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Abstract: Two gel or quasi-solid-state electrolyte complexes based on PAN (polyacrylonitrile) host polymer and salts Hex4NI 

(tetrahexylammonium iodide), MgI2, LiI were prepared by incorporating plasticizers EC (ethylene carbonate) and PC (propylene 

carbonate). These are: PAN/EC/PC/I2/Hex4NI:MgI2 and PAN/EC/PC/I2/Hex4NI:LiI. A clear glass transition was observed around 

-100 °C for all the electrolyte complexes. In the PAN/EC/PC/I2/Hex4NI:MgI2 system, a decrease in conductivity was observed with 

the addition of MgI2 and the electrolyte with Hex4NI alone as the iodide salt gave the maximum ionic conductivity of 2.51 × 10-3 

Scm-1 at 25 °C. In the PAN/EC/PC/I2/Hex4NI:LiI system, an increase in conductivity was observed with the addition of LiI. 

Consequently the electrolyte with LiI as the only iodide salt gave the maximum ionic conductivity of 3.14 × 10-3 Scm-1 at 25 °C. The 

diffusion coefficient (D), the mobility (μ) and the density of charge carriers (n) in the electrolytes were calculated using complex 

impedance data and equations obtained for dielectric loss tangent. The measured data for dielectric loss tangent were fitted to the 

model equation. Calculated, n, μ and D values are around ~1024 m-3, ~10-7 m2V-1s-1 and ~10-9 m2s-1 respectively for the two 

electrolyte systems. This type of iodide ion conducting electrolytes could be suitable materials for PEC (photo electrochemical) solar 

cells. 
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1. Introduction 

Fast ion conductors or electrolytes have many 

applications in the field of electrochemistry. Polymer 

electrolytes [1] have attracted much attention because 

of their use in practical application such as batteries, 

fuel cells, PEC solar cells, sensors and displays. Anion 
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conducting PAN based polymer electrolytes are good 

candidate materials for the fabrication of 

photo-electrochemical solar cells [2]. Even though the 

PEC cell efficiencies are better with liquid type 

electrolytes, the usage of liquid type electrolytes in the 

cells meets durability issues. Use of polymer 

electrolytes in solar cell applications shows many 

advantages such as compatibility, no leakage, easy to 

prepare in different forms, chemical and physical 
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stability and easy to process [2, 3]. A large number of 

studies were so far carried out by several groups using 

variety of single salt systems as electrolyte with the 

aim of enhancing cell efficiency [3-5]. The present 

study compares the novel polymer electrolyte different 

systems with double salts intended for PEC solar cells 

by analyzing electrical and thermal properties. 

Especially, the density of charge carriers and mobility 

in electrolytes were calculated by analyzing complex 

dielectric measurements. 

2. Experiments 

2.1 Materials 

PAN, LiI, MgI2, Hex4N
+
I
-
, iodine (I2), PC and EC 

all with purity greater than 98%, all from Aldrich were 

used as starting materials. Prior to use Hex4N
+
I
- 
and 

PAN were vacuum dried for 24 h at 50 °C and LiI was 

vacuum dried for 4 h at 150 °C in a vacuum oven. 

2.2 Gel Electrolyte Preparation 

Two gel electrolyte complexes were prepared by 

keeping the mass fractions of PAN (0.10 g), PC (0.40 

g), EC (0.40 g) unchanged and varying the amount of 

salt according to Table 1. The amount of iodine added 

was fixed at 0.1 times of the total number of moles of 

salts in the electrolyte. 

Initially the relevant weights of EC, PC and salts 

were mixed in a closed glass bottle by continuous 

stirring at 50 °C for about 3 h. Then PAN was added 

to the mixture which was stirred further keeping it at 

40 °C for about 2 h. Finally, iodine was added to the 

mixture and heated to ~100 °C along with continuous 

stirring for a few more minutes until a homogeneous 

viscous solution was obtained. The resulted hot 

viscous gel was pressed between two glass plates 

(laboratory microscope glass slides) in order to obtain 

a quasi-solid-state polymer electrolyte film of a 

thickness of about 0.5 mm. 

2.3 Measurements 

The complex impedance measurements were 

performed using a HP 4292A RF impedance analyzer 

in the 10 Hz-10 MHz low frequency range to evaluate 

the samples. The temperature of the sample varied 

from 0 °C to 60 °C and the measurements were taken 

at 5 °C intervals. 

DSC (differential scanning calorimetric) 

thermograms were obtained using a Mettler Toledo 

DSC 30 differential scanning calorimeter to 

understand the thermal behavior of the sample. The 

glass transition temperature (Tg) was extracted from 

DSC thermograms. Each sample was scanned between 

-130 °C and 100 °C with a rate of 10 °C·min
-1

. 

