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Abstract The enhancement in efficiency of N719 dye-
sensitized solar cells (DSSCs) by a mixed cation iodide salt
mixture is investigated. The gel electrolyte used in the glass/
FTO/nano-porous TiO,/gel electrolyte, I,/Pt/FTO/glass solar
cell structure, consists of tetrapropylammonium iodide
(PryNI) and potassium iodide (KI) in a plasticized
polyethyleneoxide (PEO) host. The salt composition is varied
to optimize the efficiency. With 100 wt% KI and 100 wt%
PryNI efficiencies under AM 1.5 illumination are 3.75 and
3.13 %, while 66.7 w% KI composition shows the highest
efficiency of 4.44 %. This is an efficiency enhancement of
about 18 %. DC polarization measurements established the
predominantly ionic behavior of the electrolytes. Results also
show that the variation of efficiency with salt composition
essentially followed the same trend as the variation of short
circuit photocurrent density (Jsc), which appears to be
governed by the iodide ion conductivity. The above observa-
tions are further supported by photovoltage decay measure-
ments where the electron recombination life time, 7, has the
smallest value for the highest efficiency solar cell.
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Introduction

After the first report by O’Regan and Grétzel in 1991, dye-
sensitized solar cells (DSSCs) have been extensively stu-
died and developed due to their lower fabricating cost, sim-
pler technology, and reasonably higher efficiencies [1-3].
A DSSC generally consists of a working electrode with a
dye-adsorbed nanocrystalline titanium dioxide (TiO,)
layer, an electrolyte containing iodide/tri-iodide (I /I37)
redox couple, and a counter electrode comprising a cataly-
tic platinum film.

DSSCs consisting of electrolyte solutions typically have
efficiencies around 10 % but suffer from several major draw-
backs, such as the lack of long-term stability due to liquid
leakage, usage of volatile liquids such as acetonitrile, elec-
trode corrosion, and photodecomposition of the dye in the
solvent medium. In order to overcome these problems, many
attempts have been made to replace the liquid electrolyte by
quasi-solid or gel polymer electrolytes [4—7].

Solid polymer electrolytes are ionic conductors formed by
dissolving ionic salts in suitable high molecular weight poly-
mers such as poly(ethylene oxide) (PEO) and poly(propylene
oxide) (PPO) [8]. However, due to their low ambient temper-
ature conductivity, it has not been possible to use solid poly-
mer electrolytes successfully in practical devices such as lith-
ium rechargeable batteries and dye-sensitized solar cells. One
of the commonly used strategies to increase the ambient tem-
perature conductivity of polymer electrolytes is to incorporate
plasticizers so that the resulting “gel” electrolyte will have

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-015-3018-1&domain=pdf

J Solid State Electrochem

sufficiently high conductivity for practical applications. These
polymer gel electrolytes can generally be made by using plas-
ticizers in polyethyleneoxide (PEO)-based systems where the
ether oxygen atoms facilitate the cation transport mechanism
and the anion transport occurs by diffusion. Polymer gel elec-
trolytes can also be made by using an organic solution elec-
trolyte “entrapped” within a matrix formed by polymers such
as polyacrylonitrile(PAN) and polymethylmethacrylate
(PMMA) where the polymer host essentially acts as a matrix
[9, 10].

Polyethyleneoxide (PEO) has the ability to solvate a variety
of inorganic salts leading to polymer electrolytes with signif-
icant values of ionic conductivity. PEO and most PEO-salt
mixtures exhibit co-existence between crystalline and amor-
phous phases; in fact, only 15-30 % of PEO is in the amor-
phous phase at room temperature. Most PEO-based polymer
electrolytes that have been widely studied so far are solvent-
free complexes of high molecular weight PEO and alkali met-
al salts, developed as cationic conductors, mainly as Li" con-
ductors for rechargeable lithium batteries [8, 11]. Plasticizers
such as ethylene carbonate (EC) and propylene carbonate
(PC) are able to reduce the crystallinity of the PEO polymer
and lower the glass transition temperature 7 in order to en-
hance the ambient temperature ionic conductivity of PEO-salt
complexes [12—14]. There are not many reports of PEO-based
anionic conductors. Due to the high polarity to dissolve redox
couples such as I /I3 and excellent chemical stability, these
can be developed as iodide (I)- and tri-iodide (I3 )-
conducting electrolytes to be used in dye-sensitized solar cells
[15-20].

