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This paper reports the effect of using a mixed iodide salt system with two dissimilar cat-
ions to enhance the efficiency of dye-sensitized solar cells made with polyvinylidene-
fluoride (PVdF) based gel electrolyte. Instead of a single iodide salt, a mixture of potassium
iodide (KI) with a small K" cation and tetrapropylammonium iodide (PryNI) with a bulky
Pry,N* cation were used to provide the required iodide ion conductivity. Solar cells of
configuration FTO/TiO,/Dye/electrolyte/Pt/FTO were fabricated using a mesoporous TiO,
electrode sensitized with a Ruthenium dye (N719). With identical electrolyte compositions,
the cells with KI and Pr,NI alone gave efficiencies of 2.37% and 2.90% respectively. The cell
Dye-sensitized solar cells with the mixed iodide system, KI:Pr,NI = 16.6:83.4 (% weight ratio), however, showed an
PVdF enhanced efficiency of 3.92% with a short circuit current density of 9.16 mA cm 2, open
Mixed cation effect circuit voltage of 674.4 mV and a fill factor of 63.4%.

Gel electrolytes Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
TiO, reserved.
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1. Introduction containing an iodide/triiodide redox mediator and a Pt metal

counter electrode. Such DSSCs sensitized with ruthenium

Dye-sensitized solar cells (DSSCs), introduced by Gratzel in
1991 [1] have the potential to be the low cost alternatives to
conventional inorganic photovoltaic devices. Considerable
amount of research is going on worldwide to produce a reli-
able DSSC with high efficiency [2—6]. A typical DSSC consists
of a photo-electrode containing a dye-sensitized mesoporous
TiO, layer coated on an ITO glass and a liquid electrolyte
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based dyes work well and show good efficiencies around
12% in the laboratory [7]. The major problem with the liquid
electrolyte based DSSCs is their poor long term stability due to
evaporation, leakage, flammability of the liquids, decompo-
sition of the dye, etc. Most of these problems can be solved by
using polymer based gel type electrolytes as they can have
reasonable ionic conductivity and flexibility required for
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making good contacts between components within the solar
cell. Use of various such quasi-solid polymer electrolytes in
DSSCs has been reported but the conversion efficiencies ob-
tained are relatively poor compared to those with liquid
electrolytes [8—10].

Iodide ions are used in most polymer gel electrolyte based
DSSCs as an anion conductor is needed for the operation. The
iodide ion conductivity in the electrolyte is a major factor that
determines the short circuit current density (Jsc) and hence the
efficiency of a DSSC [11]. To increase the iodide ion contribu-
tion to the overall conductivity of iodide based electrolytes,
quaternary ammonium salts containing large cations such as
Pr,NI, BuyNI and Hex,NI are widely used as ionic salts. Several
host polymers have been used to prepare gel electrolytes with
such iodide salts and investigated in DSSCs. PAN based gel
type polymer electrolytes with tetrapropylammonium iodide
(PryN*I7) have been found to give efficiencies reaching about
3% [12,13]. Reasonable efficiencies have also been reported
with PAN/BuyNI system [14,15]. DSSCs with PVAF or PVAF:HFP
gel polymer electrolyte having various iodide salts have also
shown reasonably good efficiencies [16—19]. KI is a popular
salt which is used widely to provide the iodide ion conduc-
tivity in a large number of DSSC systems [20—22]. Most of
these gel electrolytes are usually prepared by dissolving the
salts in mixed ethylene carbonate—propylene carbonate (EC/
PC) co-solvents and adding the host polymer to form gels. It
should be noted that in such gel polymer electrolytes, it is
generally accepted that the electrolytic solution containing
the ionic salts is trapped inside cages formed by the host
polymer matrix giving rise to almost liquid like ionic con-
ductivities [23].

The cations in the electrolyte are expected to play a dual
role in determining the overall efficiency of a DSSC. They in-
fluence the charge injection mechanism at the TiO,/electro-
lyte interface and the Js. through the iodide ion conductivity
[24—27]. While the bulky cations such as Pr,N* and Hex,N ™" are
expected to reduce cationic conductivity and thereby enhance
the iodide ion conductivity in the electrolyte, small cations
with high charge density, such as K, Li* or Na* are expected
to contribute towards better photo-generation of electrons
and their faster transfer across the dye—TiO, interface [11].
Therefore, using a mixture of two iodide salts consisting of a
bulky cation and a small cation with a high charge density in
the polymer gel electrolyte would be useful to enhance the
efficiency of DSSSCs utilizing the above two effects produced
by the cations.

