GPEs

Electrochemical impedance spectroscopy (EIS) has been used to evaluate the ionic conductivity
and dielectric mechanism of the GPEs. An LCR meter (HIOKI 3531 Z Hi-tester, Hioki, Nagano, Japan)
instrument was employed at a frequency range between 50 Hz and 5 MHz. For the conductivity
study, the value of the ionic conductivity (σ) based on the bulk resistance from the Nyquist plot was
determined using Equation (2). where t is the thickness of the electrolyte, RB is the bulk resistance and
A is the cross-sectional area of the electrolyte. Additionally, both real and imaginary parts of complex



Molecules 2020, 25, 4115 11 of 15

permittivity (ε*) were calculated from the impedance data (i.e., Z′ and Z”). The values of the dielectric
constant, ε′ and dielectric loss, ε” were obtained utilizing the Equations (4) and (5).

3.4. Fabrication of Dye-Sensitized Solar Cell (DSSC)

To construct the DSSCs, fluorine tin oxide (FTO) was washed and cleaned using ethanol and
distilled water (D.W.) and was used as a glass substrate. Similarly, to make a photo-anode on a
conducting glass substrate, double layers of TiO2 were used. To prepare a first layer, 0.5 g of TiO2

powder was ground for a half hour in 2 mL of (HNO3) nitric acid using a mortar and dried in air
for another 30 min, then it was sintered for half an hour at 450 ◦C. As for the second layer, the TiO2

colloidal suspension was prepared by grinding another 0.5 g of TiO2 powder with 2 mL of nitric
acid. Correspondingly, 0.1 g of carbon wax with some drops of Triton X-100 were increased to the
system and sintered in the furnace at 450 ◦C for an hour. After that, the electrode was cooled down
to 60 ◦C and saturated into an ethanolic N3 dye solution for one day. After cooling, the prepared
GPEs were cast into the sensitized TiO2 photo electrode and then sandwiched with a platinum-coated
electrode. Through using an AUTOLAB electrometer, the photovoltaic performance of the DSSCs
was observed. For this purpose the photocurrent density (J) and voltage (V) were recorded using the
Metrohm Autolab Potentiostat/Galvanostat instrument (PGSTAT 128N, Neware, Shenzhen, China)
under an irradiation intensity of 1000 W m−2. The area of the DSSC was 0.20 cm2.

4. Conclusions

In conclusion, PhCh as a host polymer was used to prepare a series of gel polymer electrolytes
utilizing DMF as a solvent, EC as a plasticizer, and KI salt dopant, which optimized to regenerative
photoelectrochemical cells. Through impedance spectroscopy and electrical equivalent circuits the
bulk electrical resistance Rb value for each GPE system has been determined. The highest room
temperature conductivity accomplished in this project is 4.94 × 10−2 S cm−1 with 0.0012 mol of the KI/I2

composition. Additionally, the electrolyte sample incorporated with the highest salt content has found
to be a high intensity of dielectric constant. The DSSCs have been fabricated for the entire systems
and an efficiency (η%) for the N3 dye of 3.57% was obtained for a sample containing 0.0003 mol of
KI salt with Jsc = 20.33 mA cm−2. Several factors affect the conductivity and conversion efficiency
such as poly-iodide formation, lattice energy, and size of the anion. The resulting outcome in this
work shows the phthaloyl chitosan-based gel polymer electrolytes have potential in the application of
electrochemical devices.