Thermal measurements were carried out with several 

consequent heating and cooling cycles with the same 

sample. A flow of nitrogen gas was maintained over 

the perforated pan to avoid any contact with 

atmospheric moisture. 

3. Theory 

The conductivity (ζ) of a single ion conducting 

electrolyte is given by the equation 

ζ = neμ            (1) 

In order to characterize the electrolyte, it is 

important to calculate mobility (µ) and charge carrier 

density (n). 

According to the Refs. [5, 6] the effective dielectric 

constant of an electrolyte sandwiched between two 

blocking electrodes can be represented by 
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where, ε′∞ is the high frequency permittivity, *  is 

the effective complex dielectric constant, ω is the 

angular frequency of the signal, δ is a constant and η is 

the dielectric relaxation time corresponding to the 

maximum dielectric loss tangent. Therefore, tan(ϕ), 

the dielectric loss tangent can be obtained by equation 
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Table 1  Electrolyte composition, where the amount of PAN, PC and EC were kept at 0.10 g, 0.40 g and 0.40 g respectively. 

System (1) PAN/EC/PC/I2/Hex4NI:MgI2 

Electrolyte A1 B1 C1 D1 E1 F1 G1 

MgI2 / g 0.00 0.02 0.04 0.06 0.08 0.10 0.12 

Hex4N
+I¯/ g 0.12 0.10 0.08 0.06 0.04 0.02 0.00 

I2 / g 0.0063 0.0071 0.0078 0.0086 0.0094 0.0102 0.0109 

System (2) PAN/EC/PC/I2/Hex4NI:LiI 

Electrolyte A2 B2 C2 D2 E2 F2 G2 

LiI / g 0.00 0.02 0.04 0.06 0.08 0.10 0.12 

Hex4N
+I¯/ g 0.12 0.10 0.08 0.06 0.04 0.02 0.00 

I2 / g 0.0063 0.0090 0.0118 0.0145 0.0173 0.0200 0.0227 

 

 2

2d
D       (5) 

where, 2d and λ are sample length and the Debye 

length. The Nernst-Einstein relation gives the 

relationship between the mobility (µ) and the diffusion 

coefficient (D). 

Tk

eD

B
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 (6) 

Charge carrier density (n) is given by Eq. (5), where, 

kB is the Boltzmann constant, ζ is the conductivity and 

T is the absolute temperature. 

De

Tk
n B

2


                 (7) 

The conductivity (ζ) can be calculated using 

RA

l
                 (8) 

where, l is the sample length (2d), R is the resistance 

and A is the area of the sample. 

4. Results and Discussion 

Two different quasi-solid-state electrolyte systems 

were compared in this study. System 1 is 

PAN/EC/PC/I2/Hex4NI:MgI2 electrolyte and system 2 

is PAN/EC/PC/I2/Hex4NI:LiI electrolyte. The 

conductivity variation as a function of 1,000/T is 

shown in Fig. 1 for system 1. Eq. (8) was used to 

calculate the conductivity. Hex4NI alone as the iodide 

salt (sample A1) gave the maximum ionic conductivity, 

2.51 × 10
-3

 S·cm
-1 

at 25 °C out of samples in system 1. 

In this PAN/EC/PC/I2/Hex4NI:MgI2 system, a 

reduction in conductivity is observed with added amount 

 
Fig. 1  Conductivity vs. 1,000/T for PAN/EC/PC/Hex4NI: 

MgI2 electrolytes containing different Hex4NI and MgI2 

compositions as given in Table 1. 
 

 
Fig. 2  Conductivity vs. 1,000/T for PAN/EC/PC/Hex4NI: 

LiI electrolytes containing different Hex4NI and LiI 

compositions as given in Table 1. 
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of MgI2 (Fig. 1) which may be a result of cross link 

formation of Mg
+2

 ions with CN groups in PAN chains 

[4]. Hence, the lowest conductivity is given by sample 

G1. Higher flexibility in polymer chains is necessary 

to obtain higher conductivity. The higher the cross 

links the lower the polymer flexibility, leading to 

lower the conductivity. 