The beneficial effect of using this type of binary iodide salt
mixture in enhancing the efficiency of quasi-solid state DSSCs
has already been observed and reported. The two binary io-
dide mixtures Mgl, + PryNI and Mgl, + Hex,NI have shown
efficiency enhancement effects in PAN gel electrolyte based
DSSCs [28,29]. In a more recent paper by our group, 8% effi-
ciency enhancement has been reported in a DSSC with PAN
based electrolytes containing a binary mixture of Pr,NI and KI
[11]. In the present work a similar investigation is reported
with PVdF as the host polymer in the gel electrolyte instead of
PAN but the binary salt mixture remains same as earlier,
consisting of PryNI with a bulky cation and KI with a smaller
cation. The present investigation was carried out in order to
confirm the general nature of the mixed cation effect in

enhancing the efficiency of DSSCs independent of the host
polymer system. PVdF can be a better polymer host as PVdF
based gel type electrolytes in a DSSCs have given high effi-
ciencies ~6.7% [19].

2. Experimental
2.1. Preparation of gel polymer electrolytes

The starting materials used PVdF and Pr,NI with purity greater
than 98% were purchased from Aldrich and EC, PC, iodine
chips (I;) and KI with purity greater than 98% were obtained
from Fluka. Ruthenium (N719) dye was purchased from
Solaronix SA. All the chemicals except I, and PC were vacuum
dried at 60 °C for 24 h in a vacuum oven (Eyela VOS — 450D)
prior to use.

The electrolyte samples were prepared by keeping the
weights of PVAF (0.05 g), EC (0.20 g) and PC (0.20 g) unchanged
and changing the individual weights of KI and Pr4NI so that
their total weight remained at 0.05 g. The weight of iodine was
taken to be one tenth of the total mole amount of the iodide
salts. Appropriately weighed quantities of EC, PC, Pry,NI and KI
were mixed in a closed glass bottle by continuous stirring at
room temperature for about for 12 h until the entire KI has
been dissolved. PVAF was added to the above mixture and
heated up to 125 °C and kept for about 15 min while stirring for
PVdF to fully dissolve. The mixture was cooled down to 80 °C
and left at this temperature for 5 more minutes and then
allowed to cool down to room temperature. Then, I, chips
were added and the mixture was continuously magnetically
stirred overnight (12 h) to obtain a homogeneous gel electro-
lyte. This procedure was repeated for all the compositions
shown in Table 1.

2.2. Ionic conductivity of the gel electrolytes

The ionic conductivity of the gel polymer electrolyte samples
was determined by the electrical impedance spectroscopy
with a computer controlled Solatron SI-1260 impedance
analyzer in the frequency range 20 Hz—10 MHz. Thin film
samples in disc form sandwiched between two polished
stainless steel electrodes were used for the conductivity
measurements. Temperature variation of the conductivity of
each sample was obtained by taking measurements at

Table 1 — Electrolytes having different compositions of KI,
Pr,N*I~ and I,. Weights of other components are as

follows: PVAF = 0.05 g: EC = 0.20 g: PC = 0.20 g; Salts:
0.05 g.

Electrolyte KI (g) Pr,NI™ (g) I (g)
A 0.0000 0.0500 0.0040
B 0.0041 0.0459 0.0043
C 0.0083 0.0417 0.0046
D 0.0167 0.0334 0.0052
E 0.0250 0.0250 0.0058
F 0.0500 0.0000 0.0076
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approximately 5 °C intervals in the temperature range
30—60 °C. At each temperature, the sample was allowed to
stabilize for about 30 min before the measurement was taken.
The ionic conductivities of each sample at different temper-
atures were obtained using the corresponding impedance
plots.

2.3. Photo-electrode preparation

A mesoporous TiO, layer was used as the base material for
deposition of dye sensitizers. TiO, paste prepared by grinding
0.20 g of TiO, (Degussa P-25) with 12 drops (about 0.15 g) of
glacial acetic acid, one drop (about 0.02 g) of Triton X-100 and
about 2 ml of ethanol was spread on a pre-cleaned, fluorine-
doped conducting tin oxide (FTO) glass (Nippon sheet glass
10—12 Q/sq) using doctor blade method. The paste was spread
s0 as to have an active area of 0.25 cm? for solar cell operation.
The film was sintered at 450 °C for 45 min and allowed to cool
down to room temperature. The thickness of the TiO, film was
measured using a homemade, calibrated profilometer and the
average film thickness of the TiO, film was found to be around
12 um. For the dye adsorption, the film was immersed for 24 h
in ethanolic dye solution containing Ruthenium dye N719
[RuL,(NCS),:2TBA where, L = 2,2-bipyridyl-4,4'-dicarboxylic
acid; TBA = tetrabutylammonium].

