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Abstract Poly(ethylene oxide)(PEO)–poly(vinyl alcohol)
(PVA) blend-based gel polymer electrolytes (GPEs) have been
prepared by blending equal weights of PEO and PVA in eth-
ylene carbonate (EC), dimethyl sulfoxide (DMSO),
tetrabutylammonium iodide (TBAI), and iodine crystals (I2).
The conductivity, diffusion coefficient, number density, and
ion mobility of the electrolytes have been calculated from the
impedance data obtained from electrochemical impedance
spectroscopy (EIS) measurements. The GPE with the compo-
sition of 7.02 wt%, PVA, 7.02 wt% PEO, 30.11 wt% ethylene
carbonate (EC), 30.11 wt% DMSO, 24.08 wt% TBAI and 1.66
wt% I2 exhibits the highest conductivity of 5.5 mS cm−1 at room
temperature. Dye-sensitized solar cells (DSSCs) with configura-
tion fluorine tin oxide (FTO)/titanium dioxide/N3-dye/GPE/plat-
inum/FTO have been fabricated and tested under the white light
of intensity 100 mW cm−2. The DSSC containing the highest
conducting GPE exhibits the highest power conversion efficien-
cy, η of 5.36 %.

Keywords Poly(ethylene oxide) (PEO) . Poly(vinyl alcohol)
(PVA) . Gel polymer electrolyte . Dye-sensitized solar cells

Introduction

Dye-sensitized solar cell (DSSC) was first reported by O’Regan
and Grätzel in 1991 [1]. DSSCs can be manufactured from

simple preparation methods and low-cost materials; therefore,
their production cost is low [2]. DSSCs are based on nanostruc-
tured mesoscopic materials, and they are produced from either
organic materials or mixtures of organic and inorganic materials.
The mesoscopic characteristic of the DSSCs enables them to be
made into transparent cells, which can be used to produce pho-
tovoltaic windows. DSSCs also have the advantage of attaining
higher efficiency under lower light intensity [3]. Although the
maximum attainable efficiency of DSSCs is lower than that of
silicon-based solar cells [4, 5], DSSC is still considered as an
attractive candidate for a widely commercialized solar cell due to
its characteristics discussed above. SinceDSSCwas first reported
in 1991 [1], research on DSSCs has intensified throughout the
world.

A DSSC contains an electrolyte as one of its compo-
nent. The electrolyte is in contact with the dye, and its
function is to restore the dye after the dye has been
oxidized. The electrolyte can be a liquid electrolyte
(LE), a solid polymer electrolyte (SPE), or a gel poly-
mer electrolyte (GPE). Conventional LE has shown high
efficiency of the DSSC, but the problem with conven-
tional LE is that it does not last long as it can evaporate
and leak [6]. On the other hand, SPE can overcome the
evaporation and leakage problems, but its demerit is
having poor contact at the electrolyte/electrode interface,
resulting in low efficiency [7]. GPE is currently the
most promising substitution for SPE and conventional
LE due to its properties such as good ionic conductiv-
ity, good interfacial filling property, good thermal stabil-
ity, good long-term stability, ability to interact with the
titanium dioxide (TiO2) electrode, does not leak easily,
simple to prepare, and lower in price compared to ionic
liquid [8, 9].

Many types of polymers have been applied in the
polymer electrolyte systems for DSSCs, including
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polyacrylonitrile (PAN) [10], poly(vinylidene fluoride)
(PVDF) [11], polyvinylidene fluoride–poly(methyl meth-
acrylate) (PVDF-PMMA) [12], poly(ethylene oxide)–
poly(methyl methacrylate) (poly(ethylene oxide)(PEO)-
PMMA) [13], and polyvinyl butyral (PVB) [14], to
name a few. These polymers have been mixed with
various salts to provide ions for conduction. PEO and
poly(vinyl alcohol) (PVA) are some polymers that have
been used for application in DSSCs [15, 16]. Table 1
shows some publications representing the state of the art
on DSSCs with GPEs. It can be noted that the efficien-
cy of DSSCs with gel polymer electrolytes is still lower
than DSSCs using liquid electrolytes (η ∼13 %) [22].
Therefore, understanding of transport properties of
GPEs and charge transfer process in DSSCs is important
in order to improve the performance of DSSCs.

