SCIENTIFIC REPLIRTS

The potential of incorporation

~of binary salts and ionic liquid in

P(VP-co-VAc) gel polymer electrolyte
neeee in electrochemical and photovoltaic
e performances
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. Inthis study, dye-sensitized solar cells (DSSCs) has been assembled with poly(1-vinylpyrrolidone-co-

. vinyl acetate) (P(VP-co-VAc)) gel polymer electrolytes (GPEs) which have been incorporated with binary
. saltand an ionic liquid. The potential of this combination was studied and reported. The binary salt

. system GPEs was having ionic conductivity and power conversion efficiency (PCE) that could reach up

© t01.90 X 103 S cm~' and 5.53%, respectively. Interestingly, upon the addition of the ionic liquid, MPII
. into the binary salt system the ionic conductivity and PCE had risen steadily up to 4.09 x 103Scm™?
:and 5.94%, respectively. In order to know more about this phenomenon, the electrochemical

. impedance studies (EIS) of the GPE samples have been done and reported. Fourier transform infrared

. studies (FTIR) and thermogravimetric analysis (TGA) have also been studied to understand more on the
* structural and thermal properties of the GPEs. The Nyquist plot and Bodes plot studies have been done
. in order to understand the electrochemical properties of the GPE based DSSCs and Tafel polarization

. studies were done to determine the electrocatalytic activity of the GPE samples.

. In today’s world, energy requirement has become a hot topic in almost every nation around the world. This has
. boosted up the attention from the energy researcher communities to develop new types of materials and tech-
- nologies for the energy production, storage, and conversion. Renewable energy resources are gathering a great
. number of interests as mankind would need to rely on the renewable energy in the upcoming decades as the fossil
. fuels that were being used today were getting depleted throughout the year'. Solar energy is one of the uprising
. renewable energy technology and could be a reliable choice to face growing energy demand from the population
. of our earth. This is because of the abundance of the sun energy (1004 Wm~2 at ground level with the sun directly
. overhead) that could be easily obtainable throughout the world?. With that reason alone, it has garnered a lot of
. researches to be done on the solar energy in the past few years.

: Among the studies that have been reported, dye-sensitized solar cell (DSSC) is showing up as a promising
. solar harvesting technology that has bright future. This technology was invented by B. O’regan and M. Gratzel
. around two decades ago®. Being consisted merely just conductive glasses with a different layer of materials for
: anode and cathode, an organic or inorganic molecular dye, and an electrolyte which consists of redox couple;
- these cells might be able to top the leading silicon-based solar cells in the upcoming years with a number of its
. own unique of promising properties. Moreover, with the ability that able to convert sunlight even under the low
: sunlight condition, these DSSCs could overcome one of the huge limiting factors of the silicon-based solar cells
. which is the capability of working only under perfect irradiation condition. This technology is really suitable for
: those countries which are having climates that are not suitable for the silicon-based technology solar cells®.

: As stated previously, the DSSC composed of different types of components and materials. This has allowed
. groups of researchers to allocate themselves to study the DSSCs in a lot of different directions. Researchers
 who come from the different background could engage on different components to improve the photovoltaic
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Figure 1. Variation of normalized ionic conductivity and activation energy for different GPE samples at
room temperature.

performances of the DSSCs. Studies such as synthesizing new types of inorganic dyes®’, incorporating new sem-
iconductor layers®?, replacing materials for counter electrodes'®!! and introduction of new redox couples have
been done since the first report on DSSCs'>!3, The research community finds the development of electrolyte is
the hardest. The highest performing electrolytes for DSSCs up to date are the liquid electrolyte. An impressive
photovoltaic conversion efficiency (PCE) of 12% has been achieved with liquid electrolytes based DSSCs but
problems such as long term storage are hindering the development of these of DSSCs'*. Due to this problem,
researchers have started to work on different type of electrolytes and found that gel type of electrolytes have the
potential to replace the conventional liquid type of electrolytes. There are a huge amount of advantages of using
gel electrolytes over the liquid electrolytes in the application of DSSCs. One of it would be the improvement of
the shelf time storage of the gel polymer electrolytes based DSSCs over the liquid electrolytes based DSSCs'>""".
Wang et al. has reported that their P(VA-co-MMA )-based GPE were able to maintain the performances of their
devices at 96% after 1000 hours'®. Another group also reported that their Felmion-based gel electrolyte was able
to sustain 90% of the efficiency of their DSSCs up to 4392 hours of storage time'®. This is one of the main reasons
for us to use gel polymer electrolytes as one of the main component for our DSSCs. Unfortunately, the PCE rate
of the gel electrolytes were not even comparable due to various reasons such as the formation of the gel network
that hindered the movement of the mobile ions in the system?’. With that, a huge list of additives and materials
has been proposed over the years to produce the best performing gel electrolytes but to the fact that there is still
no optimum solution has been identified yet.

