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Abstract: Polymer electrolytes based on 90 wt% of methyl methacrylate and 10 wt% of
ethyl methacrylate (90MMA-co-10EMA) incorporating different weight ratios of sodium
iodide were prepared using the solution casting method. The complexation between salt and
copolymer host has been investigated using Fourier transform infrared spectroscopy.
The ionic conductivity and thermal stability of the electrolytes were measured using
impedance spectroscopy and differential scanning calorimetry, respectively. Scanning electron
microscopy was used to study the morphology of the polymer electrolytes. The ionic
conductivity and glass transition temperature increased up to 20 wt% of sodium iodide
(5.19 x 107® S-ecm™") and decreased with the further addition of salt concentration, because
of the crosslinked effect. The morphology behavior of the highest conducting sample also
showed smaller pores compared to the other concentration. The total ionic transference
number proved that this system was mainly due to ions, and the electrochemical stability
window was up to 2.5 V, which is suitable for a dye-sensitized solar cell application.
This sample was then tested in a dye-sensitized solar cell and exhibited an efficiency of 0.62%.
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1. Introduction

Dye-sensitized solar cells (DSSCs) have received considerable attention since the pioneering work of
O’ Regan and Gritzel [1], due to the high conversion efficiency, low manufacturing cost and simple
preparation technique. However, most of the cells that give high efficiency utilize liquid electrolytes, which
cause some problems, such as leakage and volatilization, corrosion at the counter electrode, difficulty in
fabrication and limited long-term performance [2]. Thus, replacing liquid electrolytes with solid polymer
electrolytes (SPEs) has become one of the approaches to overcome these problems. Besides, SPEs have
been reported to show promising results for application in DSSCs [2,3]. SPEs are also safer, free from
leakage problems, show good thermal stability and are easier to handle for device fabrication [4-6].

Generally, SPEs exhibit low ionic conductivity at room temperature [7,8]. Therefore, attempts should
be made to improve the ionic conductivity, which, in turn, will improve the device performance, such as
modifying the polymer host using the photo-polymerization technique. Based on Bella et al., this
technique is a solvent-free technique that encourages the formation of polymer networks with tailored
physical-chemical, functional and mechanical properties through the rapid transformation of the liquid
monomer into a solid membrane. It was carried out at room temperature under UV light in a few minutes;
therefore, it guarantees time and energy savings [9—11]. In our previous work, the modification of the
polymer host was done by copolymerizing two types of methacrylate monomers, which were methyl
methacrylate (MMA) and ethyl methacrylate (EMA), with different weight ratios. The copolymer with
a MMA:EMA weight ratio of 90:10 showed the lowest glass transition temperature (7g), the greatest
amorphous region and low bulk resistivity [12]. Therefore, for the present study, this copolymer was
utilized to obtain polymer electrolytes for a possible application in a DSSC.

Previously, Imperiyka et al. reported the study of glycidyl methacrylate-co-methyl methacrylate
(GMA-co-MMA) copolymer electrolytes using LiClO4 and LiCF3SOs as the doping salts for application
in lithium ion batteries [13,14]. However, there are concerns about the cost of lithium if the demands for
this technology stretch into larger scale transport and electrochemical device applications. Therefore, to
overcome this problem, sodium-based electrolytes have been selected for the present study. The selection
of'the salt is due to its lower cost, ready availability, lower toxicity and low atomic mass [15—-17]. Besides
that, a comparative study on the effect of sodium and lithium triflate in polyacrylonitrile (PAN), which
was reported by Osman et al. found that the sodium-based electrolyte system possessed higher ionic
conductivity at room temperature [18]. In addition, in terms of the DSSC application, salts with a halide
anion should be used in order to provide redox coupling in the DSSCs.

For this work, solid polymer electrolyte films were prepared by adding sodium iodide (Nal) in the
90MMA-co-10EMA polymer host, and then the effect of Nal salt concentration on the ionic conductivity,
the thermal behavior and the cross-sectional morphology were investigated. The ionic transference
number and electrochemical stability windows of the highest conducting sample were then investigated
before it was used for DSSC fabrication.
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2. Experimental Section
2.1. Materials

