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Efficiency enhancement in dye sensitized solar cells using gel polymer

electrolytes based on a tetrahexylammonium iodide and MgI2 binary

iodide system

T. M. W. J. Bandara,*ab M. A. K. L. Dissanayake,c

W. J. M. J. S. R. Jayasundara,
d
I. Albinsson

e
and B.-E. Mellander

a

Received 29th December 2011, Accepted 23rd April 2012

DOI: 10.1039/c2cp24139k

Quasi-solid-state dye-sensitized solar cells have drawn the attention of scientists and technologists

as a potential candidate to supplement future energy needs. The conduction of iodide ions in

quasi-solid-state polymer electrolytes and the performance of dye sensitized solar cells containing

such electrolytes can be enhanced by incorporating iodides having appropriate cations. Gel-type

electrolytes, based on PAN host polymers and mixture of salts tetrahexylammonium iodide

(Hex4N
+I�) and MgI2, were prepared by incorporating ethylene carbonate and propylene

carbonate as plasticizers. The salt composition in the binary mixture was varied in order to

optimize the performance of solar cells. The electrolyte containing 120% Hex4N
+I� with respect

to weight of PAN and without MgI2 showed the highest conductivity out of the compositions

studied, 2.5 � 10�3 S cm�1 at 25 1C, and a glass transition at �102.4 1C. However, the electrolyte

containing 100% Hex4N
+I� and 20% MgI2 showed the best solar cell performance highlighting

the influence of the cation on the performance of the cell. The predominantly ionic behaviour of

the electrolytes was established from the dc polarization data and all the electrolytes exhibit

iodide ion transport. Seven different solar cells were fabricated employing different electrolyte

compositions. The best cell using the electrolyte with 100% Hex4N
+I� and 20% MgI2 with

respect to PAN weight showed 3.5% energy conversion efficiency and 8.6 mA cm�2 short circuit

current density.

1.0 Introduction

The development of renewable and clean energy sources is

important in order to fulfill future energy needs without

depleting our fossil fuels and without polluting our environ-

ment. Solar cells have been considered as an economical and

convenient device for converting solar energy directly into

electricity. In this regard, the utilization of solar energy is a

well-deserved alternative. However, the high production cost

of the conventional silicon solar cells is an obstacle to wide-

spread utilization of solar energy. Hence, the low cost, dye

sensitized solar cells (DSSCs) are emerging as a reliable

alternative to fulfill future energy needs.1–3 Another advantage

of DSSCs is that they perform relatively better compared to

other solar cell devices under diffuse light conditions and also

at higher temperatures.2 However, efficient, stable and robust

DSSCs need to be developed in order to make them practically

and commercially viable devices. In this regard, the improvement

of the photo-electrode4–8 and the electrolyte9,10 is important to

enhance the performance of DSSCs. In general, the overall

energy conversation efficiency of a cell, light to electricity, is

affected by many factors, including the catalyst used in the

counter electrode,11 the transmittance and the conductivity of

the conducting substrate,12,13 the electrolyte composition,14

type of dye sensitizer,15 and properties of the TiO2 film.4–8 The

present study is primarily focused on improving the quasi-

solid-state or gel polymer electrolyte for DSSCs due to many

favorable characteristics of such electrolytes over liquid type

electrolyte based devices.

The most commonly used liquid electrolyte in DSSCs is the

iodide/triiodide redox couple in liquid organic solvents such as

acetonitrile and propylene carbonate (PC), with this electrolyte a

high overall energy conversion efficiency of more than 10%3,15–17

has been recorded for small area cells. However, to develop

practicable large area and chemically and physically stable

solar cells, the use of a liquid type electrolyte is a major drawback.
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Hence, replacing the liquid electrolyte by a solid or a quasi-

