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Abstract:A solid biopolymer electrolytes (BEs) based on hydroxypropyl methylcellulose (HPMC) doped with 

different concentrations of ceric ammonium nitrate (NH4)2Ce(NO3)6 (CAN) were prepared by solution cast 

method. Different techniques has been employed to investigate the effects of structural, thermal and ionic 

conductivity behavior  of these polymer electrolyte films upon gamma irradiation with different doses of 20, 60 

and 100 kGy. The dissolution of the salt into the polymer host and the structural properties of pure and CAN 

(0.5% - 2%) (wt. %) complexed HPMC polymer electrolyte films before and after irradiation was confirmed by 
X – ray diffraction (XRD) studies. XRD results revealed that the amorphous domains of HPMC polymer matrix 

was increased with increase in the salt concentration and with the gamma dose. The percentage of 

crystallanityis found to be high in pristine unirradiated HPMC films. The variation of film morphology was 

examined by scanning electron microscopy (SEM). Thermal properties of these polymer electrolyte films before 

and after irradiation were studied using differential scanning calorimetry (DSC). The results revealed that the 

presence of CAN in the polymer matrix increases the melting temperature, however it is observed that the total 

enthalpy of fusion (∆𝐻𝑓) is maximum for unirradiated pristine HPMC films. Direct current (dc) conductivity 

was measured in the temperature range of 313–383K. The temperature-dependent of HPMC based BEs system 

conductivity data obeys Arrhenius relationship. Conductivity enhancement in these BEs is caused not only by 

the increase in the concentration of CAN but also by the increase in mobility and diffusion coefficient of ions 
and with increasing gamma dose. 
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I. Introduction 
Ironically conducting polymers are important materials both from fundamental studies as well as 

practical applications in high energy density solid state batteries, supercapacitors, fuel cell, smart windows, 

sensors and electrochemical devices etc[1-3].They are likely to replace metals and alloys in many applications, 

because of their light weight, ease of fabrication and stability. Various research groups have studied the effect of 

inorganic dopants on the polymer hosts. The formation of a complex between the polymer and the dopant results 

in considerable increase in electron mobility resulting in enhanced electrical conductivity. Electrical 
conductivities can be varied  to several orders of magnitude by changing dopant concentrations so that 

electronic property control is feasible over the entire range from insulator to semiconductor and then to metal. 

Electrolytes used in the commercial batteries and electronic devices today are high in conductivity, but it is 

hazardous and non-biodegradable, thus, it is danger to the environment and also human. One of the main issues 

of concern in studies of polymer electrolytes is the question of what types of polymers might be useful. A 

distinctive structural feature of cellulose materials is heterogeneity owing to its fiber structure [4]. Several 

researches done on this very famous cellulose were largely investigated by various scientists around the world 

due to its mysterious and unexplored properties [5-10].A study by H. S. Ragab et al., 2013, Y. Prakash et al., 

2013, Somashekarappa H et el., 2013 [10-12] showed that the dispersion of the filler inorganic salts  in the 

HPMC polymeric complexes could prevent the polymer chain reorganization. In addition, the ionic conductivity 

and interfacial properties could be improved with the addition of inorganic salt. Several high technology 
industries require conducting polymers that exhibit a specific response upon exposure to [13-15]. Electronic 

industry requires materials that undergo radiation induced scission or cross-linking for resist applications, while 

aerospace and medical applications require high radiation resistant materials. For Space applications and 

practical situations like sterilization of food packed in a polymer foil or sheet, damage to the polymers by 

nuclearirradiation needs to be experimentally studied and [16-17]. The design and development of appropriate 

chemistry for these applications require complete understanding of the effects of radiation on the polymeric 

materials. The structural, thermal and electrical properties of materials undergo changes upon exposure to 

nuclear radiations. The irradiation of polymeric materials with ionizing radiation (gamma rays, X rays, 

http://link.springer.com/search?facet-author=%22H.+S.+Ragab%22
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accelerated electrons, ion beams) leads to the formation of very reactive intermediates. The ultimateeffects of 

these reactions can be the formation of oxidized products, grafts, scission of main chains (degradation) or cross-

linking. In case of ionizing radiation like gamma radiation, the initial absorption is typically a spatially random 
process and leads to free radical or ionic species production and can involve side group or main chain scission or 

cross linking. With the extent of these changes are being dependent upon the chemical structure of a particular 

polymer, the total radiation dose absorbed and the rate at which it is deposited.  

