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Abstract
The performance of dye-sensitized solar cells (DSSCs) depends on the ionic conductivity and flexibility of electrolyte. Gel
polymer electrolytes (GPEs) consisting poly(propylene) carbonate (PPC) incorporated with double salts (i.e. calcium iodide
(CaI2) and tetrabutylammonium iodide (TBAI)) were prepared. X-ray diffraction (XRD) authenticated that the crystallinity of
PPC is mitigated after incorporation of different concentrations of CaI2 and TBAI, which is favourable for ion transportation.
Fourier-transform infrared spectroscopy (FTIR) unveils the occurrence of complexation between PPC and the double salts. GPE
containing 10% of CaI2 and 30% of TBAI exhibits the highest ionic conductivity (1.838 mS cm−1) with the activation energy of
0.156 eV. The fabricated DSSC employing the optimized GPE exhibits the energy conversion efficiency (η) of 5.49%, short
circuit current density (Jsc) of 16.6 mA cm−2, open circuit voltage (Voc) of 0.568 Vand fill factor (FF) of 54%.
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Introduction

Energy is essential to all living organisms on earth where the
consumption rate has been increasing from the past decade
[1]. The current energy consumption for seven billion people
worldwide is about 13 terawatts (TW) and this is expected to
go up to about 50 TW in less than 40 years [2]. Instead of
using fossil fuels, renewable energy sources are a better op-
tion. In 2050, solar energy is expected to be the highest cu-
mulative renewable energy. It is because solar energy is abun-
dant and environmental friendly, thus becomes the best choice
for the growing energy demand. Researchers had caught im-
mense attention of dye-sensitized solar cells (DSSCs) from the
past few decades since the invention of Gratzel [3]. DSSCs
have various advantages such as low material cost and higher
energy efficiency compared to the second generation of thin

film solar cell [4]. However, DSSCs face technical challenges
in maintaining long-term stability and panel seal problem es-
pecially when the employed electrolytes are in liquid form [5].
This is due to the fact that liquid electrolytes are sensitive to
temperature and have high volatilisation points where they
can expand abruptly over high temperature [6]. There are also
some other concerns such as the risk of degradation of plati-
num counter electrode when using liquid polymer electrolyte.
Thus, the replacement of liquid electrolytes with more viscous
yet high ionic conductivity electrolytes should be done.
Among the replacement electrolytes, gel polymer electrolytes
(GPEs) have attracted great attention. GPEs promise better
long-term stability, lower material and fabrication costs yet
possessing similar advantageous properties of liquid electro-
lytes [7].

Typically, GPE for DSSC application can be prepared by
mixing organic solvents, iodide salts, iodine (as redox media-
tor) and polymer to create a polymer network matrix.
Poly(vinylpyrrolidone) (PVP), polyvinylidene fluoride
(PVDF), poly(ethylene oxide) (PEO), poly(vinyl alcohol)
(PVA) and poly(propylene) carbonate (PPC) have been wide-
ly used as the host polymer in GPE mainly because of their
high mechanical strength, flexibility, high chemical stability
and environmental friendly [8]. Polypropylene carbonate
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(PPC) has a carbonate functional group, so it has better inter-
action with other materials [9]. Furthermore, PPC is colourless
and highly amorphous in nature. Several studies had shown
improvement in DSSC efficiency when second salts are incor-
porated in the GPE systems as compared to single salt-based
GPE systems [10]. Generally, GPEs which consist of double
salts contain two iodide salts with the mixture of different
sizes of cations: larger cations (e.g. TEA+, TBA+, TPA+) and
smaller cations (e.g. Na+, Li+, K+, Ca2+) [11]. The different
sizes of cations play different roles in the GPE [12, 13]. Large
cation is responsible to separate polymer matrix, creating
more space for the movement of smaller cations and iodide
ions. In addition, bulky cations with higher mass will have
higher anionic energy [14]. Higher energy of iodide anions
will increase the efficiency of DSSCs. On the other side,
smaller size of cations tends to adsorb more on the surface
of titanium dioxide working electrode and increases the rate of
electron injection [15]. Most of the reported DSSCs use only
single ionic salt system in their GPE with either small cations
or large cations, and there are very few that have reported
cases of DSSC electrolytes containing two or more different
sizes of metal cations. According to some recent studies, there
are works reporting that the combination of the two different
sizes of metal cations was able to enhance the power conver-
sion efficiency compared to the single metal cation electro-
lytes. The aim in this strategy is to find the balance of the
concentration of the different types of cations added into sys-
tem. GPE with high number of smaller cations could have
very short circuit current density but lower open circuit volt-
age in their DSSC and vice versa for the GPE with a high
concentration of large cations. Thus, having the optimum con-
centration of these salts could balance out each other advan-
tages and disadvantages which could lead to an increase in the
power conversion efficiency of the DSSCs.