solid-state polymer electrolyte is an important strategy for

fabricating practically and commercially viable DSSCs.9,18,19

Polymer electrolytes introduced in the 1970s consist of an

appropriate salt dissolved in a polymer matrix signifying a

unique class of electrolytes. They are very attractive materials

to be used in applications such as batteries, photo electro-

chemical (PEC) solar cells, electro-chromic devices, super-

capacitors and fuel cells due to the favorable mechanical

properties, ease of fabrication and minimum side reactions.20,21

However, the major disadvantage of solid-polymer electro-

lytes is their low ionic conductivity compared to liquid-type

electrolytes22,23 leading to low efficiencies in the abovemen-

tioned devices. However, polyacrylonitrile (PAN) based quasi-

solid polymers or gel electrolytes have been reported to have

reasonably good ionic conductivities and they have been used

in quasi solid-state PEC solar cells.9,18,24 Development of

gel polymer electrolytes with high iodide-ion conductivity is

important in order to improve the efficiency and finally to

fabricate commercially viable DSSCs since the iodide/triiodide

redox couple has been the mostly used redox couple for

DSSCs so far.2,3 Very recently incorporation of Co(II/III)

tris(bipyridyl) redox couple in an electrolyte has shown better

efficiencies with porphyrin-sensitized DSSCs.25 However, for

the mostly used ruthenium based dye complexes the best reported

electrolytes contain iodide/triiodide redox couples.2,3,17,29

In order to develop quasi-solid or solid polymer electrolytes

intended for PEC solar cells, various host polymers and

plasticizers have been incorporated with different iodide

salts.2,9,18,24 The nature of the cation in the iodide salt

incorporated with the host polymer matrix plays an important

role in the ion transport mechanism in DSSCs. The incorpora-

tion of different alkaline metal iodides in PAN based26 and

(polyethylene oxide) PEO based27 polymer electrolytes for

PEC solar cells has been reported. The study on electrolytes

containing PAN has suggested that the short circuit photo-

current density (JSC) enhances more or less with increasing size

of the cation.26 Studies of PEO based gel polymer electrolytes

with different alkyl metal iodides have shown that there is a

conductivity enhancement with increasing cation size for all

salts except for CsI.27 The application of these electrolytes in

DSSCs reveals a clear improvement of the open circuit voltage

with the size of the cation. Conversely, iodides having small

cations have shown better short circuit current densities in

some cases.27 However, in general it is evident that the

iodide ion conductivity in solid/gel polymer electrolytes and

the performance of DSSCs containing such an electrolyte

can be enhanced by incorporating salts containing bulky

cations such as quaternary-ammonium iodides and ionic

liquids.9,10,18,24

When the size of the cation increases it enhances the salt

dissociation and anion transference number leading to high

iodide ion conductivity which is important for improving

the performance of the solar cell. For instance, tetrapropyl-

ammonium iodide (Pr4N
+I�) has been used with PEO and

with PAN host polymers and reasonably good cell perfor-

mance has been reported, reaching about 3% overall cell

efficiency for PAN based electrolytes.18,28 DSSCs containing

PAN and tetrabutylammoniumiodide (Bu4N
+I�) salt have

also been reported to show good cell performance.24,29 In an

earlier work by us, the use of tetrahexylammonium iodide

(Hex4N
+I�) with PEO host polymers for electrolytes intended

for all solid-state solar cells was reported together with a

systematic study of the conductivity variation with the com-

position, however the cell efficiencies were low owing to low

ionic conductivity of the electrolyte used.22,30

Apart from PAN, polyvinylidenefluoride (PVDF) based

electrolytes have shown good solar cell performances.

However, the best performing PVDF based electrolytes

contain volatile solvents like acetonitrile31 or acetone32 and

the reported highest efficiency is 7.3% according to our

knowledge. However, PAN based electrolytes have also shown

about 7.3% energy conversion efficiency even without using

volatile solvents.29 Most of the advantages that we expect

replacing liquid electrolytes by gel electrolytes cannot be

attained by electrolytes containing volatile solvents. Therefore

in this work PAN is selected as a host polymer in order to

improve solar cell performance.