PC propylene carbonate, EC ethylene carbonate, DMC di-
methyl carbonate, TBP tert-butylpyridine, NaI sodium iodide,
Li lithium iodide, Pr4NI tetrapropylammonium iodide

It is known from literature that polymer electrolytes
with blended polymers exhibit better properties com-
pared to the electrolytes using single polymer host
[23]. Therefore, by blending PVA and PEO in a poly-
mer electrolyte, better properties are expected to be ex-
hibited. PEO has the advantage to solvate a variety of
salts in high concentrations [24], whereas PVA is non-
toxic and adhesive and has good film-forming ability
[25, 26]. Joge et al. [27] have investigated PEO-PVA
(1:1 ratio)–silver nitrate–aluminum oxide SPE via elec-
trochemical impedance spectroscopy (EIS), differential
scanning calorimetry (DSC), and X-ray diffraction
(XRD), whereas El-kader et al. [28] studied the struc-
tural and thermal properties of PEO-PVA (1:1 ratio)–
titanium dioxide SPE. However, to the best of the au-
thors’ knowledge, there is no report on the utilization of
PEO-PVA-blended GPEs in DSSCs available from the
literature. In this work, following the reports in [27]
and [28], blended gel polymer electrolytes containing
equal weights of PEO and PVA have been used in
DSSC. The aim of this work is to study the ionic trans-
port properties of PEO-PVA GPEs in terms of number

density, ionic mobility, and diffusion coefficient for better
understanding in conductivity and DSSC’s performance.

Experimental

Electrolyte preparation

Firstly, 0.21 g of PVA (Aldrich), 0.21 g of PEO (Aldrich),
and 0.90 g of EC (Aldrich) were dissolved in 0.90 g of
dimethyl sulfoxide (DMSO) (Friendemann Schmidt).
DMSO is chosen as a solvent because it is an excellent
solvent for polar compounds, having high boiling point
(462 K), and is less toxic than other members in its class,
such as dimethylformamide, dimethylacetamide, N-meth-
yl-2-pyrrolidone, and hexamethylphosphoramide [29].
Eight of these solutions were prepared. Different amounts
(0.12, 0.24, 0.36, 0.48, 0.60, 0.72, 0.84, and 0.96 g) of
tetrabutylammonium iodide (TBAI) (Aldrich) were added
into each solution. The solutions were then heated to
383 K and stirred until viscous gel-like solutions were
formed. The gels were then allowed to cool down to
325 K. Iodine crystals (Amco Chemie) (6.90 % mass of
TBAI) were added into each solution, and the solutions
were stirred until homogenous gel polymer electrolytes
were obtained. The compositions of the electrolytes and
their designation are tabulated in Table 2.

The impedance of each sample was determined by
EIS. The measurements were performed using the
Hioki 3531 Z Hi Tester in the frequency range from
50 Hz to 5 MHz at temperatures between 303 and
363 K. The ionic conductivity, σ, of each sample was
then calculated from the equation below:

σ ¼ t
RbA

ð1Þ

where A is the area and t is the thickness of the sam-
ples. Rb is the bulk resistance of the samples, which can
be obtained from the complex impedance plot.

Table 1 Literature of DSSCs using gel polymer electrolytes

Conductivity (mS cm−1) Open-circuit
voltage (V)

Short-circuit current
density (mA cm−2)

Fill factor Efficiency (%) Ref

PVDF-PC-EC-NaI/I2 2.34 0.58 5.82 0.39 1.32 [17]

PEO–EC/PC–LiI/I2 5.20 0.58 2.80 0.60 3.60 [18]

PMMA-EC/PC/DMC–NaI/I2 6.89 0.78 10.07 0.61 4.78 [19]

PEO/PMMA-LiI/I2-TBP/EC/PC 7.00 0.76 11.11 0.58 4.90 [20]

PVDF-EC-PC-Pr4NI/I2 4.38 0.68 6.15 0.69 2.90 [21]
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DSSC assembly