In DSSCs based on iodide ion-containing gel electrolytes,
the contribution of the iodide and tri-iodide ion (I ,I3~ ) con-
ductivity to the overall ionic conductivity is a major factor
which determines the short circuit photocurrent density (Jy.)
and hence the efficiency. This is because the iodide and tri-
iodide ions, while participating in the I /I3 redox reactions,
also shuttle between the photo-electrode and the counter elec-
trode. During the solar cell action, the iodide ions (I") migrates
from the Pt counter electrode to the dye-sensitized TiO,
photoanode while the tri-iodide ions (I3 ) migrate from the
TiO, electrode to the Pt counter electrode. Although iodide
ion conductivity plays an important role in determining the
short circuit photocurrent and the efficiency of a DSSC, not
much systematic research work has been reported on this
subject.

Several studies have revealed that cations in the electrolyte,
when adsorbed to the TiO, semiconductor surface, have a
profound influence not only in determining the short circuit
current density (Js.) but also on the electron dynamics at the
electrolyte/semiconductor interface and hence on the efficien-
cy of DSSCs [21-24]. Central to many cation effects is the
influence of the interfacial cation concentration on semicon-
ductor energetics. In liquid electrolytes and in some polymer
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electrolytes, different cations have shown different effects on
open circuit voltage, V. [24].

Although electrolytes with many different types of sin-
gle cation salts have been used in DSSCs, there are only
very few published reports on the use of a mixed cation
binary iodide salt mixture as the iodide source. Electrolytes
with a single iodide salt containing small size cations such
as Lil, KI, Mgl, as well as quaternary ammonium salts
containing bulky cations such as tetrapropylammonium io-
dide (Pr4NI) and tetrahexylammonium iodide (Hex4NI)
have been widely used in the past to provide iodide ions
in DSSCs. While small-sized cations, such as Li" and K,
are expected to enhance the short circuit photocurrent at
the expense of the open circuit voltage, bulky cations such
as PryN" and Hex,N" have shown to minimize the drop in
photovoltage caused by cation adsorption on TiO, elec-
trode [25, 26].

There are few reports on DSSCs with iodide salt mix-
tures showing better performance compared to those with
only one iodide salt [27, 28]. In some reports, DSSCs
containing aqueous electrolytes with various cations have
shown that short circuit current density increases with the
increasing charge density of the cation in the electrolyte
while the fill factor, open circuit voltage, and efficiency
decrease [29, 30]. Because of the seemingly different
roles played by different size cations in affecting the Jg.
and V,. and electron dynamics at the semiconductor/
electrolyte interface, it would be interesting to explore
the combined effect of using a binary mixture of two
iodide salts, one consisting of a bulky cation and the other
consisting of a small alkali cation with different charge
densities in the electrolyte in order to benefit from both
cation types/sizes. Accordingly, we have studied the pres-
ent DSSC system using the PryNI and KI as the mixed
cation binary iodide mixture incorporated into the PEO-
based gel polymer. The beneficial effect of using this type
of binary iodide salt mixture with mixed cations on the
efficiency enhancement in several quasi-solid state
DSSCs with PAN-based and PMMA-based gel electro-
lytes have already been reported by us [31-33]. As far
as we are aware, this is the first report of a DSSC emplo-
ying a PEO-based polymer gel electrolyte containing a
small cation (K") and a bulky quaternary ammonium cat-
ion (Pr;N"), emphasizing cation size effect and the iodide
ion conductivity on solar cell performance.

Experimental

Materials

All the chemicals used as starting materials were of purity
greater than 98 %. Polyethylene oxide (PEO, Mw 4x10°,
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Aldrich), ethylene carbonate (EC) (Fluka), propylene carbon-
ate (PC) (Fluka), tetrapropylammonium iodide (PryNI) (98 %,
Aldrich), potassium iodide (KI) (99.5 %, Fluka), iodine
(Fluka), glacial acetic acid (99 %, Fisher scientific), Triton-X
(Aldrich), and ethanol (BDH) were used as received. Titanium
dioxide powder (TiO,) (P-25) was purchased from Degussa
AG. Fluorine-doped tin oxide glass plates (FTO) (Nippon
glass of sheet resistance 10—12 €2/sq) were used as a substrate
for coating TiO, paste. Ruthenium dye (N719)(di-
tetrabutylammoniumecisbis(isothiocyanato)bis(2,2'"-bipyridyl-
4,4" dicarboxylicacid) purchased from Solatronix was used as
the sensitizer. All the chemicals except I, and PC were vacu-
um dried at 60 °C for 24 h prior to use.