The cation in the electrolyte semiconductor interface has

profound influence on electron dynamics and hence the effi-

ciency of DSSCs.17,33 In a previous work by us two different

PAN based quasi-solid electrolyte systems were investigated

using Hex4N
+I�34 and MgI2

9 salts and the conductivity was

systematically optimized by varying compositions and the high

iodide ion conducting electrolytes obtained were used success-

fully in DSSCs. However, some recent research has shown that

quasi-solid electrolyte complexes with salt mixtures give better

DSSC performances35,36 for quasi-solid-state DSSCs. This can

be understood by studying the effects of the cations on the

charge injection mechanism at the electrolyte interface to the

dye coated TiO2 film and electron transport to the conducting

tin oxide (CTO) through the TiO2 film. Kelly et al. studied the

influence of cations on the excited-state deactivation kinetics

of a dye coated TiO2.
37 They have shown that the magnitude

of electron injection yields of the dye varies with the charge-to-

radius ratio of the cation in the electrolyte, with Ca2+ > Sr2+B
Ba2+ > Li+ > Na+ > K+ =Rb+ B Cs+ B Bu4N

+I�. The

transport of injected electrons to the CTO substrate is described

using a diffusion mechanism. However, the reported diffusion

coefficient for DSSCs with porous TiO2 film is low compared

to that of single crystal TiO2 due to the presence of electron

trapping sites in porous layers.38,39 Therefore, the electron

diffusion can be changed by cation adsorption or intercalation

to the trapping sites. After analysis of diffusion coefficients

using single salt liquid electrolytes Kambe et al. expected to

have higher diffusion and favourable photo-generation of

electrons in cells having electrolytes containing a double

cationic system.38 In another study of DSSCs containing

aqueous electrolyte with various cations it was shown that

the short circuit current density increases with increasing

charge density of the cation in the electrolyte while the fill

factor, open circuit voltage and efficiency decrease.40 Conversely,

the bulky cations improve the iodide ion conductivity in quasi-

solid-state polymer electrolytes. The aim of the present work is

to optimise the ionic conductivity systematically by means of

varying the Hex4N
+I� and MgI2 salt composition in a PAN

based electrolyte and to investigate thermal and transport

properties in order to find reliable and efficient electrolytes
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for DSSCs and to understand the effects of the cations in the

electrolyte for the cell performance.

2.0 Experimental

PAN, Hex4N
+I�, iodine, propylene carbonate (PC) and

ethylene carbonate (EC) all with purity greater than 98%,

purchased from Aldrich, were used as starting materials. PAN

and Hex4N
+I� were vacuum dried for 24 hours in a vacuum

oven at 50 1C prior to use. For preparing the electrolyte

samples the weights of PAN (0.1 g), EC (0.4 g) and PC (0.4 g)

were kept unchanged and the weights of Hex4N
+I� and MgI2

were varied as given in Table 1. The weight of iodine in the

electrolyte was maintained so that the molar ratio of salt : I2 is

10 : 1. For preparing the electrolyte samples, initially the

relevant weights of EC, PC and salts were mixed in a closed

glass bottle by continuous stirring at 50 1C for about 3 hours.

Then PAN was added to the mixture which was stirred further

keeping it at 40 1C for about 2 hours. Finally, iodine was

added to the mixture and heated to about 100 1C along with

continuous stirring for a few more minutes until a homo-

geneous viscous solution was obtained. When the MgI2
amount is increased a more viscous gel was obtained making

the stirring more difficult. The resulting slurry was then cast

onto a glass plate and pressed by another glass plate in order

to obtain a quasi-solid-state polymer electrolyte film.

The complex impedance measurements were performed

using a HP 4292A RF impedance analyzer in the frequency

range of 10 Hz–10 MHz and in the temperature range of 0 1C

to 60 1C. Disc shaped electrolyte films of diameter 10.5 mm

and thickness about 0.8 mm, sandwiched between two polished

stainless steel blocking electrodes, were used for impedance

measurements.