In radiation chemistry, polymers are classified as scission polymers and cross-linking polymers. Most 

biopolymers are classified as scission polymers. Recent developments in this filed have proved that a variety of 

biopolymer could be cross linked by irradiating with high energy radiations [18] and HPMC polymer tends to 

exhibit such radiation cross-linking. They are cellulose ethers, and it is well known that derivatives of cellulose 

can readily change its physiochemical properties and its functions of cellulose. Many forms of degradation are 

possible due to the composition of the medium, pH, temperature and/or the presence of different ions and 

oxygen. However, to modify the properties of HPMC in order to broaden its useful properties, crosslinking is 

one of the most popular methods. Its characteristics could be altered by crosslinking such as swelling degree, 
transport properties, mechanical properties, chemical stability, thermal stability as well as biodegradation 

rate[19-21].In the present study, HPMC polymer electrolytes were prepared by incorporating ceric ammonium 

nitrate(NH4)2Ce(NO3)6(CAN) as doping salt.This orange-red, water-soluble cerium salt is widely used as an 

oxidizing agent in organic synthesis. It has been used extensively as the redox initiator for effecting grafting of a 

variety of biopolymers. The mechanism by which Ce(IV) interacts with biopolymer to form free radical 

involves the formation of a coordination complex between the Ce(IV) and the hydroxyl group of biopolymer[ 

22-23]. 

HPMC polymer has been chosen because of its appealing properties. HPMC is well known and of 

major interest to be used as environmental friendly products. It is proved to be more thermally stable than those 

derived from cellulose such as carboxymethylcellulose (CMC), hydroxyethylcellulose (HEC), and 

methylcellulose (MC) [24]. It is a biopolymer, eco-friendly and water soluble[25-26]. It has ability to dissolve 

high concentrations of a wide variety of metal salts and an excellent film forming capacity. Its charge storage 
capacity can be influenced by the addition of inorganic salt like ceric ammonium nitrate (CAN)to provide good 

amorphous and compatible nature. It has semi crystalline nature which occurred in two phases (amorphousand 

crystalline). Amorphous phase enhances higherionic conduction in the system meanwhile crystalline 

phaseprovides strong mechanical support to the polymer electrolytes. Due to the abundance, low cost and easier 

process ability, cellulose based electrolytes is expected to bring better future of green nations than non-

biodegradable, toxic and harmful materials used in the commercial batteries today. In this study, solid 

biopolymer electrolyte is presented to overcome this problem. Thus, development of cellulose or cellulose 

derivative based electrolyte is an evolutional research where the well-known insulator material (cellulose is the 

wall cell of plant – wood) is manipulated to be an ionic conducting materials. The HPMC would be explored in 

term of its electrical conductivity as well as to improve the potential of this material as an ionic conductive 

polymer. The introduction of ionic dopant into the HPMC would expect to increase the cellulose film electrical 
properties for further usage of the SPE in today‟s electrochemical application. Gamma irradiation is an easy and 

cost effective process, has been regarded as a very useful method used to generate crosslinking or scission in 

water-soluble polymers. Gamma irradiation effects on pure and HPMC:CAN polymer electrolyte films may 

bring about remarkable structural and morphological changes, which results enhancement in their performance 

and properties such as crystallinity, conductivity, electrochemical stability, sensitivity, solubility, etc. In view of 

its importance the present work is being initiated and efforts have been made to study their structural and ionic 

conductivity changes before and after irradiation. The study of the modification inthe properties of the 

conducting polymers after controlled irradiation and development of radiation resistantpolymers is the main 

scope of the work. 