MMA contains < 30 ppm Mono Methyl Ether Hydroquinone (MEHQ) as the inhibitor, 99%
(Mw=100.12 g/mol, Sigma Aldrich, St. Louis, MI, USA). EMA contains 15-20 ppm monomethyl ether
hydroquinone as the inhibitor, 99% (Mw = 114.14 g/mol, Sigma Aldrich). 2,2-dimethoxy-2-
phenylacetophenone, 99% (DMPA, Mw = 256.30 g/mol, Sigma Aldrich), sodium iodide American
Chemical Society (ACS) reagent, >99.5% (Nal, Mw = 149.89 g/mol, Sigma Aldrich), methanol
(Mw = 32.04 g/mol, System® ChemAR®, Kielce, Poland), iodine (Merck, Darmstadt, Germany) and
tetrahydrofuran (THF, Mw = 72.11 g/mol, R&M Chemicals, Edmonton, Canada) were the chemicals
used for polymer electrolyte preparation in this study. For the DSSC components, cis-diisothiocyanato-
bis(2,2"-bipyridyl-4,4'-dicarboxylato) ruthenium(Il) bis(tetrabutylammonium) dye (N-719), platinum
paste, under the commercial name Platisol T, and fluorine-doped tin oxide (FTO) with ~15 Q-cm ™2 as
the transparent conductive oxide were purchased from Solaronix (Aubonne, Switzerland). Titanium
dioxide (TiOz) paste (DSL 18NR-AO Active Opaque Titania Paste) was supplied by DyeSol (New South
Wales, Australia). All materials were used without purification.

2.2. Synthesis of Polymer

90 wt% MMA and 10 wt% of EMA were copolymerized in the presence of a photo-initiator, DMPA,
by using a ratio of 1:0.016. The mixture was stirred until the DMPA completely dissolved and was
exposed to a UV radiation box with four 15-W UV lamps in a nitrogen environment for 5 min. This
preparation technique was reported in the authors’ earlier paper [12]. The copolymer was then washed
with methanol to remove residual monomers.

2.3. Preparation of Solid Polymer Electrolytes

Three grams of 90OMMA-co-10EMA copolymer were added with several weight percentages of Nal,
which were 10 wt%, 20 wt%, 30 wt% and 40 wt%, in separate beakers. The mixtures of the copolymer
and sodium salt were dissolved in 30 mL THF and stirred using magnetic stirrers for 24 h at 40 °C.
The homogenous solutions of the electrolytes were then poured into glass petri dishes and dried in a
vacuum oven at 40 °C for 4 h. The free standing films were peeled off from the glass petri dishes before
being subjected to characterizations.

2.4. Characterization

Fourier transform infrared (FTIR) was used to identify the interaction between polymer hosts with
doping salt. The analysis was done at room temperature using a Perkin Elmer (Waltham, MA, USA)
Frontier FTIR spectrophotometer in the range of 4000 to 550 cm™! with a scanning resolution of 2 cm™.

Impedance measurements of the samples were performed using a SOLARTRON 1260 impedance
analyzer over the frequency range from 10 Hz to 5 MHz with a 100-mV DC amplitude. The samples
were sandwiched between stainless steel electrodes at room temperature, and the room temperature ionic
conductivity value was calculated using the following equation:
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where 7 is the sample thickness, A is the sample-electrode contact area and R» is the bulk resistance
obtained from the plots of the real impedance, Z' , against the imaginary impedance, Z "
The mathematical equation of impedance can be written as:

7*=7'+iZ (2)

The samples were further analyzed for a temperature dependence study in the temperature range of
300 to 328 K to study the effect of temperature on the ionic conductivity. The temperature was controlled
using ESPEC SU-242, a temperature chamber (Hudsonville, MI, USA) which was connected to the
SOLARTRON 1260 impedance/gain phase analyzer (Kingston on Thames, UK).

Differential scanning calorimetry (DSC) measurements were carried out on the prepared samples to
provide information about the phase transition temperatures. Approximately 5-6 mg of prepared
polymer electrolyte sample were tested over a temperature range of 30—250 °C at a scanning rate of
10 °C-min" using a DSC 131 EVO (SETARAM Instruments, Caluire, France). The data were evaluated
using Calisto processing software to determine the glass transition temperature from the onset of the
heat capacity change on the heating ramp.

The cross-sectional morphology of the polymer electrolyte films was observed using a Zeiss
(Oberkochen, Germany) EVO MA10 scanning electron microscope at 500x magnification with an
accelerating voltage of 10.0 kV. The samples were prepared by breaking them into small rectangular
shapes and were coated with gold under vacuum condition.

The total ionic transference numbers (fion) for the films were determined based on the analysis of the
dc polarization technique on the symmetrical cell with stainless steel as the blocking electrodes. This is
used to discriminate between electronic and ionic conduction in polymer electrolytes. From the
normalized polarization current versus time plots, the total number of ions transported in these polymer
electrolytes can be calculated using the equation:

tion =1 — Iss (3)
where I is the steady-state current.