DC polarization tests were carried out at room temperature

by sandwiching a disc shaped electrolyte sample between two

stainless steel blocking electrodes (SS) or between two iodine non-

blocking electrodes, the configurations were thus SS–electrolyte–SS

or SS–I2–electrolyte–I2–SS. The thermal properties of the

samples were analyzed using a Mettler Toledo DSC 30 differ-

ential scanning calorimeter between �140 1C and 100 1C in

consequent heating and cooling cycles, with a rate of 10 1C

min�1. The same sample was scanned few times subsequently

in order to obtain data for 2nd, 3rd and 4th heating runs.

A TiO2 nano-porous layer was coated on fluorine-doped tin

oxide (FTO) glass using Degussa P25 powder. For this layer

preparation, 0.5 g of Degussa powder (TiO2) was ground well for

B30 minutes withB2 ml of HNO3 (pH= 1) in an agate mortar.

The resulting colloidal suspension was diluted to get a 5% (w/w)

solution and subsequently, it was stirred overnight at 60 1C and

25% (w/w) solution was obtained. Then B0.1 g of carbowax

and few drops of Triton X 100 (surfactant) were added and

mixed well. This colloidal suspension was cast using a doctor

blade method for obtaining porous TiO2 layers of about

5–10 mm thickness after sintering at B450 1C for 30 min.

The TiO2 coated electrodes were immersed in an ethanolic

solution of dye sensitizer ruthenium 535-bis TBA (Solaronix SA)

while both were hot (B60 1C). After 24 h absorption, the

electrode was withdrawn from the dye solution and washed

with acetone to remove unabsorbed dye and loosely bound

TiO2 particles in the dye-coated electrode.

Quasi solid-state PEC solar cells were fabricated by sand-

wiching polymer electrolyte films of thickness about

0.1–0.5 mm between the dye-coated TiO2 electrode and a

Pt coated glass (mirror type) electrode in the configuration

glass–FTO–dye-TiO2–electrolyte–Pt–FTO–glass. All the fabri-

cated solar cells were characterized by measuring I–V curves

using a computer controlled eDAQ Potentiostat and e-coder

under the B1000 W m�2 irradiation (1.5 AM) with a LOT-

Oriel GmbH solar simulator using an 11 mm2 slit.

3.0 Results and discussion

3.1 Ionic conductivity

From the nature of the PAN/EC/PC:MgI2/Hex4N
+I� polymer

electrolyte complexes, fabricated according to compositions

given in Table 1, they cannot be classified as solid-state

electrolytes, but can be defined as quasi-solid or gel or rubbery

type. In order to obtain free standing film, the thickness must

be at least 0.4 mm. A picture of a 0.5 mm thick electrolyte

sample is shown in Fig. 1. However, samples with more MgI2
are shown to be apparently more solid in nature, which can be

due to the cross linking of polymer chains by small Mg+2 ions.

Fig. 2a shows the conductivity variation as a function of

inverse temperature of these quasi-solid-state electrolyte samples

for different salt compositions with respect to the weight of

PAN in the electrolyte (expressed as wt% with respect to PAN

weight as given in column 5 in Table 1). The conductivity of

the electrolyte containing only MgI2 as salt (sample a) is low,

Table 1 Electrolyte compositions, where the weights of PAN, EC and
PC were kept at 0.10 g, 0.40 g and 0.40 g respectively

Electrolyte MgI2/g Hex4N
+I�/g I2/mg

Weight ratio PAN :
[Hex4N

+I�] : [MgI2]

a 0.12 0.00 10.9 100 : 0 : 120
b 0.10 0.02 10.2 100 : 20 : 100
c 0.08 0.04 9.4 100 : 40 : 80
d 0.06 0.06 8.6 100 : 60 : 60
e 0.04 0.08 7.8 100 : 80 : 40
f 0.02 0.10 7.1 100 : 100 : 20
g 0.00 0.12 6.3 100 : 120 : 0

Fig. 1 A picture of a 0.5 mm thick, free standing gel electrolyte

sample.
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for instance 6.86� 10�4 S cm�1 at 25 1C and 1.05� 10�3 S cm�1

at 50 1C. The conductivity gradually increases with the increasing

amount of Hex4N
+I� in the electrolyte. Consequently, the

electrolyte containing only Hex4N
+I� salt (sample g) shows

the highest conductivity, 2.51 � 10�3 and 3.78 � 10�3 S cm�1

at 25 1C and 50 1C respectively.