Author Contributions: Conceptualization: S.B.A., S.H., S.S., Z.H.Z., and H.A.T.; data curation: M.A.B.;
formal analysis: A.A.B.; funding acquisition: E.M.A.D.; investigation: A.M.Z., N.I.A.M.S., S.H., and A.A.B.;
methodology: A.M.Z., N.I.A.M.S., S.H., A.A.B., and H.A.T.; project administration: S.S. and Z.H.Z.; Supervision,
Z.H.Z.; validation: S.B.A., E.M.A.D., Z.H.Z., J.M.H., M.A.B., S.R.S., and P.O.A.; visualization, H.A.T.;
writing—original draft, A.M.Z., N.I.A.M.S., S.B.A., and J.M.H.; writing—review and editing: E.M.A.D., S.H., S.S.,
A.A.B., Z.H.Z., H.A.T., M.A.B., S.R.S., and P.O.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors appreciatively acknowledge the financial support for this work by the Ministry
of Higher Education & Scientific Research-Kurdish National Research Council (KNRC), Kurdistan Regional
Government-Iraq. The financial support by the University of Sulaimani, Komar University of Science and
Technology and University of Malaya (RF021B-2018)) are impressively respected.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Winie, T.; Arof, A.K.; Thomas, S. Polymer Electrolytes: Characterization Techniques and Energy Applications.
2019. Available online: https://www.wiley.com/en-uz/Polymer+Electrolytes%3A+Characterization+

Techniques+and+Energy+Applications-p-9783527342006 (accessed on 6 August 2020).

https://www.wiley.com/en-uz/Polymer+Electrolytes%3A+Characterization+Techniques+and+Energy+Applications-p-9783527342006
https://www.wiley.com/en-uz/Polymer+Electrolytes%3A+Characterization+Techniques+and+Energy+Applications-p-9783527342006


Molecules 2020, 25, 4115 12 of 15

2. Liu, Y.; Fang, J.; Liu, Y.; Lin, T. Progress in nanostructured photoanodes for dye-sensitized solar cells.
Front. Mater. Sci. 2016, 10, 225–237. [CrossRef]

3. Yusuf, S.N.F.; Aziz, M.F.; Hassan, H.C.; Bandara, T.M.W.J.; Mellander, B.E.; Careem, M.A.; Arof, A.K.
Phthaloylchitosan-Based Gel Polymer Electrolytes for Efficient Dye-Sensitized Solar Cells. J. Chem. 2014,
2014, 1–8. [CrossRef]

4. Yu, Z.; Vlachopoulos, N.; Gorlov, M.; Kloo, L. Liquid electrolytes for dye-sensitized solar cells. Dalton Trans.
2011, 40, 10289. [CrossRef] [PubMed]

5. Kar, S.; Roy, J.K.; Leszczynski, J. In silico designing of power conversion efficient organic lead dyes for solar
cells using todays innovative approaches to assure renewable energy for future. npj Comput. Mater. 2017,
3, 22. [CrossRef]

6. Hagberg, D.P.; Yum, J.-H.; Lee, H.; De Angelis, F.; Marinado, T.; Karlsson, K.M.; Humphry-Baker, R.; Sun, L.;
Hagfeldt, A.; Grätzel, M.; et al. Molecular Engineering of Organic Sensitizers for Dye-Sensitized Solar Cell
Applications. J. Am. Chem. Soc. 2008, 130, 6259–6266. [CrossRef] [PubMed]

7. Mohamad, A.A. Physical properties of quasi-solid-state polymer electrolytes for dye-sensitised solar cells:
A characterisation review. Sol. Energy 2019, 190, 434–452. [CrossRef]

8. Gong, J.; Liang, J.; Krishnan, S. Review on dye-sensitized solar cells (DSSCs): Fundamental concepts and
novel materials. Renew. Sustain. Energy Rev. 2012, 16, 5848–5860. [CrossRef]

9. Li, B.; Wang, L.; Kang, B.; Wang, P.; Qiu, Y. Review of recent progress in solid-state dye-sensitized solar cells.
Sol. Energy Mater. Sol. Cells 2006, 90, 549–573. [CrossRef]

10. Wu, J.; Lan, Z.; Hao, S.; Li, P.; Lin, J.; Huang, M.; Fang, L.; Huang, Y. Progress on the electrolytes for
dye-sensitized solar cells. Pure Appl. Chem. 2008, 80, 2241–2258. [CrossRef]

11. Mohamad, A.A. Absorbency and conductivity of quasi-solid-state polymer electrolytes for dye-sensitized
solar cells: A characterization review. J. Power Sources 2016, 329, 57–71. [CrossRef]