In the present work, two systems were prepared. For the first
system, GPE was prepared by incorporating PPC with single
salt (calcium iodide salt (CaI2)) whereas for the second system,
GPE was prepared by incorporating PPC with double salts
(CaI2 and tetrabutylammonium iodide (TBAI)). Ca2+ represents
the small cation while TBA+ represents the large cation.
Through electrochemical impedance spectroscopy (EIS) study,
GPE with double salts shows almost two-fold enhancement in
the ionic conductivity as compared to GPEwith single salt [11].
The effect of single and double salts on crystallinity and func-
tional groups of GPEwas analysed via X-ray diffraction (XRD)
and Fourier-transform infrared spectroscopy (FTIR) tech-
niques. The crystallinity peak of GPE was more broaden after
the addition of double salts which supports the trend of ionic
conductivity results. For further comparing the practical appli-
cation of single and double salts in GPEs, DSSCs utilizing all
GPEs were assembled and the performance in terms of short
circuit voltage, energy conversion efficiency, open circuit volt-
age and fill factor were presented.

Experimental section

Materials

Poly(propylene) carbonate (PPC), calcium iodide salt,
tetrabutylammonium iodide salt, ethylene carbonate (EC),
propylene carbonate (PC) and ditetrabutylammonium cis-
bis(isothiocyanato) bis(2,2′-bipyridyl-4,4′-dicarboxylato)
ruthenium(II) dye (N719) were purchased from Sigma-
Aldrich. While the redox mediator, iodine (I2), was pur-
chased from Friedmann Schmidt Chemical, titanium diox-
ide (TiO2)-P90 and TiO2-P25 were obtained from
AEROXIDE.

Preparation of GPE samples

The experiment was divided into two systems: GPE con-
taining single salt (denoted as system 1) and double salt
(denoted as system 2). For system 1, firstly, the fixed
ratio of EC and PC (1:1) was mixed with CaI2 salt and
iodine and stirred at 110 °C. After the mixture was
completely dissolved, certain amount of PPC polymer
was added and stirred overnight at lower temperature. It
is to ensure that polymer does not degrade through high
temperature and to have a homogeneous GPE. Finally,
the GPE was allowed to cool to room temperature and
ready for characterization and ionic conductivity test. For
system 2, the composition of the optimized GPE from
system 1 (with the highest ionic conductivity and highest
energy efficiency) was selected for the preparation of
GPE containing double salts. In this system, the same
steps from system 1 were conducted with the addition
of TBAI as the second salt. The composition and desig-
nation of the prepared GPEs are shown in Table 1.

Table 1 Compositions of PPC/CaI2 (single salt system) and
compositions of PPC/CaI2/TBAI (double salts)-based gel polymer
electrolytes

Electrolytes PPC/CaI2 contents (%)

P0 100:0

P10 90:10

P20 80:20

P30 70:30

P40 60:40

P50 50:50

Electrolytes PPC/CaI2/TBAI contents (%)

PT10 60:30:10

PT20 60:20:20

PT30 60:10:30

PT40 60:0:40
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Characterizations of GPE samples

The room temperature ionic conductivity and temperature-
dependent ionic conductivity studies of the GPEs were tested
through EIS using HIOKI 3523-50 LCR Hi-tester (Table 2).
The composition, functional groups and shifting of bonds of
the GPEs were analysed through Fourier transform infrared
spectroscopy (FTIR) using Thermo Scientific Nicolet ISIO
smart ITR with the scan range from 4000 to 500 cm−1

wavenumbers (resolution: 1 cm−1). The structure of the
GPEs was studied via XRD which was carried out using
PANAalytical Empyrean diffractometer (45 kV), 40 mA) with
the 2θ range from 5° to 80° (step size: 0.0260°).