The conductivity (s) variations of all electrolytes show

Vogel–Tammann–Fulcher (VTF) behaviour and were fitted

to the VTF equation

s ¼ AT�1=2 exp � Ea

kBðT� ToÞ

� �
ð1Þ

where s is the conductivity, T is the absolute temperature, A is

a pre-exponential factor, Ea is the pseudo activation energy

and To is the reference temperature which is related to the

equilibrium state glass transition temperature.41 In this work

the measured glass transition temperature, Tg, was employed

as the reference temperature To for fitting and the appropriate-

ness of the selected Tg is justified by the good fitting shown in

Fig. 2b within the measured temperature range. A and Ea

values obtained by fitting conductivity data to eqn (1) are

given in Table 2. Ea values fluctuate at around 30 meV, lower

activation energies are observed when the electrolyte conduc-

tivity is high, except for sample g. In general, the pre-exponential

factor, A, is proportional to the number of ionic charge carriers

in the electrolyte and Ea reveals the energy characteristics.41 As

shown in Table 2, A increases as the amount of Hex4N
+I�

increases, suggesting that the number of ionic charge carriers

increases with increasing amount of Hex4N
+I�. The reason

may be the higher degree of salt dissociation due to lower

lattice energy of Hex4N
+I� compared to MgI2.

22

Fig. 3 shows the variation of ionic conductivity as a function

of the mass fraction of the salt (x%) with respect to PAN at

temperatures 0, 10, 20, 30, 40, 50 and 60 1C. The conductivity

increases with increasing temperature, as expected since the

ion transport and salt dissociation increase with increasing

temperature besides the reduction of local viscosity. However,

a conductivity reduction is shown with the increase in MgI2
salt composition. Therefore, increasing amounts of MgI2 may

have reduced the polymer flexibility via strong cross linking of

long polymer chains reducing the mobility of ions, since the

high charge density in the small Mg+2 cation assists the cross

Fig. 2 (a) s versus 1000/T for PAN/EC/PC:Hex4N
+I�:MgI2 electrolytes containing different Hex4N

+I� and MgI2 compositions. (b) ln(sT1/2) vs.

1000/(T � Tg) for PAN/EC/PC:Hex4N
+I�:MgI2 electrolytes containing different Hex4N

+I� and MgI2 compositions as given in Table 1. Fitted

lines to the VTF equation are also shown.

Table 2 The activation energy, Ea, pre-exponential factor, A, and the glass transition temperature, Tg, for electrolytes containing different mass
fractions of MgI2 and Hex4NI

Sample a b c d e f g

[Hex4N
+I�] : [MgI2] weight ratio 0 : 120 20 : 100 40 : 80 60 : 60 80 : 40 100 : 20 120 : 0

Ea/meV 33.1 34.2 33.8 32.8 31.6 31.5 30.8
A/S m�1 K1/2 23.5 28.8 37.8 42.3 48.4 60.7 70.1
Tg/1C �102.4 �104.5 �103.5 �103.6 �103.6 �103.8 �102.4

Fig. 3 Conductivity as a function of Hex4N
+I� and MgI2 salt mass

fractions with respect to PAN in PAN/EC/PC:Hex4N
+I�:MgI2 electro-

lyte at different temperatures.
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linking of PAN chains due to the presence of a CN group in

the polymer. In a previous work by us this cross linking ability

of Mg+2 was used to improve the iodide ion transport number

in a PAN based electrolyte system.9 In contrast to the effect of

MgI2, a conductivity increase is shown with the increase

in Hex4N
+I� salt composition in this PAN/EC/PC:MgI2/

Hex4N
+I� electrolyte. This conductivity increase with increasing

Hex4N
+I� mass fraction can be attributed basically to an

increase in both the number of charge carriers and their

mobility with added Hex4N
+I�. A higher salt dissociation

can be due to the reduction of lattice energy of the salt caused

by the presence of bulky cations in the Hex4N
+I� salt.22 The

higher salt dissociation with increasing amount of Hex4N
+I�

is evident from the increase in the pre-exponential factor, A,

which correlates with the density of charge carriers as given in

Table 2.41 In addition, this bulky cation can impose more

disorder on long polymer chains and it can make long polymer

chains more separated increasing the flexibility of the material.