12. Bella, F. Polymer electrolytes and perovskites: Lights and shadows in photovoltaic devices. Electrochim. Acta
2015, 175, 151–161. [CrossRef]

13. Kumara, N.; Lim, A.; Ming, L.C.; Petra, M.I.; Ekanayake, P. Recent progress and utilization of natural
pigments in dye sensitized solar cells: A review. Renew. Sustain. Energy Rev. 2017, 78, 301–317. [CrossRef]

14. Khan, M.Z.H.; Al-Mamun, M.; Halder, P.; Aziz, A. Performance improvement of modified dye-sensitized
solar cells. Renew. Sustain. Energy Rev. 2017, 71, 602–617. [CrossRef]

15. Yusuf, S.; Yusof, S.; Kufian, M.; Teo, L. Preparation and electrical characterization of polymer electrolytes:
A review. Mater. Today Proc. 2019, 17, 446–458. [CrossRef]

16. Sousa, A.M.; Sereno, A.M.; Hilliou, L.; Gonçalves, M.P. Biodegradable Agar Extracted from
Gracilariavermiculophylla: Film Properties and Application to Edible Coating. 2010. Available online:
https://www.scientific.net/MSF.636-637.739 (accessed on 6 August 2020).

17. Hadi, J.M.; Aziz, S.B.; Nofal, M.; Hussein, S.A.; Hafiz, M.H.; Brza, M.A.; Abdulwahid, R.; Kadir, M.;
Woo, H.J.; Hamsan, M.H. Electrical, Dielectric Property and Electrochemical Performances of Plasticized
Silver Ion-Conducting Chitosan-Based Polymer Nanocomposites. Membranes 2020, 10, 151. [CrossRef]
[PubMed]

18. Nishimura, S.; Kohgo, O.; Kurita, K.; Kuzuhara, H. Chemospecific manipulations of a rigid polysaccharide:
Syntheses of novel chitosan derivatives with excellent solubility in common organic solvents by regioselective
chemical modifications. Macromolecules 1991, 24, 4745–4748. [CrossRef]

19. Osman, Z.; Ibrahim, Z.; Arof, A. Conductivity enhancement due to ion dissociation in plasticized chitosan
based polymer electrolytes. Carbohydr. Polym. 2001, 44, 167–173. [CrossRef]

20. Yoksan, R.; Akashi, M.; Biramontri, S.; Chirachanchai, S. Hydrophobic Chain Conjugation at Hydroxyl
Group onto γ-Ray Irradiated Chitosan. Biomacromolecules 2001, 2, 1038–1044. [CrossRef]

21. Buraidah, M.H.; Teo, L.P.; Yusuf, S.N.F.; Noor, M.M.; Kufian, M.Z.; Careem, M.A.; Majid, S.R.; Taha, R.M.;
Arof, A.K. TiO2/chitosan-NH4I (+ I2)-BMII-based dye-sensitized solar cells with anthocyanin dyes extracted
from black rice and red cabbage. Int. J. Photoenergy 2011, 2011, 273683. [CrossRef]

22. Yusuf, S.N.F.; Azzahari, A.D.; Yahya, R.; Majid, S.R.; Careem, M.A.; Arof, A.K. From crab shell to solar cell:
A gel polymer electrolyte based on N-phthaloylchitosan and its application in dye-sensitized solar cells.
Rsc Adv. 2016, 6, 27714–27724. [CrossRef]

23. Grätzel, M. Solar Energy Conversion by Dye-Sensitized Photovoltaic Cells. Inorg. Chem. 2005, 44, 6841–6851.
[CrossRef] [PubMed]