Fabrication of DSSC

Preparation of working electrodes

Firstly, the fluorine-doped tin oxide (FTO) glass was cleaned
using ethanol and distilled water to remove dust particle. Two
layers of titanium dioxide (TiO2) were coated on the surface of
cleaned FTO glass by using spin coating method (for the first
layer) and doctor blade method (for the second layer). The
slurry for the first layer of coating was prepared by mixing
0.5 g of commercial P90 TiO2 (with the particle size of 14 nm)
with 2 mL of nitric acid, HNO3 (pH = 1), while the slurry for
the second layer of coating was prepared by mixing 0.5 g of
P25 TiO2 (with the particle size of 21 nm) with 2 mL of HNO3

and a few drops of X-100 triton (to increase the viscosity of
P25 TiO2 slurry). After both slurries were coated on the FTO
glass, the FTO glass was sintered at 450 °C for 30 min. The
electrodes were allowed to cool to ambient temperature
followed by immersing the electrodes into N719 dye for
24 h to ensure that the dye molecules are anchored on the
TiO2 layer.

Preparation of counter electrodes

The counter electrode of DSSC was initially prepared by drop
casting the mixture of 1 g of chloroplatinic acid solution and
5 mL of ethanol onto the cleaned FTO glass. The coated glass

was then sintered for 30 min at 450 °C and subsequently
cleaned using ethanol after the glass is cooled to room tem-
perature. These steps were repeated twice until the desired
thickness of platinum coating is achieved.

Characterization of DSSCs

DSSCs were fabricated with the configuration of glass/FTO/
TiO2/dye/GPE/Pt/FTO/glass. The prepared GPEs were
sandwiched between working and counter electrodes and con-
nected toMetrohm Autolab potentiostat (PGSTAT128N). The
J-V curve of the DSSCs was measured under the simulated
sunlight illumination (100 mW cm−2) generated by ABET
technologies solar simulator.

Results and discussion

EIS studies

Ionic conductivity at room temperature

The ionic conductivity of GPEs of system 1 (P0–P30) and
system 2 (PT0–PT40) was studied via EIS test. The ionic
conductivity of GPEs was calculated using the following
formula:

where σ: ionic conductivity (S cm−1), l: thickness of sample
(cm), Rb: bulk resistance (Ω) and A: cross-sectional area of the
sample (cm2). The thickness and area of the samples were
measured using a micrometre screw gauge while the values
of Rb can be obtained from the intercept of x-axis in the Cole-
Cole plot (displayed in Fig. 1). The x-axis and y-axis of the
graph were represented by the real complex impedance (Z′)
and imaginary impedance (Z″), respectively. The Cole-Cole
plot can be split into two regions: linear region at the low
frequency and semicircle region at the high frequency. The
linear region can be assigned to the ionic conduction of
GPEs and semicircle region is contributed from the blocking
electrodes [16].

As shown in Fig. 2a, GPE sample prepared using pure PPC
exhibits the lowest ionic conductivity of 0.001 mS cm−1. It is
undoubtedly because the pure PPC polymer molecules are
bonded tightly together and thus no ions were free to conduct.
With the addition of CaI2 salt, an abrupt increase in ionic
conductivity was observed with the highest ionic conductivity
value of 0.455 mS cm−1 after the addition of 10 wt.% CaI2
salt. The GPE sample in the system 1 has only the CaI2 salt
with smaller cation Ca2+ which can be mobile, and therefore,
its ionic conductivity must come from the contributions of

Table 2 The comparison for the efficiency of some DSSCs

Electrolytes system (polymer-salt) η (%) References

Single salt P(VB-co-VA-co-Vac)-TPAI 4.61 [26]

PAN-TBAI 4.16 [27]

PAN-MgI2 2.0 [18]

Double salt PAN-MgI2-Hex4N
+I− 3.1 [18]

P(VP-co-Vac)-NaI-TBAI 4.54 [28]

PVdF-KI-Pr4N
+I− 5.36 [29]
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both Ca2+ and I− ions. The change in ionic conductivity values
upon the addition of CaI2 salt can be exemplified by the fol-
lowing equation:

σ ¼ nqμ

where n: ion concentration, q: charge of mobile ion, μ: ion mo-
bility and σ: ionic conductivity (S cm−1). Based on this equation,
the higher ionic conductivity of the GPE after the addition of
CaI2 salt is contributed from the increase in ion concentration
and their mobility [17]. The increase in ion mobility is related to
the crystallinity of GPE. In general, the lower the crystallinity of
GPE, the higher the ionmobility within the polymermatrix. This
concept explains the elevation of ionic conductivity from 0 to
40% of CaI2. However, at higher CaI2 salt concentration, the
ionic conductivity was slightly decreased because the higher
crystallinity of the GPE reduced the ion mobility. Figure 2b
compares the ionic conductivity of all GPEs in system 2. After
the addition of TBAI salt to P40 (chosen due to its highest ionic
conductivity from system 1), the ionic conductivity was further
increased. The highest ionic conductivity in system 2 is shown
by PT30, in which the ionic conductivity increases almost two
folded, from0.595mS cm−1 (for P40) to 1.838mS cm−1 after the
addition of TBAI salt (i.e. 10 wt.% of CaI2 salt and 30 wt.% of
TBAI salt). At the given salt concentration combination, the
dissociated Ca2+ and I− ions from CaI2 salt and I− ions from
TBAI salt will take part in the conduction process and contribute

to the ionic conductivity of the GPEs [18]. The conductivity (or
the number of ionic charge carrier) increases with the increase in
the amount of TBA+I−. This is contributed from the lower lattice
energy of TBA+I− (320.8 kJ mol−1) than that of CaI2
(1735.1 kJ mol−1) which led to the higher degree of TBA+I− salt
dissociation [19]. Generally, when a salt has lower lattice energy,
the dissociation of ion will be higher and thus the ions havemore
freedom to interact with the functional groups of PPC [20]. In
addition, the presence of bulky cation (TBA+) can impose more
disorder on long polymer chains and it can make long polymer
chainsmore separated [21]. Thus, it allows small cation (Ca2+) to
move around the polymer matrix easily and subsequently results
in a significant enhancement in ionic conductivity as compared
to single salt system. The total conductivity originates from mo-
bile Ca2+ cations, and I− anions from both salts and therefore the
total conductivity naturally increase with increasing TBAI con-
tent as seen from Fig. 2b.

Temperature-dependent studies

Figure 2c and d plots a variation of log σ versus temperature
for all GPEs from system 1 and system 2, as a result of based
on temperature-dependent studies conducted at temperatures
ranging from 303 to 353 K. Deriving from all linear curves in
the graphs with the average regression lines near to 1, it indi-
cates that the conductivity of all GPEs obeys Arrhenius theory
with the equation as shown below.

Fig. 1 Cole-Cole impedance plot
of P20 at room temperature with
two different regions
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whereσ: ionic conductivity S cm−1,σ0: pre-exponential constant
(S cm−1), T: temperature (K), k: Boltzman constant (eVK−1) and
Ea: activation energy (eV). Linear curves also signify that no
phase transition was occurring during the experiment, which is
expected for amorphous GPE. Based on the results, the higher
the temperature, the higher the ionic conductivity of GPEs. It is
because when polymer chains are at the elevated temperature,
the thermal energy causes the polymer to vibrate, and thus, eased
the rotation of bond and enhanced the interchain and intrachain
segmental motion.When the movements of cations increase, the
opportunity of ion hoppingwas greatly increasing and ultimately
lower the activation energy of ions. Activation energy is the
minimum energy required for the ions to conduct [22]. The trend
of activation energy is generally true because ion requires less
energy to conduct and thus the ionic conductivity increases.
Besides that, by increasing the temperature, the number of dis-
orders and conduction path also increases [23].

Complexation studies

FTIR analysis

FTIR is an important technique to discover the functional
group and interaction among the materials. The results of
Fourier transform infrared (FTIR) spectroscopy of system 1
and system 2 are displayed in Fig. 3a and b, respectively.
Several peaks can be observed at the wavelength range of
1350–1480, 1670–1820 and 1000–1300 in system 1 and sys-
tem 2, representing the bending of C–H bond, stretching of
C=O bond and stretching of C–O–C bond, respectively [24].
Complexation of CaI2 salt, TBAI salt and PPC was suspected.
The bending of C–H bond was shifted to a lower wavenumber
from 1396 to 1392 cm−1, 1391 cm−1 and 1391 cm−1 for the
GPEs studied, while the stretching of C–O–C bond also
shifted from 1170 cm−1 to a lower wavenumber (1161 cm−1,
1160 cm−1 and 1159 cm−1). In addition, the intensity of bend-
ing of C–H bond and stretching of C–O–C bond was in-
creased comparing the P0 and other GPEs studied as shown