Finally, the Hex4N
+I� salt has given a significant ionic

conductivity enhancement compared to MgI2.

3.2 DSC measurements

Fig. 4 shows the differential scanning calorimetric (DSC)

thermograms of PAN/EC/PC:Hex4N
+I�/MgI2 electrolyte

samples with different Hex4N
+I� and MgI2 mass fractions

for the 2nd heating run. There were minor dissimilarities

between DSC thermograms obtained during the 1st and the

2nd heating runs. When comparing the 2nd, 3rd and 4th runs

such dissimilarities were not observed. The measurements of

samples obtained during the 2nd cycle were selected for this

study in order to eliminate effects of thermal history. A clear

glass transition at around �100 1C can be observed for all

samples. The glass transition temperatures, Tg (mid-point),

obtained using the 2nd heating cycle are given in Table 2. The

glass transition at around �100 1C has been reported in the

literature for PAN/EC/PC electrolytes for other comparable

systems.9 These measured Tg values were used in the VTF

equation as mentioned earlier.

The Tg result can be related to a change in the segmental

flexibility of polymeric chains of the electrolyte due to the

incorporation of the salt42,43 and also through the flexibility to

the mobility of charge carriers.44 Low Tg values were observed

for the electrolyte containing salt mixtures since more structural

disorder can be induced by salt mixtures containing ions with

different size and charge. The highest Tg is observed and

minimum conductivity was shown for the electrolyte containing

only the MgI2 salt (sample a). However, the conductivity

increase shown in Fig. 3 with added Hex4N
+I� is mainly

caused by the increasing number of charge carriers with added

Hex4N
+I� since the Tg remains essentially unchanged over the

entire composition range. In general, a liquid-like charge

transport mechanism where the electrolyte solution is trapped

in cages formed by the PANmatrix has been suggested for this

type of PAN based electrolytes.29,45

3.3 DC polarization measurements

Results of DC polarization measurements46 obtained for all

the electrolyte compositions are given in Table 1, the measure-

ments were performed using 1.0 V bias voltage and at 25 1C,

the data obtained for samples a and f are shown in Fig. 5. When

stainless steel (SS) electrodes were used in SS–electrolyte–SS

blocking electrode configuration, an abrupt current drop is

observed within the first 10 minutes, the current then reached a

more or less stable value after about 60 minutes.47 Hence, these

electrolytes show a predominantly ionic nature (more than 90%).

Polarization measurements in the SS–I2–electrolyte–I2–SS

symmetrical non-blocking configuration showed no appreci-

able current drop during the measurement time period. Similar

DC polarization results were obtained for all other salt

compositions. This ensures that all electrolytes tested are

predominantly iodide ion conductors. Therefore, the trans-

ference number of the cation in this system can be estimated to

be less than 10%, evidently as a result of the large size of the

Hex4N
+I� cation. On the other hand the transport of Mg+2

in the electrolyte is also very small compared to the iodide ion

transport number. High iodide ion conductivity makes these

Fig. 4 DSC thermograms of PAN/EC/PC polymer electrolytes

containing different weights of Hex4N
+I� and MgI2 with respect to

PAN weight under a heating rate of 10 1C min�1. The composition of

samples a,b,. . .g is given in Table 1.

Fig. 5 Current/initial current vs. time plot for two PAN/EC/PC:Hex4-

N+I�:MgI2 electrolyte samples given in Table 1 taken from DC polariza-

tion measurements at 25 1C. Curves correspond to the SS–electrolyte–SS

and SS–I2–electrolyte–I2–SS configurations as marked.
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electrolytes an ideal candidate for TiO2 based DSSCs and

other electrochemical applications.