http://dx.doi.org/10.1007/s11706-016-0341-0
http://dx.doi.org/10.1155/2014/783023
http://dx.doi.org/10.1039/c1dt11023c
http://www.ncbi.nlm.nih.gov/pubmed/21946839
http://dx.doi.org/10.1038/s41524-017-0025-z
http://dx.doi.org/10.1021/ja800066y
http://www.ncbi.nlm.nih.gov/pubmed/18419124
http://dx.doi.org/10.1016/j.solener.2019.08.016
http://dx.doi.org/10.1016/j.rser.2012.04.044
http://dx.doi.org/10.1016/j.solmat.2005.04.039
http://dx.doi.org/10.1351/pac200880112241
http://dx.doi.org/10.1016/j.jpowsour.2016.08.064
http://dx.doi.org/10.1016/j.electacta.2015.02.195
http://dx.doi.org/10.1016/j.rser.2017.04.075
http://dx.doi.org/10.1016/j.rser.2016.12.087
http://dx.doi.org/10.1016/j.matpr.2019.06.475
https://www.scientific.net/MSF.636-637.739
http://dx.doi.org/10.3390/membranes10070151
http://www.ncbi.nlm.nih.gov/pubmed/32668644
http://dx.doi.org/10.1021/ma00017a003
http://dx.doi.org/10.1016/S0144-8617(00)00236-8
http://dx.doi.org/10.1021/bm0155569
http://dx.doi.org/10.1155/2011/273683
http://dx.doi.org/10.1039/C6RA04188D
http://dx.doi.org/10.1021/ic0508371
http://www.ncbi.nlm.nih.gov/pubmed/16180840


Molecules 2020, 25, 4115 13 of 15

24. Theerthagiri, J.; Senthil, R.A.; Buraidah, M.H.; Madhavan, J.; Arof, A.K. Effect of tetrabutylammonium iodide
content on PVDF-PMMA polymer blend electrolytes for dye-sensitized solar cells. Ionics 2015, 21, 2889–2896.
[CrossRef]

25. Boschloo, G.; Hagfeldt, A. Characteristics of the Iodide/Triiodide Redox Mediator in Dye-Sensitized Solar
Cells. Acc. Chem. Res. 2009, 42, 1819–1826. [CrossRef] [PubMed]

26. Bella, F.; Vlachopoulos, N.; Nonomura, K.; Zakeeruddin, S.M.; Grätzel, M.; Gerbaldi, C.; Hagfeldt, A. Direct
light-induced polymerization of cobalt-based redox shuttles: An ultrafast way towards stable dye-sensitized
solar cells. Chem. Commun. 2015, 51, 16308–16311. [CrossRef]

27. Cai, N.; Li, R.; Wang, Y.; Zhang, M.; Wang, P. Organic dye-sensitized solar cells with a cobalt redox couple:
Influences of π-linker rigidification and dye–bath solvent selection. Energy Environ. Sci. 2013, 6, 139–147.
[CrossRef]

28. Yella, A.; Lee, H.-W.; Tsao, H.N.; Yi, C.; Chandiran, A.K.; Nazeeruddin, K.; Diau, E.W.-G.; Yeh, C.-Y.;
Zakeeruddin, S.M.; Grätzel, M. Porphyrin-Sensitized Solar Cells with Cobalt (II/III)-Based Redox Electrolyte
Exceed 12 Percent Efficiency. Science 2011, 334, 629–634. [CrossRef]

29. Aziz, S.; Hamsan, M.H.; Kadir, M.F.Z.; Karim, W.; Abdullah, R.M. Development of Polymer Blend Electrolyte
Membranes Based on Chitosan: Dextran with High Ion Transport Properties for EDLC Application. Int. J.
Mol. Sci. 2019, 20, 3369. [CrossRef]

30. Deka, M.; Kumar, A. Enhanced electrical and electrochemical properties of PMMA-clay nanocomposite gel
polymer electrolytes. Electrochim. Acta 2010, 55, 1836–1842. [CrossRef]

31. Aziz, S.; Abdulwahid, R.; Hamsan, M.H.; Brza, M.A.; Abdullah, R.M.; Kadir, M.; Muzakir, S.K. Structural,
Impedance, and EDLC Characteristics of Proton Conducting Chitosan-Based Polymer Blend Electrolytes
with High Electrochemical Stability. Molecules 2019, 24, 3508. [CrossRef]