Preparation of the PEO-based gel electrolyte

For the preparation of the electrolyte samples, the weight of
PEO (0.10 g), EC (0.40 g), and PC (0.40 g) was kept un-
changed while the total weight of KI and Pr,N'T" was kept
at 0.06 g. The weight of the I, was taken to be one tenth of the
mole amount of the iodide salt. Weighed amount of EC, PC,
Pr4NI, and KI was magnetically stirred at room temperature in
a closed bottle for 30 min for complete dissolution of all the
salts. Appropriate amount of PEO was then added, and the
mixture was magnetically stirred at 140 °C on a hot plate for
1 h until the entire polymer has been dissolved. Subsequently,
the mixture was allowed to cool down to room temperature
and appropriate amount of iodine was added. The mixture was
then continuously stirred for overnight to obtain the gel poly-
mer electrolyte. The above procedure was repeated for all six
compositions shown in Table 1.

Conductivity measurements

Ionic conductivity of the gel polymer electrolyte samples was
determined by the AC complex impedance method using a
Solatron SI-1260 impedance analyzer in the frequency range
20 Hz—10 MHz. Sample was placed inside a Teflon spacer and
sandwiched between two polished stainless steel electrodes.
The temperature of the sample was varied from about 25 to

about 55 °C at approximately 5 °C intervals. The temperature
of the sample was allowed to stabilize at each measuring tem-
perature for about 30 min. For all the compositions studied,
the ionic conductivity at each temperature was extracted from
the corresponding impedance plots.

DC polarization measurements

The DC polarization test was performed for all six composi-
tions by sandwiching each electrolyte sample between two
stainless steel (SS) blocking electrodes and applying a small
DC voltage of about 1 V and measuring the variation of the
resulting current with time. This test was repeated for all the
samples by sandwiching each sample between two iodine
non-blocking iodine electrode pellets in the FTO/Pt/I,/electro-
lyte/I,/Pt/FTO configuration in order to estimate the iodide ion
contribution to the total ionic conductivity.

TiO, electrode preparation

The TiO, paste was 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. The resulting paste was spread on a pre-cleaned,
fluorine-doped conducting tin oxide (FTO) glass (Nippon
sheet glass, 10-12Q/sq). An active cell area of 0.25 cm?
was obtained by spreading the paste using the doctor blade
technique and sintering at 450 °C for 45 min. The resulting
TiO, nano-porous film was allowed to cool down to room
temperature. The thickness of the film on FTO glass was mea-
sured with the help of a homemade, calibrated profilometer
and the average film thickness of the TiO, film was found to
be around 12 um. Dye absorption was carried out by immers-
ing the TiO, film in an ethanolic dye solution containing ru-
thenium dye N719 for 24 h.

Solar cell fabrication and characterization

The gel polymer electrolyte-based dye-sensitized solar cells
(DSSCs) of configuration glass/FTO/TiO,/dye/electrolyte,

Table 1 Compositions and
parameters of solar cells with
PEO:EC:PC: PryNI+x wt% KI, I,

Weights: PEO:EC:PC: (KI+PryNI) : ,=0.1 g: 04 g:04 g:(0.06 g) : x
x=0.1 of the molar weight of the iodide salts

gel electrolyte samples for six

different KI/ PryNI molar ratios Sample A
KI wt% 0
Voo (mV) 717.5
Joo (MA cm?) 7.68
Fill factor (%) 56.9
Efficiency (%) 3.13

Lifetime 7 (s) 0.618

B C D E F
16.6 333 50 60.7 100
727.8 746.3 735.2 742.4 654.9
9.26 9.48 9.68 10.12 9.36
53.2 54.6 58.1 59.1 61.3
3.58 3.86 4.14 4.44 3.75
0.617 0.685 0.612 0.529 0.587