3.4 Solar cell characterization

The V–I characteristic curves for cells fabricated using PAN

based quasi-solid electrolytes containing different Hex4N
+I�

andMgI2 compositions are shown in Fig. 6 at room temperature.

The inset shows the efficiency and short-circuit-current density

variation with MgI2 mass fraction with respect to PAN. Seven

different cells were fabricated employing seven different electro-

lyte compositions. The short-circuit photocurrent density

(JSC) and open-circuit voltage (VOC) under the irradiation of

1000 W m�2 of each of the cells are shown in Table 3. The fill

factor, ff, was calculated using

ff ¼ JoptVopt

JSCVOC
ð2Þ

where Jopt and Vopt are the current density and voltage at

maximum power output. The fill factor and the energy con-

version efficiency, Z, are also included in Table 3 for all cells.

The Z is calculated using

Z ¼ JSCVOCff

Total incident power density
ð3Þ

All cells exhibited energy conversion efficiencies of more than

2%. The best energy conversion efficiency is shown by the cell

that contains electrolyte sample f which consists of 20% MgI2
and 100% Hex4N

+I� with respect to PAN weight. Even

though electrolyte g which contains 120% Hex4N
+I� and

no MgI2 shows the best conductivity, the efficiency of the cell

with electrolyte sample g is lower than that of the cell with

electrolyte sample f. This behaviour can be understood by

realizing the positive effects of incorporated small cations such

as Mg++, enhancement of electron injection yields from dye

to TiO2 film, electron diffusion through the TiO2 layer, dye

regeneration and effects imposed on the semiconductor band

positions and negative effects like reduction of iodide ion

conductivity with increasing amount of MgI2.

For the optimum function of the DSSCs it is necessary that

charges injected into the TiO2 nano-particles should be screened

on the mesoscopic scale by the surrounding electrolyte, facili-

tating electron percolation within the semiconductor towards

the FTO.39 The electron motion in the conduction band of the

porous oxide film is coupled with an interfacial electron-transfer

reaction and with ion transport within pores or in the interface.

Hence the movement of electrons in the conduction band of the

mesoscopic films is accompanied by the diffusion of charge-

compensating cations in the electrolyte layer in the vicinity of

the nano-particle surface. The cations screen the Coulomb

potential of the electrons avoiding the formation of uncompen-

sated local space charge.39 Besides, it has been shown using

Fig. 6 Photocurrent versus cell potential for seven different DSSCs fabricated using PAN/EC/PC:MgI2/Hex4N
+I� electrolyte containing total of

120 wt% salts with respect to weight of PAN under irradiation of a 1000 W m�2 xenon lamp. The DSSCs are named using the electrolyte name

given in Table 1. The scan time is 20 s. The inset shows the efficiency and short-circuit-current density variation with MgI2 mass fraction.

Table 3 The performance of DSSCs prepared using electrolytes
containing different MgI2 and Hex4N

+I� compositions given in
Table 1. Efficiency measurements could be repeated within 0.2 percentage
units

Electrolyte
Jsc/
mA cm�2

Voc/
mV

Jopt/
mA cm�2

Vopt/
mV

ff/
%

Efficiency/
%

g 8.1 788.0 6.7 458.0 48.1 3.1
f 8.6 790.0 6.1 580.0 52.1 3.5
e 8.0 756.0 6.3 496.0 51.7 3.1
d 5.9 786.0 4.8 521.0 53.9 2.5
c 5.2 754.0 4.5 544.0 62.4 2.4
b 4.7 780.0 4.0 532.0 58.0 2.1
a 4.1 704.0 3.7 532.0 68.2 2.0
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electrophoresis measurements although that the bulky cation