In this respect, we herein propose the incorporation of 1-methyl-3-propylimidazolium iodide (MPII) into the
poly(1-vinylpyrrolidone-co-vinyl acetate) (P(VP-co-VAc)) based co-polymer electrolyte containing binary salts
in order to produce a highly efficient gel polymer electrolyte (GPE) for the application of DSSCs. Co-polymers
have both amorphous and crystalline phases which could provide plasticity and mechanical strength, respectively
for our gel polymer electrolytes?*? and binary salts system was found to have higher potential compared to the
single salts system as reported by Dissanayake ef al.?>. Meanwhile, ionic liquids was widely known to be able to
improve the electrical performances of the polymer electrolytes**?. Even though there are a lot of studies done
on the usage of copolymer, binary salt system and incorporation of ionic liquid to improve their performance, the
combination of these three additives is yet to be studied extensively. With that in mind, P(VP-co-VAc) gel poly-
mer electrolytes (GPE) with the incorporation of potassium iodide (KI), tetrapropylammonium iodide (TPAI)
and 1-methyl-3-propylimidazolium iodide (MPII) were prepared, studied and reported.

Results and Discussion

The overall solar to energy conversion efficiency is hugely dependent on the mobility of the redox couple and
consequently, on the ionic conductivity of the polymer electrolyte for gel electrolyte based dye-sensitized solar cell
devices?. With this reasons in mind, binary salts and MPII ionic liquid were added into the P(VP-co-VAc) based
GPEs and the effects of these addition were studied with EIS technique.

Figure 1 shows the ionic conductivity at room temperature of the gel polymer electrolytes with the single
salt system, binary salt system and system with the incorporation of MPII. The designation of the GPE sam-
ples was shown in Table 1. From the impedance measurement, the gel polymer electrolytes with single salt only
exhibit ionic conductivities of 0.86 X 10*Scm~! and 1.23 x 1073Scm™! for TPAI?” and KI salt system, respec-
tively. However, as observed in Fig. 1, the GPEs with binary salt system shows higher ionic conductivity of
1.90 x 10*Scm™! compared to the single salt systems. This is most likely due to the reason that the two cations
were functioning in a different way inside polymer matrix and balancing out each other’s advantages appro-
priately. The larger TPA™ cations assisted in the enlargement of the polymer matrix to allow smaller K* which
already moving swiftly inside the polymer matrix to be able to move much faster and easier. The ionic conduc-
tivity can then be seen further improved with the addition of MPII ionic liquid into the binary salts system to a
value of 4.09 X 107*Scm™!. The addition of MPII helped in the enhancement of the dissociation process of the
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K 40:0:0 2.694 2.000 0.000 0.306 0.00
T 0:40:0 2.838 0.000 2.000 0.162 0.00
KT1 10:30:0 2.802 0.500 1.500 0.198 0.00
KT2 20:20:0 2.766 1.000 1.000 0.234 0.00
KT3 30:10:0 2.730 1.500 0.500 0.270 0.00
KTM1 30:10:5 2.730 1.500 0.500 0.270 0.25
KTM2 30:10:10 2.730 1.500 0.500 0.270 0.50
KTM3 30:10:15 2.730 1.500 0.500 0.270 0.75
KTM4 30:10:20 2.730 1.500 0.500 0.270 1.00

Table 1. The designation and compositions of the GPE samples.
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Figure 2. Arrhenius plots for the conductivity of the different GPE samples at room temperature.