Italicize values refer to the electrolyte composition which gives the maximum solar cell efficiency
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L/Pt/FTO/glass were fabricated by sandwiching the polymer
electrolyte between the dye-adsorbed TiO, electrode and a
platinum (Pt)-coated FTO glass. The photocurrent—voltage
(I=V) characteristics of the cells were measured under the il-
lumination of 100 mW c¢m ? (AM 1.5) simulated sunlight
using a computer-controlled measuring system coupled to a
Keithley 2000 multimeter and a potentiostat/galvonostat HA-
301. A Xenon 500 lamp was used with AM 1.5 filter to obtain
the simulated sunlight with above intensity.

Photovoltage decay measurements

The solar cell was first set to open circuit state by setting the
current in the Metrohm Autolab Potentiostat to zero. Then, the
cell was illuminated by low intensity white light. After the cell
reached the steady state, it was exposed to green laser light
with wavelength 532 nm from a green LED. Then, the laser
light was cut off by using a mechanical shutter. The resulting
decay of the photo voltage with time was measured.

Results and discussion
Characterization of the PEO-based gel polymer electrolyte

The variation of In oT vs 1/T for different electrolyte compo-
sitions is shown in Fig. 1. The electrolyte containing only Pr,;NI
as the salt (sample A) has the lowest conductivity at all mea-
sured temperatures. It has a conductivity of 3.46x107> S cm !
at 28 °C. At a given temperature, the conductivity gradually
increases with the increasing amount of KI in the mixed salt
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Fig. 1 The variation of InoT plotted against the reciprocal absolute
temperature for PEO/EC/PC/KI/PryNI/I, gel electrolytes containing
different KI/Pr,NI weight ratios
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electrolyte and the electrolyte containing 100 % KI (sample F)
shows the highest conductivity of 6.94x 107 S cm " at 28 °C.
As seen in the Fig. 1, from the linear shapes, the conductivity
appears to follow the Arrhenius equation,

_Ea
oT = Bexp (k_T>

where E, is the activation energy, B is the pre-exponential fac-
tor, and % is the Boltzmann constant.

A typical PEO-based polymer electrolyte has, in general, a
multi-phase nature consisting of a pure PEO spherulite crys-
talline phase and an amorphous phase with dissolved salt. It
has been accepted that significant ionic conduction in PEO-
based polymer electrolytes occurs only in the amorphous elas-
tomeric phase. Therefore, a key to the design of highly
conducting PEO polymer electrolytes is to maximize the con-
tent of the amorphous phase [32-34]. During ion transport in a
PEO polymer electrolyte, cations are coordinated with the
oxygen atoms of the polyether chain. The ion transport mech-
anism consists of the cation migration facilitated by large am-
plitude segmental motion of the polymer chains. The anion is
either indirectly weakly bound to the polymer chain through
the bonding to cation or totally free and the anionic migration
occurs by diffusion. However, the flexibility of the polymer
chain is rate determining also for the anion transport. In a
PEO-based polymeric electrolyte, the glass transition temper-
ature, Ty, is lowered when plasticizers are incorporated indi-
cating that the segmental mobility of PEO chains also in-
creases resulting a faster ionic conduction. The plasticizers
EC and PC added to PEO electrolytes will not only increase
the amorphous nature of the PEO electrolyte but also promote
the ionic dissociation into cations and anions. Both these
would increase the ionic conductivity [34, 35]. While the high
dielectric constant of the plasticizers favors salt dissociation,
the low viscosity would lead to high ionic mobility.

Pulsed field gradient (PFG) NMR measurements of the cat-
ion and anion diffusion coefficients in the amorphous phase of
the poly(ethylene) oxide-lithium triflate [(PEO)gLiCF3SOs]
complex have shown that there is a predominant anionic con-
ductivity with a relatively high anionic transference number
[36]. There are also reports indicating that the addition of EC
and PC to PEO-based electrolytes would lead to an increase in
anionic conductivity compared to the unplasticized electrolyte
[37]. The Arrhenius-like behavior seen in Fig. 1 suggests that the
mobility of ions is coupled more to the mobility of the organic
solvents (EC/PC) and less to the segmental motion of the poly-
mer chains. The activation energy values, which correspond to
the gradients of the linear Arrhenius plots, are almost constant
for all six gel electrolyte samples studied and essentially inde-
pendent of the salt concentration ratios [KI]/[PrNI].