Fig. 2 Graph of ionic conductivity and activation energy of a system 1 and b system 2 GPEs with different percentage of salts at room temperature.
Graph of logarithmic ionic conductivities at room temperature and against 1000/T for c system 1 and d system 2 GPEs which follow Arrhenius theory
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in Fig. 3c. Based on the FTIR spectra studied, it shows that the
interaction had occurred.

From Fig. 3d, the band at 1801 cm−1 is referring to the
stretching vibration of the C=O bond in pure PPC [9, 25].
The band can be seen become broad as the CaI2 and TBAI

into the system. This is due to the fact that new band exists at
the lower range of wavenumbers and there are two bands
blend together to form a broad band. This is shown that there
is interaction between the Ca2+ ion and TBA+ with the car-
bonyl oxygen group of PPC. Moreover, the bending of C=O

Fig. 3 FTIR spectra of a system 1 (pure CaI2 salt, P0, P30, P40 and P50), b system 2 (pure TBAI salt, PT20, PT30 and PT40)

Fig. 4 XRD spectra for the range
of 0° to 80° of a system 1 (pure
CaI2 salt, P0, P30, P40 and P50)
and b system 2 (pure TBAI salt,
PT20, PT30 and PT40)
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bond was shifted to a higher wavenumber from 1801 to
1776 cm−1 and 1773 cm−1 for the GPEs studied. Besides that,
from the figure, it shows that the intensity at band 1801 cm−1

decreases in the intensity. This is proven that there is complex-
ation between the PPC and CaI2 and TBAI salts. The interac-
tion among them causes the backbone of PPC slightly shifted
to a higher wavenumber nearby peaks.

XRD analysis

XRD test was carried out to determine the structural of
samples. Figure 4a and b shows the XRD diffractogram of
pure PPC, pure CaI2, pure TBAI, all GPEs from system 1
and system 2, respectively. In Fig. 4a, CaI2 salt has a series
of sharp peaks which indicates that it has crystalline

Fig. 5 Plot of current density, J
against potential, Vof DSSCs for
all GPEs prepared in a system 1
and b system 2

Fig. 6 Graphs of a short circuit current density, Jsc, b open circuit voltage Voc, c fill factor and d energy conversion efficiency, ƞ of DSSCs tested using
GPEs prepared in system 1 and system 2
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structure. A single broad peak was present in all GPEs
which shows that the GPEs were amorphous. However,
there was emergence of a significant sharp peak at 29.38°
which shows that the crystallinity of P50 was higher com-
pared to P30 and P40. An emerging and shifting of sharp
peaks (which occurred at 35.33°, 40.29° and 43.27°) have
proven that the interaction between calcium iodide salts and
polypropylene carbonate polymer has taken place. Besides,
the occurrence of the sharp peak with highest intensity in
P50 indicates significant presence of semi crystalline struc-
tures which can be linked to undissolved calcium iodide salt.
XRD analysis for system 2 is shown in Fig. 4b where no
sharp peaks were observed. This observation explains for the
higher ionic conductivity and higher energy efficiency ob-
tained for system 2 as compared to system 1. Highly amor-
phous polymer electrolyte systems improve ion mobility
which in turn promotes better ionic conductivity [26].
Besides, broader peaks were seen for PT30 compared to
PT20 and PT40 which signifies the reduction in crystalline
nature of the GPEs.

Photovoltaic performance

Figure 5a and b portrays the J-V characteristics of the fabri-
cated DSSCs employing all GPEs from system 1 and system
2, while Fig. 6 shows the value of DSSC parameters: short-