KI and TPAI salts. Furthermore, ionic liquid such as MPII was well known to have plasticizing effect which could
soften the backbone of the host polymer matrix and increase the flow of the mobile charge movement which
could lead to an increase in ionic conductivity. The decrease of the ionic conductivity after KITM3 was due to the
agglomeration of the excess mobile charge ions from the MPII ionic liquids which could leads to formation of
neutral pairs. These neutral pairs restricting the mobility of the mobile charge ions and decreases the ionic con-
ductivity of the GPE sample®.

The dependence of the ionic conductivity on the temperature, ranging from 333 K to 403 K of sample K, sam-
ple T, sample KT3, and sample KTM3 was shown in Fig. 2. From the figure, it can be seen that the conductivity
increased with the increase of temperature and the log(c) versus 1/T plots is close to unity for every GPE samples
shown. This 0-T behavior for the gel electrolyte based samples can be described by the Arrhenius equation shown
as below®:

)
o=o0,— exp|—=%
RT (1)

where ¢ is the conductivity, o, is the pre-exponential factor, E, is the activation energy, R is the molar gas
constant and T is the absolute temperature. Figure 1 shows the activation energy calculated from the slope of the
data from the GPE samples from Fig. 2. As observed in the figure, sample KTM3 has the lowest E, compared to
other samples. This indicates that there were faster I7/I;~ transportation rate in the polymer matrix for sample
KTM3 over the other samples®. Normally, when an ionic transport process involves intermolecular ion hopping,
the conductivity is determined by the thermal hopping frequency, which in turn is proportional to the exp(—E,/
RT), and this leads to an Arrhenius conductivity-temperature relationship®. The ion hopping increases with an
increase of temperature, which enhances the conductivity of the system as activation energy is the minimum
energy required for mobile ions in the polymer electrolytes to get excited and starts hopping around inside the
polymer matrix. The lower the energy means that it is easier for the mobile ions to move around inside the poly-
mer matrix and it increases the mobility of the mobile ions which leads to increase in the ionic conductivity of the
polymer electrolytes®2. This is in agreement with the ionic conductivity studies showed previously. The decreased
E, and increased ionic conductivity are expected to significantly enhance the reaction kinetics of the DSSCs.

The FTIR spectra for pure P(VP-co-VAc), pure KI, pure TPAI, pure MPII and the GPEs are shown in Fig. 3.
The main absorption band of P(VP-co-VAc) were summarized and tabulated in Table 233-%7. As seen in the spec-
tra, the strong band of C= O stretching of PVAc and PVP region of the pure P(VP-co-VAc) which can be seen
in 1734cm™! and 1677 cm™!, respectively was found to be shifted to higher wavenumber in the spectrum of all
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Figure 3. FTIR spectra for pure P(VP-co-VAc), pure KI, pure TPAI, pure MPII and the GPE samples.

O-H stretching 3600 - 3000
C-H stretching 3000 - 2800
C= 0 carbonyl group (PVAc) 1734
C=0 carbonyl group (PVP) 1677
C-N stretching 1446
C-O-C stretching 1300 - 1000
C-H bending (PVAc) 1380
C-H wagging (PVAc) 775
C-H bending (PVP) 1433
C-N stretching (PVP) 1247
C-CH, stretching (PVP) 1171
C-C stretching (PVP) 972
CH, bending (PVP) 846

Table 2. FTIR parameters for pure P(VP-co-VAc) copolymer.

GPE samples. This is the indication of the complexation of the KI and TPAI salt and the MPII ionic liquid in
the polymer matrix. The shifting of the bands can also imply that the cations interacted with the strong electron
donor group C=O. Similar ion interactions with the carbonyl oxygen of polymers have been reported in litera-
ture®®. Meanwhile, the appearance of the band at 1247 cm™' shown in the figure corresponds to C-N stretching
frequency of pure P(VP-co-VAc). It was found to be shifted to higher wavenumbers with the addition of salts and
ionic liquid. It is due to the interaction of I~ ion from salts and ionic liquid with the strong withdrawing character
of the N atom of the C-N in the PVP chain of the P(VP-co-VAc)*.