The ionic conductivity of the sample F (with 100 wt% KI
salt) originates from two types of ions, namely K" ions and I'/I5”
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ions, and all these ions contribute to the highest conductivity
seen for this sample. On the other hand, the ionic conductivity
of the sample with 100 wt% PryNI (sample A) is the lowest. This
must be expected as the cation PryN" in this electrolyte sample is
bulky in comparison to K ion, and the iodide ions (I) are
expected to make the dominant contribution to the ionic con-
ductivity in this material. As the weight percentage of KI in the
electrolyte increases from samples A to F, the dissociated K™ and
I' ions from KI are expected to make a dominant contribution to
the total ionic conductivity of the gel electrolyte because of the
increased number of K and I” ions and high mobility of K ions
in comparison with the bulky PryN" ions.

DC polarization data taken using stainless steel (SS) blocking
electrodes show that all the gel electrolyte samples studied in
this work are predominantly ionic conductors and the electronic
conductivity is negligibly small. The steady-state DC polariza-
tion curves, taken with iodine pellet non-blocking electrodes in
the SS/I,/electrolyte/I,/SS configuration for the gel electrolyte
samples, PEO:EC:PC: PryNI+x wt% KI, I, for different x values
clearly show the different iodide ion (I") contributions to the
overall ionic conductivity in each sample (curves not shown).
From these measurements, it can be concluded that the iodide
ion transference numbers for the six electrolyte samples are in
the 0.15 to 0.45 range and follows the same trend as the variation
of Jy.. This suggests that the anionic conductivity by I ions in
the electrolyte, essentially determines the short circuit photocur-
rent density of the solar cell.

Characterization of dye-sensitized solar cell

The photocurrent—photovoltage (/~V) characteristics of six
DSSCs of configuration glass/FTO/TiO,/dye/electrolyte/Pt/
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Fig.2 The photocurrent—photovoltage (/~V) characteristics of three solar
cells where the gel electrolyte salt compositions are 0 wt% KI (only
PyNI) (black square), 66.7 wt% KI+83.33 wt% PryNI (black triangle),
and 100 % KI (black circle). (100 mW cm 2, AM. 1.5, active area
0.25 cm?)

FTO/glass were measured using gel electrolyte samples with
seven different KI/ Pr,N'T " salt ratios (samples A to F).
Although we have obtained /-V curves for solar cells with
all six electrolyte compositions, only the curves for solar cells
with three compositions are shown in Fig. 2 as representative
examples. These three cells were fabricated with the gel elec-
trolyte with 0 wt% KI (sample A), 66.7 wt% KI (sample E),
and 100 wt% of KI (sample F). Solar cell parameters such as
the open circuit voltage (V,.) and the short circuit current
density (Js.) were measured and the fill factor (FF %) and
efficiency ( 1 %) were calculated for all the cells studied.
The results are tabulated in Table 1.

The efficiency (1) and the short circuit current density (Jy.)
of all six solar cells as a function of wt% KI are shown in
Fig. 3. It is interesting to see that the efficiency variation fol-
lows a similar variation as the Jy.. It is important to realize that
the solar cell fabricated with the binary iodide mixture with
66.7 wt% KI composition shows the highest energy conver-
sion efficiency of 4.44 % and has the highest short circuit
photo current density of 10.12 mA cm 2, while the solar cells
fabricated with 100 wt% KI and with 100 wt% PryNI have
shown efficiencies of 3.75 and 3.13 %, respectively. The use
of'the binary iodide mixture has clearly enhanced the solar cell
efficiency by a factor of about 18 % compared to the cells with
only a single iodide salt.

The power conversion efficiency (1 %) of a solar cell is
given by the following equation:

_ Jsc Voc FF
~ Total incident power density

Ui

where the symbols have their usual meanings. According to
this formula and Table 1, the dominant contribution to the
solar cell efficiency in the present work clearly comes from

7
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Fig. 3 The variation of a the efficiency (1) and b the short circuit photo
current density (Js.) of all six solar cells as a function of the wt% KI
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the J,. and is determined essentially by the relative amount of
iodide ion conductivity in the PEO-based gel electrolyte.