2.4. Solar cell fabrication and characterization

The DSSCs having the configuration glass/FTO/TiO,/Dye/
electrolyte/Pt/FTO/glass were fabricated by sandwiching the
gel polymer electrolyte between the dye-sensitized TiO,
electrode and a platinum (Pt) coated FTO glass. The [-V
characteristics of the cells were measured under the illumi-
nation of 100 mW cm~2 (AM 1.5) simulated sunlight, from a
Xenon 500 lamp, with a homemade computer controlled setup
coupled to a Keithley 2000 multimeter and a potentiostat/
galvanostat HA-301.

3. Results and discussion
3.1. Characterization of the gel polymer electrolyte

The compositions of the PVAF based gel polymer electrolyte,
containing I, and different percentages of the binary iodide
mixture Pr,N*T~ and KI, PVdF:EC:PC:(100—x) Pr,N*I~ + x wt%
KI, with x = 0%, 8.3%, 16.6%, 33.3%, 50%, 100% used in this
study are shown in Table 1. The conductivity variation with
temperature for different electrolyte compositions are shown
in Fig. 1 in the form conductivity (on log scale) plotted against
the reciprocal temperature. The electrolyte containing only
Pry,N*I~ as the salt (electrolyte A) has the lowest conductivity
at all measured temperatures. This electrolyte has a conduc-
tivity of4.38 x 10*Scm ' at29.2°Cand 5.71 x 10 3Scm ' at
50.7 °C. The conductivity gradually increases as the amount of
KIin the electrolyte increases. The electrolyte containing only
KI (electrolyte F) shows the highest conductivity of
1.07 x 107>Scm™" at29.3°Cand 1.47 x 107> S cm ™" at 50.3 °C.

The ionic conductivity of the gel type electrolyte results
mainly from movement of ions dissociated in the “trapped”
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Fig. 1 — The variation of ionic conductivity vs temperature
with % weight ratio [KI)/[PrsN"17] % for the PVdF based gel
electrolyte: PVAF:EC:PC:KI + Pr,N*I :L,.

EC/PC co-solvent in the PVAF polymer matrix. Electrolyte
sample F has only the KI salt with smaller cation K which can
be mobile and therefore its ionic conductivity must come from
the contributions of both K* and I~ ions resulting in the
highest conductivity observed for this sample. In electrolyte
sample A having Pr,N'T™ only, as the cation Pry,N* is bulky
only the iodide ions (I7) are expected to make considerable
contribution to the ionic conductivity and therefore this
sample shows the lowest conductivity. As the KI concentra-
tion increases at the expense of PryN'I~ concentration from
electrolyte A to F, the conductivity gradually increases mostly
due to the increase in the number of K* ions. However, at a
given salt concentration combination, the dissociated K* and
I” ions from KI salt and I” ions from Pr,N*I~ salt will take part
in the conduction process and contribute to the ionic con-
ductivity of the gel electrolyte. As high molecular weight
Pr,N*I~ is gradually replaced by low molecular weight KI, the
number of iodide ions will also obviously increase with
increasing KI content. The total conductivity originates from
highly mobile K* cations, and I~ anions from both salts and
therefore the total conductivity naturally increases with
increasing KI content as seen from Fig. 1.

All graphs in Fig. 1 show linear variations that can be
explained assuming that the conductivity temperature
dependence follows Arrhenius type behaviour given by the
equation,

oT =B exp (7%)

where E, is the activation energy, B is the pre-exponential
factor and k is the Boltzmann constant.

The parallel lines in Fig. 1 imply that the activation energy
values are almost same for all six gel electrolyte samples
studied and independent of the concentrations of KI and
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Pr4N*1~ salts. It can be assumed that these PVAF based gel
electrolytes are formed essentially by “trapping” the EC/PC
(ethylene carbonate/propylene carbonate) based electrolytic
solution in the matrix formed by PVAF and the conducting
properties of the electrolyte to be determined essentially by
the properties of the electrolytic solution at all concentrations
as explained in detail for the PAN based system reported
earlier [11].

In organic liquid electrolytes ion transport is mainly gov-
erned by a single activation process which involves rear-
rangement of local structure of the liquid in the vicinity of the
moving ion in addition to overcoming activation barrier
[30,31]. The activation process in organic liquid electrolytes
can be considered as ion translational motion mediated by
relaxation of surrounding medium. Hence the activation en-
ergy in liquid based electrolytes will be expected to mainly
governed by the nature of the solvents rather than the type of
saltin them or the concentrations of the salt or salt mixture in
them. The activation energy of the present gel polymer elec-
trolyte system, in which the ionic conductivity results mainly
from movement of ions dissociated in the “trapped” EC/PC co-
solvent in the PVdF, is therefore, depends to a large extent, on
the co-solvent involved and unaffected by the type and the
concentration of the salt(s). This is most likely the reason for
the almost similar activation energies observed for the con-
ductivity variation for different compositions of electrolytes
shown in Fig. 1.