Thermogravimetric analysis of the pure P(VP-co-VAc), pure KI, pure TPAI, pure MPII and the P(VP-co-VAc)
based GPEs was investigated at a heating rate of 50.00 °C/min under nitrogen atmosphere and shown in Fig. 4.
In the temperature range of 30 °C-100°C in the GPE sample thermograms, 2-6% of small mass loss can be
observed. This small loss was due to the evaporation of low molecular weight substances such as minor impu-
rities and the moisture absorbed by the GPEs. Meanwhile, another mass loss can be observed at temperature
range of 100 °C-200°C which is due to the evaporations of EC, PC, and iodine used in the preparation of the
GPEs. In the GPE samples, the EC and PC were found to be evaporating at a temperature which is lower than
their initial boiling point. This phenomenon has also been reported in other studies as well*’. The summarized
degradation temperature of the pure P(VP-co-VAc) and the GPE samples are tabulated in Table 3. According to
literature studies, pure P(VP-co-VAc) has two stages of degradation which corresponded to the deacetylation
of vinyl acetate, PVAc*! and the degradation of vinylpyrrolidone, PVP*. In these studies, it is represented at
Tinax = 300°C and T,,,,, = 385 °C for PVAc and PVP region, respectively and it can be seen in the thermogram of
pure P(VP-co-VAc). As observed in Table 3, after the addition of the binary salt and ionic liquid into the system,
Tonaa Was found to be decreasing. This shows that the PVAc region in the GPEs samples suffers a decrease in ther-
mal stability upon addition of the KI, TPAI, and MPII. This is most likely due to the complexation that occurred
inside the polymer matrix in between the salts and ionic liquids which also shown in FTIR studies. These compl-
exation has probably reduced the crystallinity and softened the backbone of the PVAc region and thus, reducing
the decomposition temperature. In contrast, it is observed that PVP region for all the GPEs is increasing in
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Figure 4. Normalized of dynamic TGA in nitrogen gas for pure P(VP-co-VAc) pure KI, pure TPAI, pure
MPII and the GPE samples.

Pure P(VP-co-VAc) 310 400
K 230 444
T 245 410
KT3 256 409
KTM3 258 432

Table 3. The degradation temperature of the pure P(VP-co-VAc) and different GPE samples.
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Figure 5. The photocurrent-photovoltage (J-V) characteristics of the different GPE samples. Inset:
Normalized J, values plotted as a function of different light intensities (Pin) of sample KTM3.

thermal stability. As observed in the table, the addition KI has increases the T,,,,, from 400 °C to 444 °C. This is
most likely due to the nature of KI which has very high decomposition temperature as seen in Fig 4. Upon the
addition of more TPAI into the system, as seen in sample KT3, the decomposition temperature of the PVP region,
Thax2 decreases from 444 °C to 409 °C. TPAI was observed to have a lower decomposition temperature compared
to KI and this could be the reason that has reduced the T, of the sample KT3. However, the addition of MPII
was seen to be able to improve the thermal stability of the GPEs where T;,,,, of KT3 increases from 409 °C-432°C
upon the addition of 15wt.% of MPII (KTM3). Ionic liquid was known to be able to increase the thermal stability
of the polymer electrolytes and it has been reported in literature*>** as well. The weight loss at 700 °C-800°C
which can be seen in all of the GPE samples corresponded to the degradation of the KI*.

The photovoltaic performance of the DSSCs fabricated with the gel polymer electrolytes samples under the
simulated solar light of 100 mW cm™2 (AM 1.5) was evaluated, and the results are shown in Fig. 5. The calculated
photovoltaic parameters of the cells are listed in Table 4. The normalized value of efficiency (1), short-circuit
current density (J,.) and ionic conductivity of the DSSCs are shown in Fig. 6. Initially, the GPEs with only single
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K 550 5.60 69 2.11
T 710 5.50 62 2.42
KT1 620 10.86 64 4.31
KT2 610 11.18 68 4.61
KT3 600 14.07 65 5.53
KTM1 630 14.90 59 5.60
KTM2 630 15.81 57 5.72
KTM3 640 15.32 61 5.94
KTM4 630 13.70 58 4.96