Cation influenced charge transfer dynamics in DSSCs

Cations play an important role in the performance of DSSCs.
The cation/TiO; interactions cause two effects in a DSSC; (i) a
positive shift of the flat band potential of the semiconductor
and (ii) the creation of deeper electron-trapping states, which
play an important role in electron transport through TiO, to
the current collector. The charge transfer process in a TiO,-
based dye-sensitized solar cell with a typical electrolyte con-
taining an iodide/tri-iodide (I /I37) redox couple involves sev-
eral steps. Under light illumination, the photoexcited electrons
are injected from the excited dye sensitizer (D*), (D*—D"+
e ) into the conduction band of the nanocrystalline TiO, and
reach the external circuit. The oxidation of I anions ( 3 —
I3 +2e") takes place on the surface of the dyed TiO, film, and
therefore, the resulting dye cations in the previous step are
reduced by I” anions (2D"+3I"—2D+1I5"). Meanwhile, the
oxidized I3~ species migrate from the photoanode to the plat-
inized counter electrode and become reduced to I” by
accepting electrons from the external circuit. Cations in the
electrolyte can efficiently screen the photo-injected electrons
on the TiO, film, ensuring that electro-neutrality is maintained
throughout the TiO, network. Ionic migration in an electrolyte
is therefore strongly correlated with electron transport in the
TiO, film. The dependence of J. and V. on the type, size, and
the nature of the cation take place due to interfacial kinetics of
the dyed TiO, film. Upon light illumination of the dyed nano-
porous TiO, film, the injected electrons from the excited dye
molecules are accumulated at the conduction band of TiO,,
and the cations in the electrolyte become adsorbed into the
TiO, film for charge compensation. The V. is determined
by the relative positions of the flat band potential and the
redox potential of the electrolyte (V,.=|Vp,—Vieq|)- The flat
band potential of TiO, is moved positively due to the cation
adsorption, and it is associated in the drop in photovoltage of
the DSSC. The associated drop in photovoltage depends upon
the size and charge density of the cations. As compared to the
bulky cations, small-sized cations could easily be adsorbed on
to the TiO, grain surface producing a larger potential drop.
However, due to this greater positive shift of the TiO, flat
band potential, the driving force for the charge injection from
the excited dye molecules to TiO, increases, resulting greater
injection efficiency and thus a higher photocurrent.

The mixed cation effect
We find that only very few studies are reported in the literature
on the use of mixed cation iodide salt mixtures emphasizing

on the effect of cations on the performance of DSSCs. For the
binary iodide system LI+KI in a PEO-based gel electrolyte,
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the maximum solar cell efficiency of 4.5 % has been achieved
at 14.5 wt% of KI [27]. In this system, the short-circuit pho-
tocurrent density (Jy.) has reached a maximum at 14.5 wt% KI
concentration. However, these authors have not attempted to
correlate the solar cell efficiency directly with the J;. and the
iodide ion conductivity in the electrolyte.

The influence of single iodide salts with different size cat-
ions on the performance of dye-sensitized solar cells has been
studied by several groups. The general finding is that small
radius cations such as Li" and K* get intercalated into the
lattice of nano TiO, causing a positive shift of the conduction
band edge potential. This increases the driving force for
charge injection and typically leads to a higher J at the ex-
pense of V.. This effect is much lower with iodide salts hav-
ing bulky cations such as Pr,N" [30, 38, 39]. It is interesting to
note that the .J,, and V. values of the two end members in our
binary iodide system are generally consistent with the reported
data for single cation salts. In the present system, the J. value
is 7.68 mA cm 2 for the 100 wt% Pr,NI system which is lower
than the J,, value of 9.36 mA cm ™ for the 100 wt% KI system
(Table 1). In the present system, the adsorption of cations, K
and PryN" ions, on the surface of nano titania grains would
cause the conduction band edge to move to the positive side
(downward shift) independent of the cation charge density,
thereby decreasing the V. values. This effect is expected to
be more pronounced for smaller K* ions (ionic radius,
0.138 nm) than for bulky Pr,N" ions (ionic radius, 0.46 nm)
as the number of adsorbed K cations per unit area of nano
titania grain surface would be much greater than the number
of PryN" ions adsorbed due to the difference in their sizes.
Therefore, the drop in ¥, due to this effect should be greater
for the solar cell with electrolyte with 100 wt% KI concentra-
tion (sample F) compared to the drop in ¥, for the cell with
100 wt% PryNI electrolyte (sample A). This can be clearly
seen from the V. values given in Table 1.