The electrochemical stability window of the highest conducting sample was obtained using linear
sweep voltammetry (LSV), which was done on a Wonatech ZIVE MP2 Multichannel electrochemical
workstation (Seoul, Korea). The LSV measurement was carried out in the range from 0 to 5 V at a
scanning rate of 100 mV-s™!, with stainless steel as the blocking electrodes at room temperature.

2.5. Photoelectrochemical Cell Fabrication and Characterization

Photoanode glass was spread with TiO2 paste using the doctor blade technique with the support of
adhesive tape to prevent it from moving. Then, the TiO2 photoanode electrode was annealed at 450 °C
for 30 min in order to change the anatase phase into the rutile phase and was immersed in 0.3 mM of
N-719 dye solution at room temperature for 24 h. Besides that, a platinized FTO counter electrode was
prepared by the brushing-painting technique and annealed at 450 °C for 30 min to activate the
quasi-transparent platinum layer. The P(IMMA-co-EMA)-Nal solution that gave higher conductivity was
added with iodine (I2) at a molar ratio of 10:1, cast onto the TiO2 photoanode electrodes and left to dry
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at room temperature. The current-voltage (/-V) data of the FTO/TiO2-dye/P(MMA-co-EMA)-Nal/I>/Pt
DSSC were recorded by Zive Smart Manager software version 5.0.0.5, with a xenon light source, at
room temperature (dark atmosphere) and under AM (air mass) 1.5 illumination at a light intensity of
100 mW-cm 2, controlled by a radiometer. The illumination cell area was set to 1 cm?. The photoelectric
performances, such as the fill factor, FF and light-to-electricity energy conversion efficiency, 1, were
calculated using Equations (4) and (5), respectively:

Vmax X]max
FF = ———— 4
VOC ><]sc ( )
Voc X Js¢ X FF x 100
n= P (5)

where V. is the open circuit voltage (V), Jsc is the short circuit current density (mA-cm2), Py, is the
incident light power density (mW-cm2), while V.5, (V) and J,,;4,, (MA-cm™2) are the voltage and the
current density in the J—V curves, respectively, at the point of maximum power output [19].

3. Results and Discussion

3.1. FTIR Analysis

FTIR spectroscopy was used to study the vibration energy of covalent bonds in the polymer host
due to the interactions that occurred when salt was introduced into the polymer [20]. Figure 1 shows the
FTIR spectra at the selected regions of interest. The main regions of interest are for oxygen atoms of the
carbonyl group (C=0) located around the wavenumber of 1750-1730 cm ™!, for ether group (C—-O—C) at
1300-1000 cm ™! and for the methyl group (CHs) at 1440-1245 cm™' from the MMA and EMA structure
in P(IMMA-co-EMA). This is because the oxygen atoms from these functional groups can act as electron
donor atoms and form a coordinate or dative bond with sodium ions from the doping salts, hence forming
a polymer-salt electrolyte [21,22]. Therefore, in these polymer electrolytes systems, the sodium iodide
is assumed to be fully dissociated into cations and anions, then coordinated with the polymer host
structure. The possible reaction mechanism between polymer host with the doping salt is shown in Figure 2.
Figure 1 presents the FTIR spectra of the symmetrical stretching of the carbonyl group, v(C=0),
from the polymer host structure for various concentration of salts. With the addition of 10 wt%, 20 wt%,
30 wt% and 40 wt% of sodium salts, the peak was shifted from 1725 to 1719 cm ™. The specific vibration
mode of ether group (C—O-C) can also be observed in the spectra, which shows the —CH3 asymmetric
deformation of P(MMA-co-EMA) from 6(O—CH3), the symmetric and asymmetric stretching mode of
C—O—C and the asymmetrical stretching mode, v,;(C—-O—-C), of the ether group at 1447, 1271, 1240 and
1144 cm™, respectively. With the addition of salts, these peaks shifted to the lower wavenumbers, which
were 1444, 1267, 1236 and 1141 cm™!. CH3 asymmetric bending at 1434 cm™! was shifted to 1431 cm™!,
and the CH3 symmetric bending at 1239 cm™! was shifted to 1236 cm™!. All of the wavenumbers were
shifted more than 2 cm™'; therefore, this result is significant to prove the occurrence of complexation
between the polymer host and the doping salt.
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Figure 1. (a—e) FTIR spectra of the carbonyl, ether and methyl group of P(MMA-co-EMA)
(MMA, methyl methacrylate; EMA, ethyl methacrylate) with the weight percentage ratios of Nal.
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Figure 2. Possible mechanism of P(MMA-co-EMA) + Nal polymer electrolytes.
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3.2. Conductivity and Thermal Analysis