32. Hadi, J.M.; Aziz, S.B.; Mustafa, M.S.; Hamsan, M.H.; Abdulwahid, R.T.; Kadir, M.F.; Ghareeb, H.O. Role of
nano-capacitor on dielectric constant enhancement in PEO:NH4SCNxCeO2 polymer nano-composites:
Electrical and electrochemical properties. J. Mater. Res. Technol. 2020, 9, 9283–9294. [CrossRef]

33. Hamsan, M.; Aziz, S.B.; Nofal, M.; Brza, M.; Abdulwahid, R.; Hadi, J.M.; Karim, W.O.; Kadir, M. Characteristics
of EDLC device fabricated from plasticized chitosan:MgCl2 based polymer electrolyte. J. Mater. Res. Technol.
2020, 9, 10635–10646. [CrossRef]

34. Baskaran, R.; Selvasekarapandian, S.; Hirankumar, G.; Bhuvaneswari, M. Vibrational, ac impedance
and dielectric spectroscopic studies of poly(vinylacetate)-N,N-dimethylformamide-LiClO4 polymer gel
electrolytes. J. Power Sources 2004, 134, 235–240. [CrossRef]

35. Aziz, S.; Hamsan, M.H.; Abdullah, R.M.; Kadir, M.F.Z. A Promising Polymer Blend Electrolytes Based on
Chitosan: Methyl Cellulose for EDLC Application with High Specific Capacitance and Energy Density.
Molecules 2019, 24, 2503. [CrossRef] [PubMed]

36. Osman, Z.; Zainol, N.; Samin, S.; Chong, W.; Isa, K.M.; Othman, L.; Supa’At, I.; Sonsudin, F. Electrochemical
Impedance Spectroscopy Studies of Magnesium-Based Polymethylmethacrylate Gel Polymer Electroytes.
Electrochim. Acta 2014, 131, 148–153. [CrossRef]

37. Buraidah, M.; Shah, S.; Teo, L.; Chowdhury, F.I.; Careem, M.; Albinsson, I.; Mellander, B.E.; Arof, A.K. High
efficient dye sensitized solar cells using phthaloylchitosan based gel polymer electrolytes. Electrochim. Acta
2017, 245, 846–853. [CrossRef]

38. Zulkifli, A.M. Electrochemical Characteristics of Phthaloyl Chitosan Based Gel Polymer Electrolyte for Dye
Sensitized Solar Cell Application. Int. J. Electrochem. Sci. 2020, 15, 7434–7447. [CrossRef]

39. Aziz, M.F.; Buraidah, M.H.; Careem, M.A.; Arof, A.K. PVA based gel polymer electrolytes with mixed iodide
salts (K+ I− and Bu4N+ I−) for dye-Sensitized solar cell application. Electrochim. Acta 2015, 182, 217–223.
[CrossRef]

40. Aziz, S.; Hassan, A.Q.; Mohammed, S.J.; Karim, W.; Kadir, M.; Tajuddin, H.A.; Chan, N.N.M.Y. Structural
and Optical Characteristics of PVA:C-Dot Composites: Tuning the Absorption of Ultra Violet (UV) Region.
Nanomaterials 2019, 9, 216. [CrossRef]

41. Aziz, S.; Rasheed, M.A.; Abidin, Z.H.Z. Optical and Electrical Characteristics of Silver Ion Conducting
Nanocomposite Solid Polymer Electrolytes Based on Chitosan. J. Electron. Mater. 2017, 46, 6119–6130.
[CrossRef]

42. Pursell, J.L.; Pursell, C.J. Host–Guest Inclusion Complexation of α-Cyclodextrin and Triiodide Examined
Using UV-Vis Spectrophotometry. J. Phys. Chem. A 2016, 120, 2144–2149. [CrossRef]