3.2. Solar cell characterization

Six different dye-sensitized solar cells were fabricated using
the six different electrolyte compositions shown in Table 1
and their performances at room temperature were investi-
gated. Fig. 2 shows the J—V characteristics obtained for
DSSCs with PVAF gel electrolytes containing 0% (w/w) KI
(electrolyte A), 16.6% KI (w/w) (electrolyte C), and 100% (w/w)
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Fig. 2 — J—V characteristics of the three dye sensitized solar
cells with (a) 0 wt% KI (only with Pr,NI as the salt), (b)

100 wt% KI (only with KI as the salt) and (c) the salt mixture
16.6 wt% KI + 83.4 wt% PryNI.

Table 2 — Parameters of solar cells with electrolytes of
different KI/Pr,N*1~ weight ratio.

KI wt% 0% 8.30% 16.60% 33.30% 50%

100%

Ve (mV) 680.5 6656 6744 731 7172 751

I (mA) 1537 1787 229 1493 1211 1.153
Jee (MAcCm™?) 6148 7148 916 5972 4844 4612
Fill factor (%) 69.28  69.8 6343 69.72 6833 6851
Efficiency (%) 290  3.32 392 305 238 237

of KI (electrolyte F). For the purpose of clarity the curves for the
DSSCs with other compositions are not shown in this figure.

Solar cell parameters, under the irradiation of 1000 W m~2,
such as the open circuit voltage (Voc) and the short circuit
current density (Jsc) were measured and the fill factor (FF, %)
and efficiency (n, %) were calculated for all the cells studied.
The results obtained are shown in Table 2. The fill factor was
calculated using

}opt Vopt

i Vee
where Jop: and Vi, are the current density and voltage at
maximum power output. The n was calculated using

_ Jsc Voo FF
~ Total incident power density

n

Table 2 shows that the performance parameters of the solar
cells are sensitive to the cations present in the gel electrolyte.
Voc is somewhat small and J,. is large for larger cation PryN*.
But for the smaller cation K*, V.. is large and J. is small. On
mixing the two cations V. drops a little and increases again as
the amount of smaller cation increases. The observed drop
resulting in a V. of 677.4 mV for the highest efficiency cell is
due to the effect of both types of cations. The Js. changes most
with cation concentration ratio. The fill factor remains nearly
same for all KI/Pr,N*I~ concentration ratio but drops a little
for the highest efficiency cell. Therefore, J., which is mostly
determined by the relative amount of iodide ion concentration
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Fig. 3 — Variation of (a) Efficiency and (b) Short circuit
current density of dye sensitized solar cells with % wrt ratio
of KI/Pr,NI. The maximum solar cell efficiency and the
maximum J,. occur at the optimum salt ratio 16.6 wt%

KI + 83.4 wt% Pr NI.
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Table 3 — The characteristics of PAN and PVdF polymers.

PAN PVdF
Formula C3H3N C,H,F,
M. wt. of monomer 53.06 g/mol 64.03 g/mol
Amorphous density 1.184 g/cm? 1.749 g/cm?

in the gel electrolyte, contributes significantly to the solar cell
efficiency.

The efficiency (7, %) and the short circuit current density (Jsc)
of all six solar cells as a function of the KI weight percentage are
shown in Fig. 3.

The efficiency variation follows essentially the same vari-
ation as Js.. The salient feature is that the solar cell fabricated
with the binary iodide mixture with 16.6% (w/w) KI concen-
tration shows the highest energy conversion efficiency of
3.92% whereas the solar cells fabricated with the electrolyte
having 100% KI and with 100% Pr,NI show efficiencies of 2.90%
and 2.37% respectively. The binary iodide mixture having the
16.6 w/w% KI in the gel electrolyte has clearly enhanced the
solar cell efficiency by 35%. It is interesting to note that the
maximum efficiency is obtained with an electrolyte having a
lower total ionic conductivity than with the electrolyte having
the highest total conductivity.