Table 4. Photovoltaic parameters of the GPE samples under 100 mW cm~2 illuminated sunlight.
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Figure 6. The normalization curves of the ionic conductivity (¢), short-circuit current density (J,.) and
PCE (1)) parameters of the DSSCs fabricated with different GPE samples.

salt achieving power conversion efficiencies of 2.11% and 2.42% for TPAI?” and KI system, respectively. However,
when these two salts were added into the system together, the power conversion efficiency was increased up to
5.53% and there is an abrupt increase of J, from 5.60 mA cm~2 and 5.50 mA cm~2 for sample T and sample K,
respectively to 14.07 mA cm 2 for sample KT3. This is due to the faster transportation rate of the [ /I~ in the gel
polymer electrolyte systems caused by the increase of the ionic conductivity of the GPE samples*®*”. This could
be further confirmed by the similar trend of the J,., photovoltaic efficiency and ionic conductivity studies which
can be seen in Fig. 6. Typically, electrolytes with smaller cations would have a higher drop in the V. due to a larger
downward shift to the conduction band edge which induced by the adsorption of the smaller cations on the sur-
face of nano-sized TiO, grain®*#. A similar occurrence is seen in our studies where the V,_ of the larger cation,
TPA™ system was higher (710 V) compared to sample with smaller cation, K* (550 V). In the case of the binary
salts systems, as the salts were added together, the V,. would tend to change in the favor of the concentration of
the types of salts added. It can be seen in sample KT3 where more KI was incorporated in the GPE, the V. of the
sample was found to be lower compared to the other two sample which having higher percentages of TPAIL The
fill factor of the binary salts system was observed to have a value in between the two single salts system. Upon
the addition of MPII into the binary salt system, the power conversion efficiency increased to 5.94% in which is
mostly due to the increase in V,. and . of the system. As mentioned previously, bulkier cations would have a
lower downward shift to the conduction band edge which causing it to have higher V, and with the bulky cation
from MPII added into the system it slightly increases the V,.. Meanwhile, the slight improvement of the J,. could
be due to the increase in the iodide ion conductivity which has been mentioned previously. It might also due to
the plasticizing effect that could have decreased the viscosity of the GPE which could lead to an increase in the
flow of the mobility of the iodide ion in the polymer matrix*. The variation of the normalized current density of
the DSSC fabricated with sample KTM3 under different illumination condition was measured and shown in the
inset of Fig. 5. The linear shape of the curve shows that there are no mobile ions and electron transport occurring
at the Pt and electrode interface that could represent the rate-determining steps in the photo-electrochemical
process®®°!,

The interface resistance-characteristics of a DSSC were usually studied by EIS technique, which is an elec-
trochemical and photo-electrochemical method for analyzing the variations in the impedances associated with
different interfaces of a DSSC. Fig. 7 presents the Nyquist plots of the gel polymer electrolytes sample K, sample
T, sample KT3, and sample KTM3 in dark with TiO, thickness of 4 pm. In the Nyquist plots of the samples, three
distinctive arcs can be observed. At high frequency of 100,000 to 1,000 Hz, the arc observed here corresponded
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Figure 7. The electrochemical impedance spectra of DSSCs assembled with GPE samples in the forms of
Nyquist plot in dark.
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Figure 8. Equivalent circuit model of the DSSCs for electrochemical impedance analysis.

K 13.7 12.6 1.09 16 9.95 278 x10°¢ 0.088 11.5 8.56x 10" | 52.62
T 13.9 3.2 4.37 24 6.63 1.68x10°° 0.133 20.3 5.63x 10" | 105.50
KT3 16.5 2.4 6.76 16 9.95 1.73x107° 0.106 20 7.11x 10" | 131.23
KTM3 20.0 2.1 9.52 15 10.61 229%x10°° 0.120 8.6 6.26 x 10" | 155.73
1S-KTM3 11.8 12 9.83 25 6.37 3.93x10°° 0.118 6.7 6.36 x 10" | 158.24

Table 5. The parameters of the equivalent circuits used to fit the EIS impedance data of the DSSCs.

to the charge transfer process at the Pt and electrolyte interface. Meanwhile, the middle frequency arc which is
located at 1,000 to 1 Hz corresponds to the electron recombination mechanism in TiO, and the arc at the lower
frequency which is located from 1 to 0.1 Hz was attributed to the diffusion in I7/I; electrolyte®. The intersection
of the x-axis and the high-frequency semi-circle is basically interpreted as the sheet resistance of the FTO sub-
strate and it is known as the ohmic serial resistance, R'8. The R, for sample sample K, sample T, sample KT3, and
sample KTM3 is 17.7Q, 17.9Q, 16.4 Q) and 19.6 Q), respectively.