http://dx.doi.org/10.1007/s11581-015-1464-5
http://dx.doi.org/10.1021/ar900138m
http://www.ncbi.nlm.nih.gov/pubmed/19845388
http://dx.doi.org/10.1039/C5CC05533D
http://dx.doi.org/10.1039/C2EE23592G
http://dx.doi.org/10.1126/science.1209688
http://dx.doi.org/10.3390/ijms20133369
http://dx.doi.org/10.1016/j.electacta.2009.10.076
http://dx.doi.org/10.3390/molecules24193508
http://dx.doi.org/10.1016/j.jmrt.2020.06.022
http://dx.doi.org/10.1016/j.jmrt.2020.07.096
http://dx.doi.org/10.1016/j.jpowsour.2004.02.025
http://dx.doi.org/10.3390/molecules24132503
http://www.ncbi.nlm.nih.gov/pubmed/31323966
http://dx.doi.org/10.1016/j.electacta.2013.11.189
http://dx.doi.org/10.1016/j.electacta.2017.06.011
http://dx.doi.org/10.20964/2020.08.86
http://dx.doi.org/10.1016/j.electacta.2015.09.035
http://dx.doi.org/10.3390/nano9020216
http://dx.doi.org/10.1007/s11664-017-5515-8
http://dx.doi.org/10.1021/acs.jpca.6b00982


Molecules 2020, 25, 4115 14 of 15

43. Licht, S.; Myung, N. Aqueous Polyiodide Spectroscopy and Equilibria and Its Effect on n-WSe2
Photoelectrochemistry. J. Electrochem. Soc. 2019, 142, 845–849. [CrossRef]

44. Aziz, S.; Marif, R.B.; Brza, M.A.; Hamsan, M.H.; Kadir, M.F.Z. Employing of Trukhan Model to Estimate Ion
Transport Parameters in PVA Based Solid Polymer Electrolyte. Polymers 2019, 11, 1694. [CrossRef] [PubMed]

45. Nithya, S.; Selvasekarapandian, S.; Karthikeyan, S.; Inbavalli, D.; Sikkinthar, S.; Sanjeeviraja, C. AC impedance
studies on proton-conducting PAN: NH4SCN polymer electrolytes. Ionics 2014, 20, 1391–1398. [CrossRef]

46. Hadi, J.M. Electrochemical Impedance study of Proton Conducting Polymer Electrolytes based on PVC
Doped with Thiocyanate and Plasticized with Glycerol. Int. J. Electrochem. Sci. 2020, 15, 4671–4683.
[CrossRef]

47. Mishra, R.; Rao, K. Electrical conductivity studies of poly(ethyleneoxide)-poly(vinylalcohol) blends. Solid State
Ion. 1998, 106, 113–127. [CrossRef]

48. Morsi, M.A.; El-Khodary, S.; Rajeh, A. Enhancement of the optical, thermal and electrical properties of
PEO/PAM:Li polymer electrolyte films doped with Ag nanoparticles. Phys. B Condens. Matter 2018, 539, 88–96.
[CrossRef]

49. Kim, J.S. Electric Modulus Spectroscopy of Lithium Tetraborate (Li2B4O7) Single Crystal. J. Phys. Soc. Jpn.
2001, 70, 3129–3133. [CrossRef]

50. Kumaran, V.S.; Ng, H.M.; Ramesh, S.; Ramesh, K.; Vengadaesvaran, B.; Numan, A. The conductivity and
dielectric studies of solid polymer electrolytes based on poly (acrylamide-co-acrylic acid) doped with sodium
iodide. Ionics 2018, 24, 1947–1953. [CrossRef]

51. Ahad, N.; Saion, E.; Gharibshahi, E. Structural, Thermal, and Electrical Properties of PVA-Sodium Salicylate
Solid Composite Polymer Electrolyte. J. Nanomater. 2012, 2012, 1–8. [CrossRef]

52. Mustafa, M.S.; Ghareeb, H.O.; Aziz, S.; Brza, M.A.; Al-Zangana, S.; Hadi, J.M.; Kadir, M. Electrochemical
Characteristics of Glycerolized PEO-Based Polymer Electrolytes. Membranes 2020, 10, 116. [CrossRef]

53. Sima, C.; Grigoriu, C.; Antohe, S. Comparison of the dye-sensitized solar cells performances based on
transparent conductive ITO and FTO. Thin Solid Film. 2010, 519, 595–597. [CrossRef]

