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Abstract 

 

 Poly Ethylene Oxide (PEO) - based Solid polymer electrolyte films with NaHCO3 and NaHCO3 + plasticizer (Dimethyl 

formamide) have been Prepared using Solution cast technique. Several experimental techniques such as XRD, IR, and 

composition dependence conductivity, temperature dependence conductivity in the temperature range of 303- 373K and transport 

number measurements were employed to characterize this polymer electrolyte system. The complexation of the Polymer PEO 

with NaHCO3 and NaHCO3 + DMF (Dimethyl formamide) was confirmed by XRD and IR studies. The conductivity-temperature 

plots showed an increasing in conductivity with increasing temperature. The increase in conductivity is about ten times larger in 

the plasticized-added (PEO + NaHCO3) polymer electrolyte systems compared with pure (PEO + NaHCO3) polymer electrolyte 

system. The transference data indicated that the charge transport in these polymer electrolyte systems is predominantly due to Na
+ 

ions. Using this polymer electrolyte system a Polymer battery or an electrochemical cell with configuration Na / (PEO + NaHCO3 

+ plasticized) / (I2 + C + Electrolyte) was fabricated and its discharge characteristics are studied for a constant load of 100 KΩ. 

The open circuit voltage (OCV), short circuit current (SCC), discharge time etc., were evaluated. A number of other battery 

parameters associated with the battery were evaluated and compared with the data from earlier reported in this paper. 
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1. Introduction 

 

The production, storage and distribution of energy 

are the main concerns of modern industry and society. 

Over the past ten years a spectacular development has been 

seen in microelectronic industry but, to date, the 

application to integrable power sources has not been still 

realized. The development of new type of electrical power 

generators and storage systems are quite essential for the 

further integration of the electronic industry. The self-

contained power source is a growing trend in numerous 

fields such as pocket calculators, bio-medical devices, 

cameras and watches. The presently available conventional 

battery system contains a liquid electrolyte, generally a 

concentrated aqueous solution of potassium hydride or 

sulphuric acid. This liquid electrolyte has high ionic 

conductivity and offers very good contact with electrodes. 

But the major problems associated with liquid electrolyte 

are cell leakage, corrosion, self-discharge process, drying 

out of the cell, loss of electrolyte and severe restrictions on 

the capability of useful discharge at very low temperatures. 

Interest in developing solid state batteries was motivated 

impart by the hope that the above problems would be 

minimized when the liquid electrolyte is replaced by a 

solid electrolyte. 

In the field of polymer electrolytes, interest began 

after the pioneering studies on polyethylene oxide (PEO) 

based complexes reported by Wright et.al. [1], Armand 

and Co- workers[2, 3]. Solid polymer electrolytes i.e., 

polymer salt complexes, are of technologies interest due to 

their possible applications as solid electrolytes in various 

electrochemical devices such as energy conversion units 

(batteries / fuel cells)[25], electro chromic display devices 

and photoelectrochemical solar cells, etc., [4,5].  

Subsequently, the studies in this field have been reported 

by PEO based polymer electrolyte complexes using alkali 

salts [6,7,8].  Some studies on silver ion conducting 

polymer electrolytes are reported based on PEO [9,10].The 

ionic conductivity of a polymer electrolyte with modified 

carbonate (MC) as a plasticizer in a PEO – LiCF3SO3 

complex has been studied by Lee et al  [11] and Yang et al 

[12].  The temperature dependence of the conductivity and 

thermal analysis of PEO – LiCF3SO3 with plasticizer (MC) 
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polymer electrolyte showed an increase in conductivity 

through the entire complex system.  

 In the Present Paper, the authors reported solid 

polymer electrolyte films of PEO, PEO + NaHCO3 and 

PEO + NaHCO3 + Plasticizer (DMF) systems.  Plasticizer 

(DMF) is added to a PEO  + NaHCO3 electrolyte system to 

study the effect of the plasticizer. Several experimental 

techniques, such as composition dependent conductivity, 

temperature dependent conductivity in the temperature 

ranges 303-373K and transport number measurements 

were performed to characterize these polymer electrolyte 

systems. Based on these electrolytes, a solid polymer 

battery was fabricated with the configuration 

anode/polymer electrolyte/cathode. The discharge 

characteristics of the battery have been studied for a 

constant load of 100 K. The results of these 

investigations are reported in the present paper. 

 

2. Experimental 

 

Thin Films (thickness  100 - 150m) of pure PEO 

(Aldrich Mw  6x10
5
) and various compositions of 

complexed films of PEO with NaHCO3 salt and PEO with 

NaHCO3 + DMF were prepared with different weight ratios 

(90:10), (80:20), (70:30) by a solution-cast technique using 

methanol (water free) as solvent.  The X-ray diffraction 

studies of these films are carried out with the help of 

PHILIPS PW 3710 X-ray diffractometer in the range 10
0
-

70
0
.  The infrared (IR) spectrum in these films has been 

recorded with the help of JASCO IT/IR-5300 

spectrophotometer in the range 400-4000 cm
-1

. The dc 

conductivity has been measured using the lab made 

conductivity setup [10] in the temperature range 303-373K. 