Fluorine-doped tin oxide (FTO) glass substrates (Solaronix)
were cleaned with distilled water, diluted sulfuric acid
(Friendemann Schmidt), and acetone (Friendemann
Schmidt). Two layers of titanium dioxide (TiO2) with different
particle sizes were deposited on the FTO glass for preparing
the photoanode. For the first layer, 0.5 g of TiO2-P90 powder
(particle size 15.9 nm) from Evonik Industries was ground in
2 mL dilute nitric acid (Friendemann Schmidt) before being
spin-coated on FTO glasses. The TiO2-coated FTO glasses
were then sintered at 723 K for 30 min. For the second layer,
0.5 g of TiO2-P25 powder (particle size 21 nm) from Evonik
Industries and 0.1 g carbowax (Aldrich) were added into 2 mL
of nitric acid and the mixture was ground for about 60 min. A
few drops of surfactant (Triton-X fromAldrich) were added to
the TiO2 paste, which was then coated on the top of the first
TiO2 layer on the FTO glass by doctor blade method. The
second layer-coated electrodes were then sintered at 723 K
for 30 min. The thickness of the TiO2 layer was around
50 μm. The double-layer-coated TiO2 electrode was then
soaked in 0.3 mM N3 dye (Solaronix) for 24 h for dye
adsorption.

The DSSCs were fabricated by sandwiching the GPEs
between the TiO2 photoelectrode and platinum (Pt) coun-
ter electrode to have the configuration FTO/TiO2/N3 dye/
GPE/Pt/FTO. The J-V characteristics of the DSSCs were
measured under white light intensity of 100 mW cm−2

(1.5 AM) using a solar simulator instrument (Oriel LCS-
100). The active area of the cells was 0.196 cm2 (the area
of mask used). EIS of the fabricated cells was also

measured under same intensity with frequency range from
100 kHz to 10 mHz with the bias voltage set at open-circuit
voltage using potentiostat (Autolab PGSTAT 128 N).

Results and discussion

Ionic conductivity of the GPEs

Figure 1 shows the Nyquist plots of selected blended PEO-
PVA gel polymer electrolytes at 303 K. The presence of the
spike in the Nyquist plots indicates that the charge carriers are
ions and the total conductivity is mainly the result of ionic
conduction [30]. The impedance behavior of the GPEs can
be represented by the equivalent circuit as shown in Fig. 1,
which consists of a resistor connected in series with a constant
phase element (CPE). The equation of the real and imaginary
impedances of the equivalent circuit can be expressed as follows
[31]:

Z ′ ¼ Rb þ
cos

πp
2

� �
k−1ωp

ð2Þ

Z ′′ ¼
sin

πp
2

� �
k−1ωp

ð3Þ

where Zʹ and Z are the real and imaginary parts of impedance,
respectively, k−1 corresponds to value of capacitance of CPE,
Rb is the bulk resistance of the sample, ω (which is equal to
2πf, where f is the frequency) is the angular frequency, and p is
the fraction of right angle that the spike makes with the hori-
zontal axis in the Nyquist plot. CPE behaves like a leaky
capacitor. The values of k−1 and p are listed in Table 3. The
capacitance values, k−1, obtained in this work are found to be
in the range of microfarad, which are comparable with the
results reported by Ramya and co-workers [32]. As can be
observed from Table 3, the values of p are less than 1 since
all the spikes in Fig. 1 are tilted at an angle less than 90°, and
this indicates that the GPEs have both resistive and capacitive
behaviors. As can be seen from the Nyquist plots in Fig. 1,
there is a good fit between the experimental data (represented
as symbols) and the fitting line (from the formula of Zʹ and Z
in Eqs. (2) and (3)), indicating that the equivalent circuit well
described the GPE system.

Figure 2 shows the variation of ionic conductivity of GPEs
with TBAI concentration at 303 K. As can be seen from the
graph and Table 3, the conductivity increases from
1.9 mS cm−1 until a maximum value was reach at 5.5 mS cm−1

as the weight percentage of TBAI increased from 5.11 to
24.08 %. Beyond that, the conductivity dropped to
4.88 mS cm−1 as the salt concentration increased to 29.57 wt%.