54. Arof, A.K.; Aziz, M.F.; Noor, M.; Careem, M.; Bandara, L.; Thotawatthage, C.; Rupasinghe, W.; Dissanayake, M.
Efficiency enhancement by mixed cation effect in dye-sensitized solar cells with a PVdF based gel polymer
electrolyte. Int. J. Hydrogen Energy 2014, 39, 2929–2935. [CrossRef]

55. Saikia, D.; Han, C.; Chen-Yang, Y. Influence of polymer concentration and dyes on photovoltaic performance
of dye-sensitized solar cell with P(VdF-HFP)-based gel polymer electrolyte. J. Power Sources 2008, 185, 570–576.
[CrossRef]

56. Shahan, S. Dye-Sensitized Solar Cells Using Phthaloylchitosan Based Gel Polymer Electrolyte Containing
I¯/I3¯ Redox Species. Ph.D. Thesis, University of Malaya, Kuala Lumpur, Malaysia, 2016.

57. Azmar, A.; Subban, R.; Winie, T. Improved long-term stability of dye-sensitized solar cell employing
PMA/PVAc based gel polymer electrolyte. Opt. Mater. 2019, 96, 109349. [CrossRef]

58. Chowdhury, F.I.; Buraidah, M.; Arof, A.; Mellander, B.E.; Noor, I. Impact of tetrabutylammonium, iodide
and triiodide ions conductivity in polyacrylonitrile based electrolyte on DSSC performance. Sol. Energy 2020,
196, 379–388. [CrossRef]

59. Yusuf, S.N.F.; Azzahari, A.D.; Selvanathan, V.; Yahya, R.; Careem, M.; Arof, A.K. Improvement of
N-phthaloylchitosan based gel polymer electrolyte in dye-sensitized solar cells using a binary salt system.
Carbohydr. Polym. 2017, 157, 938–944. [CrossRef]

60. Chalkias, D.; Giannopoulos, D.; Kollia, E.; Petala, A.; Kostopoulos, V.; Papanicolaou, G.C. Preparation of
polyvinylpyrrolidone-based polymer electrolytes and their application by in-situ gelation in dye-sensitized
solar cells. Electrochim. Acta 2018, 271, 632–640. [CrossRef]

61. Teo, L.; Tiong, T.; Buraidah, M.; Arof, A.K. Effect of lithium iodide on the performance of dye sensitized solar
cells (DSSC) using poly(ethylene oxide) (PEO)/poly(vinyl alcohol) (PVA) based gel polymer electrolytes. Opt.
Mater. 2018, 85, 531–537. [CrossRef]

62. Dissanayake, M.; Thotawatthage, C.; Senadeera, G.; Bandara, T.; Jayasundera, W.; Mellander, B.-E. Efficiency
enhancement by mixed cation effect in dye-sensitized solar cells with PAN based gel polymer electrolyte.
J. Photochem. Photobiol. A Chem. 2012, 246, 29–35. [CrossRef]

63. Kang, J.; Li, W.; Wang, X.; Lin, Y.; Li, X.; Xiao, X.; Fang, S. Gel polymer electrolytes based on a novel quaternary
ammonium salt for dye-sensitized solar cells. J. Appl. Electrochem. 2004, 34, 301–304. [CrossRef]

http://dx.doi.org/10.1149/1.2048546
http://dx.doi.org/10.3390/polym11101694
http://www.ncbi.nlm.nih.gov/pubmed/31623158
http://dx.doi.org/10.1007/s11581-014-1091-6
http://dx.doi.org/10.20964/2020.05.34
http://dx.doi.org/10.1016/S0167-2738(97)00493-1
http://dx.doi.org/10.1016/j.physb.2018.04.009
http://dx.doi.org/10.1143/JPSJ.70.3129
http://dx.doi.org/10.1007/s11581-018-2448-z
http://dx.doi.org/10.1155/2012/857569
http://dx.doi.org/10.3390/membranes10060116
http://dx.doi.org/10.1016/j.tsf.2010.07.002
http://dx.doi.org/10.1016/j.ijhydene.2013.07.028
http://dx.doi.org/10.1016/j.jpowsour.2008.06.063
http://dx.doi.org/10.1016/j.optmat.2019.109349
http://dx.doi.org/10.1016/j.solener.2019.12.033
http://dx.doi.org/10.1016/j.carbpol.2016.10.032
http://dx.doi.org/10.1016/j.electacta.2018.03.194
http://dx.doi.org/10.1016/j.optmat.2018.09.026
http://dx.doi.org/10.1016/j.jphotochem.2012.06.023
http://dx.doi.org/10.1023/B:JACH.0000015622.11471.41