The ionic and electronic transport numbers (tion and tele) 

were evaluated by means of Wagner’s polarization 

technique [11, 12]. In this technique, a freshly prepared film 

of PEO + NaHCO3 + DMF under a dc bias (step potential 

1.5V) was used. The resulting current was monitored as a 

function of time with a Keithley electrometer (Keithley Inc., 

model 614).The transient ionic current (TIC) measurement 

technique [13] is used to evaluate the mobility of the ion 

species.  

          A Solid Polymer battery was fabricated with the 

configuration Na
+
/(PEO + NaHCO3 + DMF)/(I2 + C + 

electrolyte).The details about the fabrication of the 

electrochemical cells are given elsewhere [14].  The 

discharge characteristic studies of these electrochemical 

cells were monitored at a constant load of 100 K.   

 

 3. Results and Discussion 

 

The complexed of the polymer PEO, PEO 

complexed with NaHCO3 and salt NaHCO3 were confirmed 

by using IR spectroscopy. The IR spectra of pure PEO, PEO 

complexed with NaHCO3 were recorded with the help of 

JASCO FT/IR–5300 spectrophotometer in the range 400-

4000 cm
-1

 and are shown in Fig. 1. The intensity of aliphatic 

C-H stretching vibration band observed around 2950 cm
-1

 in 

PEO is observed to be decreases by increasing the 

concentration of NaHCO3 salt in the polymer. Also the 

appearance of new peaks along with changes in existing 

peaks (and/or their disappearance) in the IR spectra directly 

indicates the complexation of PEO with NaHCO3 and   

(PEO + NaHCO3) with plasticizer (DMF). Fig. 2 shows the 

X-ray diffractogram of PEO + NaHCO3 and PEO + 

NaHCO3 + Plasticizer electrolyte systems. Well-defined 

sharp peaks are observed indicating the crystalline nature.  

Thus the result of X-ray diffraction, IR data clearly establish 

the complexation of NaHCO3 and plasticizer with different 

weight ratios with the polymer Poly Ethylene Oxide (PEO).         

The variation in dc conductivity () as a function of 

NaHCO3 + plasticizer composition in PEO at various 

temperatures is given in Fig. 3. The conductivity data at 

room temperature is reported in Table 1. From Fig. 3, Table 

1 the following conclusions can be drawn. 

 

a) In the temperature range of study, the conductivity is 

found to increases with temperature in pure PEO and 

also in all the compositions of PEO + NaHCO3 + 

plasticizer polymer electrolyte systems. 

 

b) The conductivity – temperature plots follow the 

Arrhenius behavior throughout, but with two regions 

(region-I and region-II), with two activation energies 

above and below melting point (Tm) of the polymer. In 

region-I (i.e. below Tm) the conductivity slowly 

increases with temperature up to 65
0
C. At 65

0
C there is 

a sudden increase in conductivity. In the region-II (i.e 

above Tm) the conductivity again rapidly increases with 

temperature. Similar behavior has been observed in all 

the compositions of PEO + NaHCO3 and PEO + 

NaHCO3 + plasticizer polymer electrolyte systems. 

 

c) The temperature Tm which corresponds to the melting 

point ( 65
˚
C) of the polymer, there is a change from 

the semi crystalline to amorphous phase transition. Due 

to phase change, the conductivity shows a sudden 

increase at Tm. The existence of two regions in the 

conductivity – temperature plots has been observed in a 

number of PEO based polymer electrolytes [15-17]. 

The conductivity of pure PEO is about 6.78 x 10
-10

 

Scm
-1

 at room temperature (RT) and its value increases 

with relative concentration of NaHCO3. The magnitude 

of change is of the order of 10
3
 times in PEO + 

NaHCO3 (90: 100), (80: 20) and 10
4
 times in PEO + 

NaHCO3 + plasticizer (90: 10), (80: 20) electrolyte 

systems, respectively compared to that of pure PEO 

polymer.  

                  

d) The conductivity data plots of log ( T) versus (10
3 

/ T) 

for (PEO + NaHCO3), (PEO +NaHCO3 + Plasticizer) 

are shown in Fig. 4. From the graph it can be observed 

that the plots can be divided into two regions.   On 

increasing the doping concentration, the conductivity is 

found to vary in a non-linear manner. In the polymer 

electrolyte [PEO + NaHCO3], [PEO + NaHCO3 + 

Plasticizer] systems, d.c. conductivity is found to be in 

the order of ~ 10
-7

, and 10
-6

, respectively. The 

conductivity values at room temperature(RT ), 373K 

and the activation energies are given in Table 2, for 

pure and complexed PEO with NaHCO3 and PEO with 

NaHCO3 + plasticizer (DMF) in different weight ratios. 