Table 2 The composition of the GPEs and their designation

Sample Electrolyte composition

Without
salt

8.94 wt% PEO - 8.94 wt% PVA - 38.33 wt% EC - 38.33 wt%
DMSO

A 8.94 wt% PEO - 8.94 wt% PVA - 38.33 wt% EC - 38.33 wt%
DMSO - 5.11 wt% TBAI - 0.35 wt% I2

B 8.48 wt% PEO - 8.48 wt% PVA - 36.34 wt% EC - 36.34 wt%
DMSO - 9.69 wt% TBAI - 0.67 wt% I2

C 8.06 wt% PEO - 8.06 wt% PVA - 34.55 wt% EC - 34.55 wt%
DMSO - 13.82 wt% TBAI - 0.96 wt% I2

D 7.68 wt% PEO - 7.68 wt% PVA - 32.93 wt% EC - 32.93 wt%
DMSO - 17.56 wt% TBAI - 1.22 wt% I2

E 7.34 wt% PEO - 7.34 wt% PVA - 31.46 wt% EC - 31.46 wt%
DMSO - 20.97 wt% TBAI - 1.43 wt% I2

F 7.02 wt% PEO - 7.02 wt% PVA - 30.11 wt% EC - 30.11 wt%
DMSO - 24.08 wt% TBAI - 1.66 wt% I2

G 6.74 wt% PEO - 6.74 wt% PVA - 28.87 wt% EC - 28.87 wt%
DMSO - 26.94 wt% TBAI - 1.84 wt% I2

H 6.47 wt% PEO - 6.47 wt% PVA - 27.73 wt% EC - 27.73 wt%
DMSO - 29.57 wt% TBAI - 2.03 wt% I2
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This trend can be explained by the ion-pair model. When small
amount of salt is dissolved in the GPE, the ions can form a
homogenous system in the GPE. In this condition, the
ions are in the solvation state. Increasing the concentra-
tion of salts can increase the amount of mobile charge
carriers and thus increase the conductivity of the GPE.
Beyond 24.08 wt% TBAI, the σ of the GPE decreases,
which may be due to the fact that the ions that contrib-
ute to the conductivity have changed from solvation
state to contact ions [33].

In order to gain insight into the ionic transport, the
ionic mobility (μ) and number density (n) of ions at

303 K for all samples have been calculated from the
equations below [34]:

D ¼ d2

τδ2
ð4Þ

μ ¼ eD
kBT

ð5Þ

n ¼ σ
eμ

ð6Þ

Here,D is the diffusion coefficient, τ = 1/ω (ω is the angular
frequency at which the spike cuts the real impedance axis in

Z
” 

(o
hm

) 

Z’ (ohm) 

Fig. 1 Nyquist plots of selected
blended PEO-PVA GPEs at
303 K

Table 3 σ, p, k−1, μ, n, and D for
different composition of GPEs at
303 K

Sample σ (mS cm−1) p (radian) k−1 (F) D (cm2 s−1) n (cm−3) μ (cm2 V−1 s−1)

A 1.90 0.88 1.55 × 10−5 1.48 × 10−4 2.10 × 1018 5.66 × 10−3

B 3.34 0.87 1.99 × 10−5 2.26 × 10−4 2.41 × 1018 8.67 × 10−3

C 4.14 0.86 2.09 × 10−5 2.79 × 10−4 2.42 × 1018 1.07 × 10−2

D 4.54 0.87 2.52 × 10−5 1.61 × 10−4 4.58 × 1018 6.18 × 10−3

E 4.79 0.89 1.74 × 10−5 4.86 × 10−4 1.61 × 1018 1.86 × 10−2

F 5.50 0.89 1.75 × 10−5 1.15 × 10−3 7.81 × 1017 4.39 × 10−2

G 5.28 0.90 1.67 × 10−5 1.13 × 10−3 7.64 × 1017 4.31 × 10−2

H 4.88 0.88 1.63 × 10−5 1.28 × 10−3 6.19 × 1017 4.92 × 10−2

2136 Ionics (2016) 22:2133–2142



the Nyquist plot), δ = d/λ, d is the half of sample thickness, kB
is the Boltzmann’s constant, λ = ε’εoA/k

−1 is the thickness of
the electrical double layer and A is the area of the sample, k−1

is obtained from the fitting of the experimental data using Eqs.
(2) and (3), εo is the vacuum permittivity, and ε’ is the dielec-
tric constant of the GPE (taken at frequency 45 kHz from the
ε’ versus log ω plot). Dielectric constant, ε’ can be calculated
from the equation below:

ε′ ¼ Z ′′

ω ε0A=tð Þ Z ′2 þ Z ′′2
� � ð7Þ

The values of conductivity, capacitance, diffusion coeffi-
cient, ionic mobility, and number density of ion at 303 K are
summarized in Table 3.