In system 2 (PAN/EC/PC/I2/Hex4NI:LiI), an 

increase in conductivity is observed with added 

amount of LiI (Fig. 3). The maximum ionic 

conductivity of 3.14 × 10
-3

 Scm
-1 

at 25 °C is shown 

by the sample which contained only the LiI salt 

(sample G2). In system 1, neither Hex4N
+
 nor Mg

2+ 
is 

moving since Hex4N
+
 is a bulky cation and Mg

2+
 can 

form cross links [2-4]. In the present system, Li
+ 

ion 

can be considered as a moving ion and contributes to 

the conductivity [7, 8]. The mobility of Li
+
 ion is 

higher than that of Hex4N
+
 and Mg

2+
. The increasing 

trend in Tg observed with added amount of LiI reveals 

the reduction of flexibility of polymer chains with LiI 

amount. This may be a result of ionic complexes and 

undissolved solutes at higher LiI concentrations. 

Eqs. (5)-(7) were used to calculate D, µ and n. The 

parameters δ and η were obtained by fitting measured 

data to Eq. (3). 

Calculated values D, µ, n for system 1 (in Table 2) 

also show minimum at the sample G1 (sample which 

contained only the salt MgI2) providing evidence for    

the observed lower conductivity. Highest mobility 

value of 6 × 10
-7 

m
2
V

-1
S

-1
 observed for the system 1 

containing only the Hex4NI salt (sample A1) may be 

an effect of presence of large Hex4N
+
 ion where large 

cations can place within the polymer network making 

polymer chains more separated and flexible. Diffusion 

coefficient values also shows maximum at sample A1 

by giving 2 × 10
-8 

m
2
s

-1
. In general electrolyte 

containing LiI has shown higher mobilities than that 

of containing MgI2. This can be due to the ability of 

Mg
+2 

ions to make stronger interactions with ionic 

species in the electrolyte than Li
+
 ions. 

Fig. 3 shows the DSC thermograms of electrolyte 

systems 1 and 2. All the samples have shown clear 

glass transition at around 100 °C. The Tg (glass 

transition temperature) also can be related to the 

flexibility of the polymer chains [9, 10] and the 

highest Tg is observed for the electrolyte containing 

only the MgI2 salt (sample G1). Low Tg values were 

observed for the samples which contained salt 

mixtures and this may be a result of increased 

flexibility in polymer chains due to structural 

disorders imposed by small and large cations. Lower 

Tg values are shown for the electrolytes containing 

MgI2 and then that of sample containing LiI. For 

electrolyte sample preparation the weights ratio of the 

salts were kept fixed. Since LiI has lower molar 

weight than other iodides in these electrolytes, the
 

   
Fig. 3  DSC thermograms of electrolyte samples given in Table 1 under heating rate of 10 °C·min

-1
. 

Temperature (°C)
 

Temperature (°C) 
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Table 2  The diffusion coefficient (D), the mobility (μ) and the density of charge carriers (n) of some electrolyte samples at 25 °C. 

Sample D (m2S-1) µ( m2·V-1S-1) n (m-3) 

System 1 PAN/EC/PC/I2/Hex4NI :MgI2 

A1 2  10-8 6  10-7 2  1024 

B1 6  10-9 5  10-7 5  1024 

E1 5  10-9 2  10-7 3  1024 

F1 6  10-9 2  10-7 2  1024 

G1 8  10-10 3  10-8 9  1023 

System 2 PAN/EC/PC/I2/Hex4NI :LiI 

A2 2  10-8 6  10-7 2  1024 

B2 1  10-8 4  10-7 3  1024 

E2 4  10-8 2  10-6 2  1024 

F2 3  10-8 2  10-6 2  1024 

G2 7  10-9 3  10-7 7  1024 
 

number of ions in LiI containing electrolytes are 

higher. Hence, number of intermolecular interactions 

is higher for the electrolytes in system 2 leading 

higher Tg. 

5. Conclusions 

Two gel type or quasi solid state electrolyte systems 

namely PAN/EC/PC/I2/Hex4NI:MgI2 and 

PAN/EC/PC/I2/Hex4NI:LiI were prepared and 

complex impedance measurements and differential 

scanning calorimetric measurements were carried out. 

The diffusion coefficient, the mobility and the density 

of charge carriers in the electrolytes were calculated 

using complex impedance data and equations obtained 

for dielectric loss tangent. In the 

PAN/EC/PC/I2/Hex4NI:MgI2 system a decrease in 

conductivity was observed with the increasing of MgI2 

amount while an increase in conductivity was 

observed with the increasing of LiI amount in the 

system PAN/EC/PC/I2/Hex4NI:LiI. All the samples 

show clear glass transition temperature around 

-100 °C. The resulted values for the density of charge 

carriers, the mobility and the diffusion coefficient are 

around 10
24

 m
-3

, 10
-7

 m
2
V

-1
s

-1
 and 10

-9
 m

2
s

-1
. These 

types of iodide ion conducting electrolytes are suitable 

to use in photoelectrochemical solar cells. 
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