The occurrence of the maxima in the efficiency and J at
66.7 wt% KI concentration can be explained as follows. The
net iodide ion concentration [I | in the gel electrolyte results
from the dissociation of both ionic salts. From our calcula-
tions, it could be seen that the net iodide ion concentration
resulting from ionic dissociation of both salts increases from
the 0 wt% KI end to the 66.7 wt% KI sample, giving rise to an
initial increase in Jg. (Fig. 3). At these low iodide ion concen-
trations, one can expect that all the available iodide ions (I') to
be free and to contribute to the J,. and efficiency. The maxi-
mum efficiency and the maximum Jy. occur at the optimized
relative molar iodide ion concentration which corresponds to
sample E with 66.7 wt% KI. According to DC polarization
data (not shown), this composition also had the highest iodide
ion transference number of 0.45. Beyond the 66.7 wt% KI
composition, the efficiency as well as the Js. drops despite
the increase in iodide ion concentration in the electrolyte.
Clearly, a major factor which contributes to this decrease in
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iodide ion conductivity is the decrease in the number of free
iodide ions due to the formation of ion—ion pairs and higher
ionic aggregates. A similar trend has been observed by other
researchers in studies on lithium salt in PEO-based polymer
electrolyte systems using the concept of ion association and
the formation of charge multiplets as well as due to the de-
crease in ionic mobility due to increased viscosity in the me-
dium [40].

A NMR study on ionic conductivity and self-diffusion co-
efficient of lithium ions and the behavior of ion association in
the plasticized PEO: LiClOy system has shown that, above a
certain salt concentration, the fraction of “free” anions de-
creases with increasing salt concentration [41]. However, in
PEO:PC gel electrolytes containing lithium salts, it has been
reported that the diffusion of lithium ions increases as the salt
concentration increases in the gel [42].

The results from literature as discussed above agree well
with our observations made on the present system (Fig. 1).
While at higher KI salt concentrations beyond the J. maxi-
mum, the total ionic conductivity keeps on increasing with
increased KI wt% evidently due to the contribution by highly
mobile K" ions, the iodide ion (I") conductivity contribution
and hence the J;. decreases after exhibiting the maximum at
66.7 wt% KI. Evidently, at these high I ion concentrations, a
considerable fraction of iodide ions remain in the electrolyte
as neutral aggregates without participating in ionic transport,
although, the overall ionic conductivity continues to increase
gradually (see Fig. 1) largely due to the increase in the number
of K" ions.

Several factors need to be considered in order to explain the
observed trends in J,. and V. in these solar cells with mixed
cation-based electrolytes. The J is determined not only by
the enhanced driving force due to increased potential differ-
ence (downhill for electrons) caused by small cations
adsorbed by the TiO, layer but also by the iodide ion conduc-
tivity in the electrolyte medium. As we can clearly see from
Fig. 3, the shift of conduction band edge caused by the ad-
sorption of K* ions and the resulting enhanced electron trans-
fer from the dye to the TiO, conduction band appears to be the
dominant mechanism up to the 66.7 % KI concentration
which determines the J;. and hence the efficiency. All the
photogenerated electrons can contribute to the redox reaction
at the TiO»/electrolyte interface, and due to the high iodide ion
conductivity (and iodide ion transference number) up to this
KI composition, the J,. will reach its maximum value. This is
the “rate-determining” mechanism up to 66.7 % KI concen-
tration. However, as the KI concentration increases beyond
this optimum value, the rate-determining mechanism will be
the iodide ion conductivity (and iodide ion transference num-
ber) and not the rate of generation of photoelectrons.
Therefore, the J;. value and hence the efficiency will be de-
creasing beyond 66.7 wt% KI concentration, up to 100 wt%
KI concentration. The reason for the decrease in J. is the

decrease in iodide ion conductivity due to the formation of
ion pairs and higher ionic aggregates and also increased vis-
cosity due to high KI concentration at the expense of dissoci-
ated free iodide ions. In these high KI concentrations, al-
though the total amount of iodine in the medium is high, the
number of I ions actually contributing to the solar cell per-
formance through J is less compared to the optimized KI
concentration. At these high KI concentrations, the high total
conductivity is due to the K" ions, as evidenced from the low
iodide ion transference number.