Based on Eq. (6), it can be understood that the in-
crease in conductivity can be attributed to the increase
in number density or mobility of mobile ions or in-
crease in the product nμ. The conductivity of the elec-
trolyte is the highest at 24.08 wt% TBAI because the
product of n and μ is the highest. According to Table 3,
the number density of the mobile ion, n, increases con-
tinuously with increasing salt concentration from 5.11
wt% TBAI to 17.56 wt% TBAI. This increment in num-
ber density of mobile ions is due to the increase in the
amount of salt added into the GPE. Further increase in
salt concentration from 17.56 wt% TBAI to 29.57 wt%
TBAI saw the decrease in number density of the mobile
ions. This is due to the formation of the contact ions,
which do not contribute to conductivity. On the other
hand, the mobility of the charge carriers increased with
increasing salt concentration from 5.11 wt% TBAI to
13.82 wt% TBAI but decreased at 17.56 wt% TBAI,
where the number density of mobile ions is highest
[35]. The decrement in the mobility is due to the

electrostatic hindrance between ions [36]. On further
increasing the salt concentration up to 29.57 wt%
TBAI, the mobility of charge carrier increases steeply,
while the number density decreases. Hence, the mobility
of the charge carriers is the dominating factor in the
highest conductivity sample. The increase in mobility
is caused by the formation of contact ions, which are
electrically neutral, and thus substantially reduce the
electrostatic hindrance [31]. Figure 3 shows the graph
of ln (σT1/2) against 1000 / |T − T0| for all GPEs.

As can be seen from Fig. 3, the conductivity–temperature
data show a straight line, indicating that the Vogel–Tammann–
Fulcher (VTF) equation should be used to interpret the data.
The VTF equation is given as follows:

σ ¼ A

T1=2
exp −

B
kB T−Toð Þ

� �
ð8Þ

Here, σ is the conductivity of the sample, T is the
absolute temperature, To is the ideal glass transition
temperature at which the free volume vanishes and the
ionic mobility goes to zero [37], A is a pre-exponential
factor which is related to the number density of charge
carriers, and B is the pseudo-activation energy of the
ion transport related to the configurational entropy of
the polymer chain [38]. B is directly proportional to
activation energy [39]. The values of T0, which are in
the range 150 to 170 K, have been obtained by choos-
ing the values that make the graph of ln (σT1/2) versus
1000 / (T − T0) closest to a linear line with regression
coefficient, R2 ∼ 1. Table 4 lists the pseudo-activation
energy and T0 values for the PEO-PVA-blended GPEs.
The higher the conductivity of the sample, the lower the
activation energy. From Table 4, it can be seen that the
value of B decreases from 64 meV to a minimum value
of 52 meV at 24.08 wt% TBAI as the conductivity

TBAI weight percentage (wt. %)
C
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du

ct
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(m
S 
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)

Fig. 2 Variation of ionic
conductivity of electrolytes with
TBAI concentration at 303 K
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increased. The value of B then increases to 57 meV as
the conductivity decreased.

Figure 4 depicts the variation of number density and
mobility of charge carriers with temperature for the
highest conducting GPE. As can be observed from
Fig. 4, the ionic mobility increased with temperature,
while the number density of mobile ions decreased at
elevated temperatures. The increase in mobility with
temperature can be explained by free-volume model,
which states that increasing temperature will increase
the free volume in the polymer and thus enhances the
mobility of the ions [40].

DSSC performance

The open-circuit voltage (Voc) and short-circuit current
density (Jsc) of DSSCs can be obtained directly from
the J-V characteristics as shown in Fig. 5. The fill

factor (FF) and efficiency (η) of the cells have been
calculated using the equations below [41]:

FF ¼ Jmax � Vmax

J sc � Voc
ð9Þ

η ¼ J sc � Voc � FF
Pin

� 100% ð10Þ

where Jmax and Vmax are the maximum current density and
maximum voltage, respectively, at the point of maximum power
output density. Jsc is the short-circuit current density, Voc is the
open-circuit voltage, and Pin is the incident light power density.