Figure 8 shows the equivalent circuit model used to fit the impedance data®. This model was proposed by
Bisquert et al. in order inspect the transport properties of the injected electrons in the TiO, film and the back
electron-reaction with redox species in the gel polymer electrolytes®. The data were fitted (represented by lines)
with Metrohm Nova software and the parameters used to fit the curves were listed in Table 5. Sample KTM3 also
has been run under illuminated sunlight 100 mW cm~2 and this sample was labelled as 1 S-KTM3. Some param-
eters could be estimated from the following equations®:
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1
k==
C- )
R
D = | k|l
7 w] 7 ®
Con = RyLk, (4)

R
L,= [(D,7) :[ —k]L
TR (5)

where k.4, T, R, R, L, D.g and L, are the effective rate constant for electron recombination, lifetime of an
electron, electron transport resistant in TiO,, charge-transfer resistance related to recombination of an electron,
thickness of TiO, film, diffusion coefficient and effective diffusion length, respectively.

The value of R can be estimated approximately from the diameter of the middle arc resistance. Then, from
the shape of the central arc, R,/R,, can be estimated. If the arcs were found to be a true half-circle, then R»R,,. As
observed in the figure, the shape of the central arc of the DSSCs is approximately true half-circle. Thus, R,, was
able to be obtained from the ratio of Ry/R,, which is normally around 10. Even though the increase in Ry implies
more recombination, the ratio of R/R,, is the important parameter that needs to be focused in this case. This is
because higher R;/R,, basically implies recombination resistance is larger than electron transport resistance. This
suggests that there would be lower chances for the recombination of electron with the triiodides of the electrolytes
and lower resistance occurred to the electron transport in the TiO, film. This explains the high electron lifetime
of the sample in higher R;/R,**. Electron lifetime in the TiO, film can be calculated from Equation 4 where k ¢
can be obtained from the peak frequency of the middle arc in Fig. 7. The k ¢ is in an inverse relationship with the
electron lifetime in the TiO,. The longer T of the DSSCs indicates more effective suppression of the back reaction
between the electrons in its conduction band and the I~ ions in the electrolyte. Thus, the increase in T is the
source of the increase of . and 7 of the DSSCs fabricated with the P(VP-co-VAc) based GPEs.

On the other hand, in order to clarify the effect of the MPII ionic liquids on the binary salt system on the dif-
fusion coeflicient of triiodide in the electrolytes and the photovoltaic performance of the DSSCs, a comparison is
made in between the DSSCs of sample KT3 and KTM3. The diffusion coefficient of the sample KTM3 was found
to be higher than KT3. This is most probably the reason for the increase in photovoltaic efficiencies of the DSSCs.
This increment can be recognized due to the larger number of the diffusion coeflicient of triiodide rendering the
dye molecule to be able to regenerate more easily resulting in lower recombination rate which leads to increase
of J,.>-%. Normally, the charge transport mechanism in the polymer electrolyte of the DSSCs can be interpreted
as Grotthus mechanism which is also known as the electron hopping and ion exchange®-%2. The increase of the
diffusion coefficient could be explainede by the Grotthus mechanism illustrated as below®:

L +1 -1 L1 =1 41, (6)

The low conductivity and J,. gel polymer electrolyte could be caused by the average distance between I ions
being too far to transport electrons efficiently. Therefore, when MPII was added into the binary salts gel polymer
electrolyte, the imidazolium cations could align the anionic redox couple I7/I;~ inside the polymer matrix by
electrostatic interaction, thus the distance between I~ and I;~ would be decreased and higher efficiency electron
transport channel could be created. As a result, the ion conduction of the MPII-added GPEs increased and the J,.
and 7 was enhanced as well®.