In summary, the J. (and hence the efficiency) will be de-
termined by the competition between the effect of energy band
shift by cation adsorption and the iodide ion concentration in
the electrolyte. The former will be rate determining at low KI
concentrations and the latter at high KI concentrations.

In order to confirm our observations, we have performed
photovoltage decay measurements under open circuit condi-
tions independently on all the six DSSCs and only the varia-
tion of ¥, as a function of time for three DSSCs are shown in
Fig. 4. Under these conditions, the photogenerated electrons
will combine with I3 in the redox electrolyte after a time 7, as
described below. The three DSSCs shown include the two end
members and the highest efficiency member. The curves
through the data points are fits to a single exponential decay
process according to exp(—#/7.), where T, is the apparent elec-
tron recombination life time. 7, represents the length of time
photogenerated electrons remain in the film before interacting
with I3~ ions at the TiO,/electrolyte interface under open cir-
cuit conditions. The extracted 7, values from curve fitting are
given in Table 1. The fastest voltage decay with smallest 7,
corresponds to the highest efficiency cell with highest Jg,
(maximum). From Table 1 and Fig. 4, it is clear that 7,
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Fig.4 The variation of voltage decay as a function of time for three solar
cells with electrolyte compositions 0 wt% KI (only PryNI) (black square),

66.7 wt% KI+83.33 wt% PryNI (black triangle), and 100 % KI (black
circle)
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decreases with increase in tri-iodide ion (I3 ) concentration.
Sufficient I3~ ions are available to reduce the dye cations, and
therefore, the decrease in 7, is directly related to increase of I /
I5~ concentration. The lifetime of an electron in the TiO, elec-
trode should decrease with the increasing of the concentration
of I3~ in the electrolyte, because the probability of encounter-
ing electrons in the TiO, electrode with I3 increases with the
increasing of I3~ concentration. This is consistent with the
results from the present work where the lowest electron life-
time corresponds to the highest iodide ion concentration at
66.7 wt% KI. This interpretation is analogous to the analysis
given in reference [43] for a PVDF-HFP-based solar cell.

Conclusions

In dye-sensitized solar cells, fabricated with PEO-based gel
polymer electrolyte incorporating a mixed cation iodide sys-
tem consisting of a small alkali cation (K") and a bulky cation
(PryN"), the variation of efficiency with wt% KI follows a
similar variation as the J;. which appears to be governed by
the iodide ion conductivity in the electrolyte. The dependence
of the short circuit photocurrent and the open circuit
photovoltage on the cation type of the two end member com-
positions generally agrees with reported data for related single
cation systems. The maximum efficiency and the maximum in
Jse occurs at 66.7 wt% KI concentration. With identical elec-
trolyte compositions, the solar cell with 100 wt% KI showed
an efficiency of 3.75 % and the cell with 100 wt% PryNI
showed an efficiency of 3.13 %. However, the cell with the
mixed iodide system with 66.7 wt% KI concentration showed
the highest efficiency of 4.44 % which corresponds to the
maximum in Jy, of 10.75 mA cm 2. The above observations
are further supported by photovoltage decay measurements
where the electron recombination life time, 7., has the smallest
value for the highest efficiency solar cell with highest concen-
tration of iodide (I;") ions. We believe that the efficiency en-
hancement by about 18 % and the occurrence of the maxima
in the solar cell efficiency and the short circuit photocurrent at
an optimum iodide ion concentration is an important finding.

The observed efficiency enhancement achieved by
employing the mixed cation iodide mixture in the gel electro-
lyte instead of a single iodide salt could be utilized in different
types of dye-sensitized solar cell systems using polymeric,
gel, and even solution electrolytes to increase the efficiency
by a considerable percentage, which we believe is quite sig-
nificant in DSSC research.
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