 

The ionic transference number has been measured 

from the polarization current versus time plot, using the 

equation:   tion  =   ( ii  - if) / i 
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Where ii is the initial current and if is the final residual 

current. Fig. 5. Shows the polarization current versus time 

plot of PEO + NaHCO3 and PEO + NaHCO3 + Plasticizer 

(DMF) electrolyte systems respectively.  The transference 

number values for all the samples are found to be close to 

unity indicating that the charge transport is predominantly 

due to sodium ions whereas the electronic contribution to 

the charge transport is very small. Mobility of the ionic 

species (Na 
+
) are measured using transient ionic current 

method [13, 14]. The mobility is determined using the 

equation 

 

                   U  = d 
2
 / TV    

                                                                                                                       
 

  

        

 

           

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. IR spectra of (a) Pure PEO  (b) PEO + NaHCO3 + 

Plasticizer(DMF)(90:10)   (c) PEO + NaHCO3 + Plasticizer(DMF) (80:20)  

(d)  Salt NaHCO3  

 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

2   

 Fig. 2. XRD spectra of (a) Pure PEO (b) PEO + NaHCO3  (90:10) (c) 

PEO + NaHCO3 + plasticizer (80:20)       (d) PEO + NaHCO3 + plasticizer 
(70:30) 

 

 

 

      

 

 

 

 

 

 

 

 

 

 

  Fig. 3.  Composition dependence of conductivity in (PEO + NaHCO3 + 

plasticizer) Polymer Electrolyte system at different temperatures. 
 

 

 

 

 

          
 

 

 

 

 

 

 

 

 

 

 

Fig. 4.  The temperature dependence of dc conductivity of  (a) PEO + 

NaHCO3 (80:20)   (b) PEO + NaHCO3+plasticizer (80:20) 

 

 

 

           

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.  Polarization current versus time of (a) PEO + NaHCO3+ 

plasticizer(DMF) (80:20)  (b) PEO + NaHCO3+plasticizer(DMF) (70:30) 

(c) PEO + NaHCO3+plasticizer(DMF) (60:40) 

 

 

           

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6. Discharge Characteristics of an Electrochemical cell for a constant 
load of 100KΩ 
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              Table 1: Conductivity and Activation Energies for Pure PEO, (PEO + NaHCO3) and  PEO + NaHCO3 + plasticizer (DMF) electrolyte 

systems.  

 

  

     

           Electrolyte 

 

      Conductivity at 

    Room temperature 

          (RT) (S cm
-1

) 

    Condu 
Conductivity  

at 373 K  (S cm
-1

) 

 

Activation Energies in 

        (eV) 

Region I Region II 

              

 

 Pure PEO 

 

 

6.78  10
-10

 

 

1.58  10
-7

 

 

     0.34 

 

       0.38 

PEO + NaHCO3 

(90:10) 

 

1.54  10
-7

 

 

5.11  10
-7

 

 

     0.32 

 

       0.48 

PEO + NaHCO3 

(80:20) 

 

1.62  10
-7

 

 

5.91  10
-6

 

 

     0.25 

 

       0.33 

PEO + NaHCO3 + DMF 

(90:10) 

 

0.46  10
-6

 

 

1.5  10
-5

 

 

     0.29 

 

       0.33 

PEO + NaHCO3 + DMF 

(80:20) 

 

0.52  10
-6

 

 

2.2  10
-5

 

 

     0.30 

 

       0.31 

 

Table 2. The Values of Mobility and Transference numbers for Pure PEO, (PEO + NaHCO3) and PEO + NaHCO3 + Plasticizer 

(DMF) electrolyte systems 

                                                                                                                                                                  

                                                  

            

Electrolyte 

 

 

Transference           

number (tion) 

 

Mobility () 

in (cm
2
/VS) 

 

Pure PEO 

 

- 

 

0.92  10
-4

 cm
2
/VS 

 

PEO + NaHCO3 (90:10) 

 

0.92 

 

 

1.42  10
-4

 cm
2
/VS 

 

PEO + NaHCO3 (80:20) 

 

 

0.93 

 

1.61  10
-4

 cm
2
/VS 

 

PEO + NaHCO3 + DMF(90:10) 

 

0.935 2.11  10
-4

 cm
2
/VS 

 

PEO + NaHCO3 + DMF(80:20) 

 

0.940 2.16  10
-4

 cm
2
/VS 

                                                

Table 3. Comparison of Present cell / Battery Parameters with data for other Batteries reported earlier. 