As shown in Eq. (10), the efficiency of DSSC is dependent
on the Jsc, Voc, and FF parameters. Generally, Jsc is related to
the charge generation produced by dye absorption and charge
transport in the electrolyte. Electron injection and recombina-
tion are also other factors that influence the Jsc. The Voc is
determined from the potential difference between the Fermi
level of TiO2 and redox potential in the electrolyte. On the
other hand, FF value depends on the series and shunt resis-
tances in DSSC [42]. The FF can be increased if the shunt
resistance increased and/or series resistance decreased [43].

When the dye molecules (D) are excited and inject electrons
into the conduction band of TiO2 (D

+), they have to be restored
by the redox mediators in the electrolyte as shown in Eq. (11).

2Dþ þ 3I−→I−3 þ 2D ð11Þ

The triiodide, I3
−, has to diffuse to the counter electrode and be

reduced back to iodide, I−, on accepting electrons at the counter
electrode as shown in Eq. (12) for dye restoration (equation 11).

I−3 þ 2e−→3I− ð12Þ

Table 4 Pseudo-
activation energy, B, and
T0 for PEO-PVA-
blended GPEs

Sample B (meV) T0 (K)

A 64 150

B 61 152

C 59 160

D 56 165

E 55 170

F 52 170

G 54 170

H 57 170

ln
 (

σ
T

 1
/2

) 

1000/|T - T0| (K
-1

) 

R2=0.9962 
R2=0.9993 
R2=0.9975 
R2=0.9983 
R2=0.9960 
R2=0.9990 
R2=0.9958 
R2=0.9954 

Fig. 3 The graphs of ln (σT1/2)
against 1000 / |T − T0| for all
samples
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The processes involved in Eqs. (11) and (12) have to be fast
in order to obtain high efficiency. This is the reason why the
tetrabutylammonium cation has been chosen in this work.
Conductivity of the electrolytes is contributed by anions and
cations. In this case, the cation is more bulky and larger than
the anion. Therefore, the main contributor to conductivity is
the anions. Moreover, anions complete the circuit by redox
process. Bandara and co-authors [44] also agreed that the con-
ductivity of GPE containing PAN, tetrahexylammonium io-
dide, and magnesium iodide is mainly attributed to iodide
ions. Table 5 shows the Jsc, Voc, FF, and η of the DSSCs with
different GPEs.

It is evident that the DSSC with the highest conducting
GPE (sample F), i.e., cell 6, exhibits the highest short-circuit
current density and efficiency of 12.31 mA cm−2 and 5.36 %,
respectively. The efficiency of DSSCs increases from 2.99 %
(cell 1) to 5.36% (cell 6) and then decreases to 4.56% (cell 8).
The high conductivity of GPE will facilitate the transportation
of charge in the DSSC, while other factors remain unchanged.
As can be observed fromTable 5, the trends of Jsc and η follow
the trend of conductivity and there is nomuch difference in the
values of FF and Voc. Fill factors and Voc are observed in the
range 0.57 to 0.66 and 0.64 to 0.66 V, respectively. The small

difference in Voc values may be due to the changes in the
Fermi level of TiO2.

Figure 6 shows the EIS spectra of the DSSCs measured
under white light intensity of 100 mW cm−2. The equivalent
circuit of the Nyquist plots is shown in the inset of Fig. 6. The
EIS spectra are fitted using the equivalent circuit (the inset of
Fig. 6), and the fitting lines are shown in Fig. 6. The equation
below shows the impedance of the equivalent circuit:

Z total ¼ Rs þ Rce

1þ jωð ÞmRceQce
þ Rct

1þ jωð ÞnRctQct
ð13Þ

Here, Rs is the sum of the sheet resistance of the FTO layer
and contact resistances, j is the imaginary number, Rce is the
charge transfer resistance at the electrolyte/counter electrode
interface, Qce is the constant phase element prefactor at the
electrolyte/counter electrode interface, Rct is the charge trans-
fer resistance at the electrolyte/photoanode interface,Qct is the
constant phase element prefactor at the electrolyte/photoanode
interface, and m and n are the indexes that indicate the non-
ideal capacitance property of Qce and Qct, respectively [45,
46].