Molecules 2020, 25, 4115 15 of 15

64. Noor, M.; Buraidah, M.; Careem, M.; Majid, S.; Arof, A.K. An optimized poly(vinylidene
fluoride-hexafluoropropylene)-NaI gel polymer electrolyte and its application in natural dye sensitized solar
cells. Electrochim. Acta 2014, 121, 159–167. [CrossRef]

65. Aziz, M.F.; Noor, I.; Buraidah, M.; Careem, M.; Arof, A. PVA-based gel polymer electrolytes doped with
(CH3)4NI/KI for application in dye-sensitized solar cells. In Proceedings of the (15th International Conference
on Transparent Optical Networks ICTON 2013), Cartagena, Spain, 23–27 June 2013; pp. 1–4.

66. Shah, S.; Buraidah, M.H.; Teo, L.P.; Careem, M.A.; Arof, A.K. Dye-sensitized solar cells with sequentially
deposited anthocyanin and chlorophyll dye as sensitizers. Opt. Quantum Electron. 2016, 48, 219. [CrossRef]

67. Arof, A.K.; Naeem, M.; Hameed, F.; Jayasundara, W.J.M.J.S.R.; Careem, M.A.; Teo, L.P.; Buraidah, M.H. Quasi
solid state dye-sensitized solar cells based on polyvinyl alcohol (PVA) electrolytes containing I−/I3

− redox
couple. Opt. Quantum Electron. 2014, 46, 143–154. [CrossRef]

68. Hassan, H.C.; Abidin, Z.H.Z.; Careem, M.A.; Arof, A.K. Chlorophyll as sensitizer in I−/I3
−-based solar cells

with quasi-solid-state electrolytes. High. Perform. Polym. 2014, 26, 647–652. [CrossRef]
69. Ren, Y.; Zhang, Z.; Fang, S.; Yang, M.; Cai, S. Application of PEO based gel network polymer electrolytes in

dye-sensitized photoelectrochemical cells. Sol. Energy Mater. Sol. Cells 2002, 71, 253–259. [CrossRef]
70. Kuppu, S.V.; Jeyaraman, A.R.; Guruviah, P.K.; Thambusamy, S.; Velu, K.S.; Stalin, T. Preparation and

characterizations of PMMA-PVDF based polymer composite electrolyte materials for dye sensitized solar
cell. Curr. Appl. Phys. 2018, 18, 619–625. [CrossRef]

71. Claude, H.Y.; Natalie, J.F. Geochemical applications of the simple salt approximation to the lattice energies of
complex materials. Am. Mineral. 2005, 90, 488–496.

Sample Availability: Samples of the compounds are available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.electacta.2013.12.136
http://dx.doi.org/10.1007/s11082-016-0492-3
http://dx.doi.org/10.1007/s11082-013-9723-z
http://dx.doi.org/10.1177/0954008314540310
http://dx.doi.org/10.1016/S0927-0248(01)00084-8
http://dx.doi.org/10.1016/j.cap.2018.03.014
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Study of Impedance Spectroscopy 
	Dielectric Studies 
	J-V Characteristic of DSSC 

	Experimental 
	Modification of Chitosan to PhCh 
	Gel Polymer Electrolyte (GPE) Preparation 
	Characterization of GPEs 
	Fabrication of Dye-Sensitized Solar Cell (DSSC) 

	Conclusions 
	References