In the Bode plots in Fig. 9, it can be seen the addition of the MPII ionic liquid shifted the middle frequency
peak to lower frequencies. This corresponds to the prolonged electron lifetime. MPII was found to be able to
move the conduction band of the TiO2 photoanode positively causing the electrons to be able to recombine with
the I;™ in the electrolyte which causes the electron lifetime at this interface to be prolonged®.

Tafel-polarization plots were recorded to determine the electrocatalytic activity of the GPE samples with a
symmetrical Pt electrode. The results are shown in Fig. 10. In a Tafel plot, a larger slope in the anodic or cathodic
branch indicates a higher exchange current density (J,). Considering that the pure Tafel region is not observable,
therefore, the low field region is used to assess J, variation. The extracted J, has an order of sample T > sample
KTM3 > sample KT3 > sample K. ], is inversely proportional to R ; where it can be associated in the following
equation®:

RT
 nFR, ?)

Jo

where R is the universal gas constant and T is the absolute temperature. Apparently, the trend of the J, matches
the order of the results of R, in the EIS studies. On the other side, the intersection of the cathodic branch with the
Y-axis can be determined as the limiting diffusion current density (J;;,,), a parameter that depends on the diffusion
coefficient (D,) of I"/I;~ redox couple at the counter electrode and electrolyte interface. J;, is in proportion to D,
where the equation is as following®:
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Figure 9. The electrochemical impedance spectra of DSSCs assembled with GPE samples in the forms of
Bodes plot in dark.
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Figure 10. Tafel polarization curves of symmetric Pt cells with different GPE samples.
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where d is the cell gap, n is the number of electrons, F is the Faraday constant and C is the initial concentration of
I;™ ions. Both Jj;,, and D, have a sequence of sample KTM3 > sample KT3 > sample T > sample K which indicates
that the electrocatalytic activities of the samples increases with the addition of salts at the beginning and then
second salts and lastly the addition of the MPII into the system®’. This explains the trend of the increasing of the
PCE of the GPE samples of the J-V studies.

In conclusion, we have prepared and optimized the P(VP-co-VAc) based gel polymer electrolytes by incorpo-
rating two salts with two different sizes (KI and TPAI) and MPII ionic liquid. The highest ionic conductivity that
was achieved at 4.09 x 107*>S cm ! in sample KTM3 which was developed by KI, TPAI and MPII at an optimum
concentration. The activation energy of the same sample was found to be consistent with results of the ionic
conductivity as well. The conductivity-temperature (c-T) relationship for the GPE samples indicates that they
are obeying the Arrhenius behavior. The highest power conversion efficiency that was obtained is 5.94% which is
from sample KTM3. The EIS test results show that the sample with higher content of bulkier cations would have
higher electron lifetime which could lead to an increase in V, of the sample and the Tafel studies also explained
the electrocatalytic studies that affected the PCE of the GPE samples.
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Methods

Materials. Poly(1-vinylpyrrolidone-co-vinyl acetate) (P(VP-co-VAc)) (Mw, ~50,000 g mol~!), ethylene car-
bonate (EC), propylene carbonate (PC), 1-methyl-3-propylimidazolium iodide (MPII), tetrapropylammonium
iodide (TPAI) and sensitizing dye di-tetrabutylamm onium cis-bis(isothiocyanato)bis(2,2-bipyridyl-4,4’-dicar-
boxylato)ruthenium(II) (N719) were purchased from Sigma Aldrich. KI and iodine chip (I,) were purchase from
Friedemann Schmidt Chemical. P(VP-co-VAc), KI, and TPAI were dried in the vacuum oven at 50 °C prior to
use.

Gel polymer electrolytes preparation. The samples were prepared with the composition shown in
Table 1. Salts and other additives used for the preparation of the gel electrolytes in this work were dissolved in EC
and PC mixture inside small vessels and maintained stirring at 60 °C until complete dissolution. The EC and PC
mixture has the weight ratio of 1:1 and the weight of the iodine would be the 10:1 of the molar ratio of the salts
to the iodine. After complete dissolution, the copolymer would be added in slowly into the mixture while being
stirred at 80 °C for 1 hours. Then, the solution would be cool down to room temperature and the gel network will
form and the gel polymer electrolytes were obtained.