Table 5 Jsc, Voc, FF, and η of the DSSCs with different GPEs

Cell GPE sample Jsc (mA cm−2) Voc (V) FF η (%)

1 A 7.31 0.65 0.63 2.99

2 B 8.79 0.66 0.60 3.48

3 C 10.82 0.65 0.57 4.04

4 D 11.21 0.64 0.59 4.21

5 E 11.26 0.65 0.61 4.46

6 F 12.31 0.66 0.66 5.36

7 G 12.28 0.65 0.65 5.19

8 H 11.34 0.65 0.62 4.56

Table 6 Rs, Rct, Qct, n, and τ of the DSSCs

Cell Rs (Ω) Rct (Ω) Qct (mS sn) n τ (ms)

1 17.94 34.00 2.30 0.80 41.35

2 17.26 33.00 2.39 0.79 40.15

3 18.20 32.00 3.13 0.71 39.13

4 16.26 30.20 3.11 0.72 37.43

5 18.37 33.50 2.45 0.77 38.89

6 16.94 34.30 2.61 0.75 40.05

7 15.79 33.70 2.60 0.76 40.62

8 18.38 34.50 2.30 0.79 40.46
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21Fig. 4 Variation of number
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carrier with temperature for the
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Under bias voltage near the Voc, it is possible to see
three semicircles in the Nyquist plot. The first one in
the high-frequency region corresponds to the charge
transfer process at the Pt/electrolyte interface, the sec-
ond semicircle in intermediate frequency is related to
the chemical capacitance and charge transfer resistance
at the TiO2/electrolyte interface, and the third one in the
low-frequency region is ascribed to the diffusion of
triiodide ion in the electrolyte [46]. However, there are
only two depressed semicircles observed in the Nyquist
plots in this work (Fig. 6). From Fig. 6, it can be seen
that Rce is almost same for all cells (first semicircle in
the high-frequency region).

Table 6 lists the values of Rs, Rct, Qct, n, and elec-
tron lifetime (τ) of the DSSCs. As can be seen from
Table 6, there is no significant change in the values of
Rs, which are in the range of 15.79 to 18.38 Ω. This is
because same FTO substrates and same procedure are
used in fabricating the DSSCs in this work. According
to literature [47], Qct represents generalized electro-
chemical capacitance to account for some frequency dis-
persion present in the impedance spectrum [47]. As ob-
served in Table 6, the values of n are in the range from
0.71 to 0.80, which implies the existence of non-ideal
capacitance properties at the TiO2/electrolyte interface.

Electron lifetime (τ) can be calculated using the equa-
tion below [45, 48]:

τ ¼ QctRctð Þ1
.

n ð14Þ

The smaller is the electron lifetime, the higher is the re-
combination rate of electron with triiodide and dye cation. It
is evident in Table 6 that there are no much changes in the
values of Rct and τ, which are in the range of about 30to 34 Ω
and 37 to 41 ms, respectively. This indicates that the varia-
tion of the TBAI concentration has little effect on the charge
transfer resistance and the recombination of the electrons
with triiodide ions. The highest efficiency exhibited by cell
6 is due to its high conductivity of the GPE. Therefore, it can
be concluded that the conductivity of GPEs is the only factor
that is influencing the efficiency of DSSCs in this system.

Conclusions

Blended gel polymer electrolytes containing PEO, PVA,
TBAI, iodine, EC, and DMSO have been prepared and ap-
plied in DSSCs. The highest product of number density and
ionic mobility gives the highest value of conductivity. The
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Fig. 6 EIS spectra of the DSSCs
under white light illumination.
The inset shows the equivalent
circuit of the EIS spectra
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Fig. 5 The J-V characteristics for
selected DSSCs with different
GPEs
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PEO-PVA-based GPE with the highest conductivity of
5.50 mS cm−1 was obtained for the composition of 7.02
wt% PVA, 7.02 wt%, PEO 30.11 wt%, EC 30.11 wt%,
DMSO 24.08 wt%, and TBAI 1.66 wt% iodine crystals (I2).
The conductivity–temperature relationship of the GPEs fol-
lows VTF behavior. The highest efficiency of 5.36 % is ob-
tained for DSSC with the highest conducting GPE.
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