Figure 3 shows the ionic conductivity and glass transition temperature (7%) of copolymer electrolytes
as a function of sodium salt concentration. The ionic conductivity increases with the increase of the
concentration of salt until it reaches the optimum value of 5.19 x 107% S-cm™! at 20 wt% of salt.
The full dissociation of Na* and I” in the polymer host structure shown in the FTIR analysis is a factor
for the enhancement of the ionic conductivity. Therefore, the increase of salt content increases the
number of mobile ions in the polymer matrix, resulting in the increase of ionic conductivity [23].
With the further increment of the salt concentration (up to 40 wt%), the ionic conductivity started to
decrease. The decreases may be due to the excess dissociation of Na™ and I™ attributed to the increase of
the association rate of the ion, thus leading to the formation of ion clusters. This reduced the number of
mobile charge carriers and the mobility of the ions, hence decreasing the ionic conductivity [14,24-26].
The content of salt was limited to 40 wt%, since the addition of salt of more than 40 wt% produced
sticky films that were difficult to handle. The trend of 7y versus sodium salt concentration contradicts
that of the ionic conductivity, because, generally, the conductivity is expected to decrease when the Tg
increases [27,28]. According to Subban, this can be explained in terms of crosslinking that formed
between the P(MMA -co-EMA) chain and sodium salts. In the polymer electrolyte system, the crosslinks
are well separated in space and can move with respect to each other to a certain extent, thereby
contributing to an increase in ionic conductivity [29]. Besides that, the anions that interact with the
polymer may also contribute to the ionic conductivity, as mentioned earlier [30].
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Figure 3. Log conductivity with the glass transition temperature (7g) of P(IMMA-co-EMA)
with various concentrations of Nal.

3.3. Temperature Dependence Analysis

The characteristic frequency dependencies of the imaginary part of complex impedance (Z"(f)) for
P(MMA-co-EMA) + 10 wt% of Nal at several different temperature are presented in Figure 4. From the
figure, it can be seen that when the temperature increases, the peak of the Z"(f) shifted towards a higher



Polymers 2015, 7

273

frequency. All of the other concentration of salts have also been plotted, showing a similar trend.
Then, the plot of the relaxation frequency of the bulk conductivity (f3) that was obtained from the peak
of Z"(f) curves in Figure 4 with various temperatures is shown in Figure 5 for different concentrations

of salts. Therefore, the relaxation process frequency in the bulk is thermally activated.
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Figure 4. Frequency dependencies of Im(Z) of P(MMA-co-EMA) + 10 wt% Nal at

different temperatures.
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Figure 5. Temperature dependence of the relaxation frequency of the bulk conductivity (/)
of P(MMA-co-EMA) + Nal at different temperatures.

According to Adnan and Mohamed, the activation energy for the relaxation frequency in the bulk, E¥, is
in good agreement with that obtained from the Arrhenius plot, and it can be obtained from the temperature
dependence of the relaxation frequency of the bulk conductivity, fz [31]. By using the following
Equation (6), the activation energy for the relaxation frequency in the bulk, £f, can be determined.

fe = foexp (K_(_?)) (6)
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where f is the attempted frequency related to the lattice vibration and k is the Boltzmann constant [32].

The Er value is the energy required to provide a conductive condition for the migration of ions.
The calculated Er value is presented in Table 1, and from that table, the polymer electrolytes that contain
20 wt% of Nal exhibit the lowest activation energy compared to the others, which is 0.11 eV. It is known
that Er is related to the concentration of the charge carrier and the migration rate of the charge carrier,
which is proportional to the ionic conductivity [33]. Therefore, this proves that at this concentration,
only a small amount of energy is required to provide the conductive condition for the migration of ions in
the polymer electrolytes, hence increasing the ionic conductivity.

Table 1. Activation energy for the relaxation frequency in the bulk, Er with various
concentrations of Nal.