The Js. reaches a maximum value for a particular combi-
nation of the K" and PryN*cations as shown in Fig. 3. Similar
results have been observed for PAN based systems as well [11].
One explanation for the occurrence of the maxima in the ef-
ficiency and Js. at 16.60 wt% KI concentration is as follows: As
the KI percentage increases the net iodide ion concentration
[I7] in the gel electrolyte increases giving rise to the initial
increase in Js.. At low KI concentrations one can expect that
most of the available iodide ions (I7) to be free and contribute
to the Js. and efficiency. The maximum efficiency and the
maximum Js. occur at 16.6 wt% KI sample. The subsequent
drop in Js. with increasing KI percentage is mostly due to the
reduction of the number of free I” ions due to ion association
leading to the formation of ion pairs, triplets and higher ionic
aggregates which may not contribute to the Js.. Even though
the overall ionic conductivity has increased with KI content,
and also the iodide ion concentration has increased with KI
content, the iodide ion conductivity has gone through a
maximum which corresponds to the Js. maximum. Therefore,
the conductivity increase beyond the maximum efficiency
composition (16.6 wt% KI), is evidently due to increase in the
number of highly mobile K* ions. The remaining excess iodide
ions, (beyond the maximum efficiency composition) remain in
the medium as higher ionic clusters without contributing to
the conductivity. The increase in viscosity of the electrolyte
due to increase in KI percentage may also decrease the iodide
ion mobility and reduce the Js. as well. Also at high percentage
of KI, some KI salt may not dissociate and thereby not
contribute to ionic conduction. The levelling off of the Jg
beyond about 40 wt% of KI indicates that the decreasing ten-
dency of the current is compensated by increase in current
which may arise due to formation triple ions with higher
charge at high percentage of KI. The efficiency is thus related,
not to the iodide ion concentration [I7/I3], but to the iodide ion
contribution to the overall ionic conductivity and the

maximum efficiency in this example corresponds to the
highest iodide ion conductivity. This has been established by
laborious iodide ion transference number measurements for a
couple of other systems [11].

The present PVAF based DSSC shows a lower efficiency
compared to that of a similar PAN based DSSC reported in Ref.
[11]. The difference in efficiencies obtained for the two systems
can be qualitatively explained as follows: While the weight ratio
in the electrolyte for the PAN:EC:PC:Salt mixture = 1:4:4:0.6, for
the PVAF:EC:PC:Salt mixture it is = 1:4:4:1. Through convincing
experimental evidence on PAN:EC:PC based and PVAF:EC:PC
based lithium ion electrolytes developed for rechargeable
lithium batteries, it has been rather well established thatin both
these systems, an electrolyte solution (salt dissolved in EC/PC
co-solvent) is “entrapped” within a matrix formed by the poly-
mer. The nature of the net polymer host structure and its
physical properties, however, would affect the ionic conduc-
tivity (through viscosity and mobility).

As seen from Table 3 below, PVAF has a higher molecular
weight per repeat unit and a higher amorphous density
compared to PAN. Therefore, in the resulting “gel”, the ionic
mobility of iodide ions is expected to be higher in the PAN
based material compared to the PVdF based material resulting
a higher Js. and hence a higher efficiency for the DSSC based
on the PAN system.

4, Conclusions

The dye-sensitized solar cells operated with PVAF based
polymer electrolytes with a binary iodide system consisting of
a small alkali cation (K*) and a bulky cation (Pr,N*) show ef-
ficiency enhancement which can be attributed to the mixed
cation effect. When the relative percentage of Kl is changed in
the electrolyte, the resulting efficiency variation follows that
of the short circuit current density (Jsc). With identical
polymer-EC/PC-salt compositions, the solar cell with KI alone
gave an efficiency of 2.37% with J¢ = 6.15 mA cm 2 and the cell
with Pry,NI alone gave an efficiency of 2.90% with
Jsc =4.16 mA cm 2. The cell with the mixed iodide system, KI:
Pry,NI = 16.6:83.4 (% weight ratio) however, showed an
enhanced efficiency of 3.92% with Jo. = 9.16 mA cm ™2, open
circuit voltage (Vo) of 674.4 mV and a fill factor of 63.4%. We
believe that the efficiency enhancement by about 35% and the
occurrence of the maxima in the solar cell efficiency and in
the short circuit photocurrent is an important finding that
supports similar previous results.

It should be noted that current and efficiency of gel poly-
mer electrolytes based DSSC is not determined by the total
ionic conductivity of the electrolyte but by many factors
including the iodide ion conductivity. In fact the net result of
several competing factors in the electrolyte determine the net
short circuit current density and hence the efficiency such as
the number of free I ions and their mobility, the number of
free K* ions and their mobility, the number of Pr,N* ions and
their mobility, the number ion aggregates and the viscosity of
the electrolyte solution [11]. The combination of all these ef-
fects give rise to the maximum efficiency with the electrolyte
having 16.6 wt% KI.
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