 

Electrochemical cell 

   configuration 

Open circuit   

voltage (V)       

   Discharge time 

         (hours) 

       Reference 

 

 

Ag
+
/(PEO + AgNO3)/ 

(I2 + C + Electrolyte) 

 

0.61 

 

48 

 

[10, 14] 

 

K
+
/(PEO + KYF4)/ 

(I2 +  C + Electrolyte) 

 

2.4 

 

51 

 

[19] 

 

Na
+
/(PEO + Glass)/ 

(I2 + C + Electrolyte) 

 

2.1 

 

51 

 

[20] 

 

Na
+
/(PEO + NaHCO3 +  

plasticizer)/(I2 + C + 

electrolyte)(80:20) 

 

2.81 

 

79 

 

 

       

     Present Work 
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Where d is the thickness of the sample, T is the time of 

flight, and V is the applied voltage (1.5V).  The transference 

numbers corresponding to ionic (t ion ) and electronic (t ele) 

have  been evaluated in PEO + NaHCO3 and PEO + 

NaHCO3 + plasticizer systems using Wagner’s  polarization 

method [18]. The calculated values of mobility and 

transference numbers are given in Table 2. The charge 

transport in these polymer electrolyte films is found to be 

predominantly due to ions. The variation of ionic 

conductivity of (PEO + NaHCO3) and (PEO + NaHCO3 + 

Plasticizer (DMF)) electrolyte systems are found to follow 

the Arrhenius relation. 

   

               = 0 / T exp (-Ea / KT)     

           

Where 0 is the pre exponential factor, T is 

absolute temperature, K is Boltzmann Constant and Ea is the 

activation energy for the migration of Na 
+
 ions. 

Solid - state batteries was fabricated with the 

configuration Na
+
 /polymer electrolyte system (PEO + 

NaHCO3 + DMF)/ (I2 + C + electrolyte). The thickness of 

the electrode layer is about 1mm.  The surface area and the 

thickness of the electrolyte are respectively 1.34 cm
2
 and 

150m.  The discharge characteristics are studied for all the 

cells at room temperature by connecting a load of 100 K. 

Fig. 6 shows the discharge characteristic studies of the 

developed Polymer battery.  The initial sharp decrease in 

the voltage and Current may be due to the polarization 

effects and / or the formation of a thin layer of sodium salt 

at the electrode-electrolyte interface [23, 24]. The Open 

circuit voltage (OCV) and Short circuit current (SCC) for 

the polymer battery (80:20) are found to be 2.81V and 1.32 

mA, respectively. The other cell parameters for this cell 

were evaluated and summarized below: 

 

Cell weight                            = 1.56 gm 

Effective area of the cell             = 1.34 cm
2
 

Thickness of the cell                   = 150 m 

Current density                           = 0.985 mA/ cm
2
 

Power density                             = 2.46 Watt/ Kg 

Energy density                            = 194.34 watt-hour/ kg 

Discharge time                           = 79 hr 

 

The battery parameters calculated for PEO + 

NaHCO3 and PEO + NaHCO3 + plasticizer batteries are 

given in Table 3 along with the parameters reported for 

other cells [19-22, 24].  From Table 3 it is clear that the 

battery parameters are found to be better in plasticizer 

added  

i) (PEO + NaHCO3) electrolyte systems, indicating that 

plasticizer added polymer electrolyte battery exhibit 

improved battery/cell performance and are more stable 

than pure polymer electrolyte batteries. Plasticizer 

added polymer electrolyte systems thus offer an 

interesting alternative to other reported electrolyte 

systems for room temperature Solid state Polymer 

batteries/ electrochemical cells.   

 

 

 

4. Conclusions 

 

 Plasticizers are of low molecular weight and non-

volatile substances (mostly liquids). When a plasticizer is 

added to a polymer, it improves its flexibility, 

processability. Thus the utility of plasticizers substantially 

reduce the brittleness of many polymers, because the 

addition of even small quantities markedly reduces the 

melting point (Tm) of the polymer. This effect is due to 

reduction in the cohesive change. The effect of plasticizer 

(DMF) on a polymer electrolyte leads to an increase in 

conductivity by more than a factor of 10 in plasticizer added 

polymer electrolyte systems when compared with PEO + 

NaHCO3 polymer electrolyte systems. Also the plasticizer 

electrolyte systems show an improved mobility values as 

compared with the PEO + NaHCO3 electrolyte systems.  

From the conductivity data and from Table 2, it is clear that 

the addition of plasticizer has a remarkable effect on the 

transport properties of the electrolyte. The solid polymer 

battery parameters evaluated for plasticizer added PEO + 

NaHCO3 complexed electrolyte systems exhibit better 

results when compared with those for PEO + NaHCO3 

complexed systems, indicating that plasticizer added 

polymer electrolyte batteries exhibit improved battery 

performance and higher stability than pure polymer 

electrolyte systems. 
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