Concentration of Salt (wt%) Activation Energy, Er
10 Nal 0.73
20 Nal 0.11
30 Nal 1.83
40 Nal 0.73

3.4. SEM Studies

Cross-sectional SEM (Scanning Electron Microscope) images of the of P(MMA-co-EMA)
electrolytes containing 10 wt%, 20 wt%, 30 wt% and 40 wt% of Nal are shown in Figure 6a—d,
respectively. The porosity observed in all of the cross-sectional images when Nal was added into the
polymer host may be due to the rapid evaporation of THF during the preparation of the film [34,35].
The sizes of the micro-pores are smaller at 20 wt% of Nal (Figure 6b), and this will make the ions move
easily in the polymer host and leads to an increase in the ionic conductivity. Meanwhile, with the addition
of 30 wt% Nal (Figure 6¢), the micro-pores sizes become larger, and it becomes difficult for the ions to
move in the polymer electrolyte system. Therefore, this will cause a decrease in the ionic conductivity
and gives a higher activation energy compared to the other concentrations of Nal that have been shown
earlier. With the further increase of the Nal concentration up to 40 wt% (Figure 6d), the cross-sectional
surface becomes rough, and some fractures occur on the surface. Therefore, the broken network will
disrupt the pathways of the ions, thus producing lower conductivity in the system.
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Figure 6. Cross-sectional morphological images of P(MMA-co-EMA) + Nal polymer
electrolyte films.

3.5. Transference Number

The normalized current versus time of 90MMA-co-10EMA with the addition of 20 wt% of Nal is
plotted in the graph that is shown in Figure 7. From this graph, it is shown that the total ionic transference
number is 0.98. This suggests that the charge transport in these polymer electrolyte films is
predominantly due to ions [36]. This is consistent with the results from the FTIR analysis and the ionic
conductivity study mentioned earlier, which show that both cations (Na") and anions (I") are fully
dissociated and coordinated with the polymer chain, leading to an increase in conductivity.
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Figure 7. Normalized current versus time for polymer electrolyte films with the addition of
20 wt% Nal.

3.6. Linear Sweep Voltammetry

90MMA-co-10EMA + 20 wt% Nal was chosen for further analysis to determine the electrochemical
stability of the electrolytes using LSV. Figure 8 represents the current-voltage response of the polymer
electrolyte film and shows that the decomposition voltage for this film is 2.5 V. This result suggests that
the polymer electrolyte is very suitable for applications in DSSC [37].
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Figure 8. Current versus voltage plot of P(IMMA-co-EMA) with the addition of 20 wt% Nal.

3.7. I-V Measurements

[Nlustrated in Figure 9 is the photocurrent density-voltage (/~V) curve of PIMMA-co-EMA) + 20 wt%
of Nal-based DSSC under illumination. The mechanism in the DSSC can be explained as follows.
As the dye molecules are struck by light, electrons in the dye are injected into the TiO2 layer. Then,
the electrons are collected by the FTO glass electrode and supplied to the external load. The dye
molecules are then electrically reduced to their initial states by electrons transferred from the redox
coupling (I'/I37) in the polymer electrolyte. The oxidized ions in the polymer electrolyte diffuse to the
Pt electrode to receive electrons [38].

The photovoltaic parameters, such as Js, Voc, FF and 1, were obtained from the intersection of current
and voltage from the J-V curves under illumination [39]. FTO/Ti02-dye/P(MMA-co-EMA)-Nal-I>/Pt
DSSC shows a photovoltaic response with a Jic of 2.23 mA-cm 2, Voc of 0.76 V, FF of 0.37 and 1 of

0.62%. Therefore, this proves that the PIMMA-co-EMA) + 20 wt% Nal has the potential to be applied
in the DSSC.

4

Current Density (mAcm2)
3]

0 0.2 0.4 0.6 0.8 1
Voltage (V)

Figure 9. J-V curves of the dye-sensitized solar cell assembled with P(MMA-co-EMA) +
Nal electrolytes.
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4. Conclusions

Polymer electrolytes of 90 wt% of MMA and 10 wt% of EMA incorporating different amounts of
sodium iodide were successfully prepared using the solution casting method. The shifts of the wavenumber
of the carbonyl, ether and methyl groups in the Fourier transform infrared spectra showed that there was
an interaction between sodium and iodide ions with the polymer host structure. The electrolyte containing
20 wt% of sodium iodide exhibited the highest ionic conductivity of 5.19 x 10°° S-cm™' at room
temperature and exhibit the highest 7. From the cross-sectional image, the morphology also shows that
the pores are smaller compared to the other concentration, which helps with enhancing the ionic
conductivity. The ionic transference number in the polymer electrolytes shows that the charge transport
for these electrolytes was predominantly due to the ion. Linear sweep voltammetry data indicated that
the copolymer electrolytes were electrochemically stable up to a voltage of 2.5 V. A DSSC has been
fabricated using the most conductive electrolyte film and showed an efficiency of 0.62%.
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