Electrical characteristics of the GPEs. The ionic conductivity of the GPEs was measured with an AC
complex impedance spectroscopy with a computer controlled HIOKI 3532-50 LCR Hi-Tester over the frequency
range of 50 Hz to 1 MHz at 0.001 V applied voltage. The ionic conductivity were calculated with the following
formula:

o=

RyA ©)

where o is ionic conductivity in S cm™, I is the thickness of the thin film sample in cm, R, is bulk resistance
in Q obtained from Cole-Cole impedance plot and A is the surface area of the sample touching on the electrodes
in cm?. The GPEs were sandwiched between two polished stainless steel electrodes and then used for the con-
ductivity measurements. The thickness of the GPE is controlled with a 0.75-mm-thick Teflon® spacer in between
the electrodes. Temperature variation of the conductivity for each sample was obtained by taking measurements
at approximately 10 °C intervals in the temperature range 30 °C to 100 °C. At each temperature, the sample was
allowed to stabilize for about 30 min before the measurement was taken.

Preparation of the electrodes. Titanium dioxide (TiO,) blocking layers were coated with simple doctor
blade methods. FTO-covered glasses were used as the transparent conductive substrates. Prior to the coating
process, these substrates were properly cleaned with distilled water and ethanol in an ultrasonic bath. The TiO,
paste was prepared by mixing Degussa-P25 (D25) TiO, powders (0.5g), Triton X-100 (0.035g) as the dispersing
agent and 2 ml of nitric acid (pH = 1). The mixture was then ground for 30 minutes to ensure that the TiO, parti-
cles were fully dispersed in the mixture. Then, the mixture was coated on the substrate and sintered at 450 °C for
30 minutes to allow the formation of a mesoporous TiO, film with a mean thickness of 8 um. The TiO, electrode
area was 0.25 cm?. Finally, the TiO, photoelectrodes were soaked into a 0.5 mM N719 dye solution in ethanol
for 12h at room temperature and then rinsed in ethanol to remove the unabsorbed dye molecules. Meanwhile,
the counter electrode was prepared with a mixture of Chloroplatinic acid solution (H,PtCls) and isopropyl alco-
hol (C;H,0H) with the weight ratio of 1:1. The mixture was dropped on the conducting surface of the cleaned
substrate and air dried. The coated substrates were then sintered with the digital program settings of 100 °C for
5 minutes and followed by 500 °C for 30 minutes. The resulting Pt coated FTO glasses were then cooled to room
temperature and gently washed with ethanol. The same process was repeated twice in order to obtain Pt counter
electrode with low resistance.

Fabrication and testing of DSSCs. DSSCs were fabricated in the laboratory as illustrated in Fig. 11.
Different GPEs samples were sandwiched in between the TiO, photoelectrode and Pt counter electrode and
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were sent for photocurrent-voltage (J-V) characteristics under the illumination in the range of 20-100 mW cm 2

(P;, = 0.2-1.0) simulated sunlight from a Newport LCS-100 Series solar simulator, with a Metrohm Autolab
potentiostat (PGSTAT128N). The fill factor (FF) and light-to-electric PCE () of the cells were calculated accord-
ing to the following equation:

FF — Vmax X ]max
Ve X J (10)
n (%) = Vonae X Tmax 1000 = Vo X T X FE 0000
Pin Pin (11)

where J is the short-circuit current density (mA cm™2), V. is the open-circuit voltage (V), P;, is the incident
light power, and J,,,, (mA cm~2) and V,,,, (V) are the current density and voltage in the J-V curves at the point
of maximum power output, respectively. The electrochemical impedance spectroscopy was also studied with the
same potentiostat in the range of 0.1 Hz - 100 kHz with AC potential of 10mV. A potential bias equal to open
circuit voltage was also applied. The obtained impedance spectra were analyzed and fitted using Metrohm Autolab
Nova software with appropriate equivalent circuits. Tafel polarization curves were obtained for different GPEs
samples by sandwiching them in between two symmetrical Pt electrodes in the potential range of +1V.
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