circuit current density (Jsc), open circuit voltage (Voc), fill
factor (FF) and energy efficiency (η), which were obtained
from the J-V characteristics curves. Based on the figures, the
maximum Jsc achieved for system 1 and system 2 were
16.6 mA cm−2 and 17.9 mA cm−2, respectively, whereas the
maximum η obtained for system 1 and system 2 were 3.58%
and 5.49%, respectively. The augmentation in Jsc and η ob-
served from system 1 to system 2 proof GPE containing dou-
ble salts is better GPE containing single salt [14].Voc is some-
what large for larger cation TBA+, but for the smaller cation
Ca2+, Voc is small. Onmixing the two cations, Voc drops a little
and increases again as the amount of TBA+ increases. The
double salt system shows an increment in Voc of 0.58 V for
the highest sample (PT30) compared to single salt system due
to the effect of both types of cations. The fill factor for double
salt system also shows an increment from 39 to 54% due to the
fact that charge accumulation is lessening as the shape of the J-
V curves becomes more rectangular form compared to single
salt system. In the double salt system (system 2), the Jsc
reaches a maximum value for a combination of the mixed
cations as shown in Fig. 6. As the percentage of TBAI
increases, the net iodide ion concentration (I−) in the GPE
also increases and contributes to increase in Jsc. This is due
to the reason of the bulky cations (TBAI) that have higher
degree of salt dissociation due to their lower lattice energy
(320.8 kJ mol−1) as compared to CaI2 (1735.1 kJ mol−1).
TBAI plays a role in supplying sufficient amount of iodide

Fig. 7 EIS of DSSC
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ions in the system and separates the polymer matrix for swifter
movement of small cations. On the other hand, the interaction
between small cations and TiO2 causes positive shift of the flat
band potential of the semiconductor and formation of electron
trapping states that have increased the rate of electron injection
and eventually increases the Jsc [26]. Thus, this proves that
double cation system can improve ionic conductivity as well
as the efficiency. Table 2 shows the comparison for the effi-
ciency of some DSSCs in other published work based on
single salt system and double salt system. Based on this work,
it has been shown that significant improvement has been
achieved in improving of the GPEs based on double salt sys-
tem. The DSSC properties are also equivalent or even better
compared to the other single or double salts system.

To further investigate the impedance present in the assem-
bled DSSC, EIS data was collected for both systems. The data
obtained together with fitted equivalent circuit is shown in
Fig. 7 and the corresponding parameters are tabulated in
Table 3. Two semicircles can be seen; the first semicircle at
high frequency region corresponds to charge transfer resis-
tance at the platinum counter electrode and electrolyte inter-
face (RCT1), whereas the second semicircle at lower frequency
region denotes the charge transfer resistance of recombination
between the TiO2 layer and triiodide ions (RCT2). It is also
clear that the plots do not start from zero indicating the pres-
ence of series resistance (Rs) due to FTO substrate. Since the
values of Rs do not vary much, thus the influence of Rs on the
efficiency of the DSSCs can be assumed negligible. As shown
in Table 3, the value of RCT2 was seen to be the highest for
PT40 and lowest for PT30. As Voc values were previously
reported to be in relation with rate of charge recombination
process in electrolytes, increase in RCT2 would produce higher
Voc values [27, 30]. This agrees with the J-V data obtained
whereby Voc values recorded for PT40 is the highest at
0.658 V. Despite having a large contact resistance at Pt counter
electrode/electrolyte interface, PT30 has the lowest Warburg
resistance (Rw), which is contributed by the ion diffusion in
the GPE. The saturation of ions in PT40 causes a higher dif-
fusion resistance whereas for P40, it can be owed to the stron-
ger ionic interaction of the Ca2+ ions with polymer backbone
that dampens smooth diffusion. A combination of low ion
diffusion resistance and reasonably high recombination resis-
tance has contributed to the higher efficiency of the DSSCs.

Conclusion

GPEs containing polypropylene carbonate host polymer in-
corporated with various amounts of single salt and double salt
were prepared and studied. DSSC performances have shown
improvement in double salt system due to the high charge
density of ion presence in the electrolyte compared to a single
salt system. Double salt system has increased the ionic con-
ductivity from 0.595 mS cm−1 (for single salt system) to
1.838 mS cm−1. Arrhenius theory was obeyed by both sys-
tems in which the ion mobility increases with the increment of
temperature. FTIR studies had shown complex formation be-
tween polymer and double salts through the shifting of bonds.
Crystallinity of GPEs was reduced when the salt concentration
increases based on the XRD results. The best photovoltaic
performance of DSSC among both systems was obtained by
PT30 with Jsc of 17.9 mA cm−2, η of 5.49%, Voc 0.57 V and
FF of 54%.
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