Bu4N
+ cannot be adsorbed on the dye coated TiO2 film,

nevertheless Mg+2 ions do it very efficiently.48 Since the size

of the Hex4N
+ ion is larger than that of Bu4N

+ it can be

inferred that the Hex4N ion also cannot be adsorbed on the

TiO2 film. In addition, Kelly et al. have shown that adsorption

of potential-determining cations on the TiO2 surface is expected

to have a strong effect on the electron injection rate and the

resulting quantum yield in DSSCs.37 In PEC solar cells, cation

adsorption may alter surface charge, band edge positions, and

the energy distribution of surface states. The cation behavior at

the semiconductor–electrolyte interface is governed by electro-

statics and surface adsorption. Cation adsorption would shifts

the acceptor states in TiO2 to more positive electrochemical

potentials resulting in favourable energetics for interfacial

charge injection.37 Faster dye regeneration reaction is also

highly important for the efficient performance of the DSSCs

in particular reducing the back electron transfer.33 It was

reported that the reduction rate of the oxidized state of the

dye strongly depends upon the nature of the cation and for

instance the total recovery time for the oxidized dye is 4 ms and
40 ms in the presence of MgI2 and Bu4N

+I� respectively.48

Hence, the reported higher efficiency and JSC for the cell in

the presence of a small amount of Mg+2 ions in the electrolyte

(sample f) can be clearly understood although electrolyte

conductivity in this sample has decreased due to the presence

of MgI2. However, for the other tested electrolyte samples

containing more than 40% MgI2 the efficiency and JSC
decrease with the increasing amount of MgI2 which can be

correlated mainly with the drop in iodide ion conductivity in

the electrolyte as shown in Fig. 3. These positive and negative

competing processes, determined by the concentration of

Mg+2 ions, have given rise to the observed variation in JSC
and VOC and efficiency of the solar cells given in Table 3.

High iodide ion conductivity in the electrolyte is necessary

for the better performance of quasi-solid-state DSSCs. On the

other hand, the iodide ion conductivity is not the only factor

governing the efficiency of the DSSCs since the cations in the

electrolyte also have profound influence on the performance of

the DSSCs. However, there are two competing factors. The

iodide ion conductivity in the electrolyte increases with the

increase in cation size whereas electron injection and charge

separation in the photo-electrode have positive influence when

the size of the cation decreases. Therefore, as seen from our

results the electrolyte complex containing the mixed cations

system gives better solar cell performance, compared to a

single cation system. The highest JSC, VOC and efficiency of

790 mV, 8.6 mA cm�2 and 3.5 are shown for DSSC containing

the electrolyte with 20% of MgI2 and 100% of Hex4N
+I�.

4.0 Conclusions

Quasi solid-state polymer electrolytes, based on PAN host

polymers, were prepared by incorporating the salts Hex4N
+I�

andMgI2, and plasticizers EC and PC. The electrolyte containing

a 120% salt mixture with respect to PAN weight showed the

maximum conductivity out of the samples measured. This electro-

lyte membrane showed a conductivity of 2.51 � 10�3 S cm�1

and 3.78 � 10�3 S cm�1 at 25 1C and 50 1C, respectively,

and a low Tg value of �102.4 1C. The predominantly ionic

behaviour of the conductivity in the electrolyte was inferred

from dc polarization data. In addition, cationic transport

appears to be negligible and hence the dominant iodide

ion transport would ensure the potential for using this

PAN/EC/PC:Hex4N+I�/MgI2 polymer electrolyte in TiO2

based DSSCs. Seven different DSSCs were fabricated using

different salt compositions in the electrolyte.

The electrolyte with the highest conductivity did not show

the best energy conversion efficiency revealing that the effect

of the cation on the efficiency of the DSSCs is equally

important. The presence of a cation with high charge density

in the electrolyte contributes to the performance enhancement

of the DSSCs. The best cell result was an energy conversion

efficiency of 3.5% and a short circuit current density of

8.6 mA cm�2. It was shown that use of a mixed salt complex

having cations with low and high charge densities can improve

the efficiency of the DSSCs compared to having an electrolyte

containing a single cation.
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