 

II. Experimental 
2.1 Materials and Preparation of Polymer Electrolyte Films.   

Pure HPMC and various compositions of complexed films of HPMC with ceric ammonium nitrate 

(CAN) salt were prepared by solution cast method using double distilled water as solvent. Hydroxypropyl 

methylcellulose (HPMC E15LV) and ceric ammonium nitrate (NH4)2Ce(NO3)6(99.0 %), was purchased from 

Loba Chemicals India. To prepare the polymer electrolyte films, HPMC polymer was blended with inorganic 

salt of CAN. 5g of HPMC in 100 ml double distilled water was dissolved and stirred continuously for 6-8 h. The 

completely soluble homogeneous solution was filtered through Whatmann No 41 filter paper and degassed to 

remove foam and any undissolved impurities. The desired amounts of (0.5% - 2%) (Wt %) CAN was added and 

stirred continuously for 3 - 4 h. Then the clear solution of HPMC:CAN was poured on to a clean and leveled 

glass plates (30 cm X 40 cm) to evaporate at room temperature for 5 days and peeled off from the glass plate. 
The final films were vacuum dried thoroughly and stored in desiccators to avoid the absorption of moisture. 

http://en.wikipedia.org/wiki/Cerium
http://en.wikipedia.org/wiki/Redox
http://en.wikipedia.org/wiki/Organic_synthesis
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Polymer electrolyte films of HPMC: CAN (5:0.5, 5:1, 5:1.5, and 5:2) with thickness (0.2 -0.6 mm) were 

prepared.  

 

2.2Instrumentation 

The XRD studies of the films were made with an X-ray source with CuKα radiation of wavelength 

1.5406Å. The surface morphology of these polymer films were observed using JEOL 840, resolution at 20 Kv, 

10 nm scanning electron microscope (SEM). The samples were gold coated using the sputter coater at 10 mA 

current under 10−2 torr vacuum for 3 minutes before imaging. The Differential Scanning Calorimetry (DSC) 
measurements have been taken in the temperature range of 30 – 200 0C with the help of Differential Scanning 

Calorimeter Model: METTLER-TOLEDO DSC1 thermal analysis system at a heating rate of 10 0C per minute. 

The temperature dependent dc conductivity of the reported polymer electrolyte samples were measured in the 

temperature range of (313 – 383 K) using Keithley Electrometer (Model 617). The disk sample (13mm in 

diameter) was sandwiched between the finely polished stainless steel electrodes. Silver paste is deposited on 

both sides of well-polished sample pallets for good electrical contact.The change in the resistance with 

temperature was noted. The dc electrical conductivity ( σdc ) is calculated using the formula   

   σ     =   
𝟏

𝐑
  

𝐭

𝐀
       (1) 

Where„t‟ is the thickness of the sample in mm, „R‟ is the resistance in MΩ and „A‟ is the area of the sample in  

mm2. 

 

2.3Gamma irradiation 

Films of pure HPMC and various compositions of complexed films of HPMC:CAN has been gamma 

irradiated in air by 60Co source at the doses of 20, 60 and 100 kGy, applied at a dose rate of 2.5 kGy / hour. As 

the mechanical properties and wear resistance of the polymer saturate at above 100 kGyirradiation[27-28], the 

proposed study was carried out upto 100 kGy dosage level, which was performed at M/s Microtrol sterilization 

private limited, Bangalore, India 

 

III. Results And Discussion 
3.1  XRD studies 

 
A                                                                                             B 

 
C                                                                                                D 

Fig. 1. XRD pattern of aunirradiated and b 20 kGy, c 60 kGy,d 100 kGygamma irradiated pure and 

HPMC:CAN polymer electrolyte films. 
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Table 1 Position of the most intense peak 2θ ( 0), d – Value ( Å) and the percentage of 

crystallanity for unirradiated pure and CANcomplexed HPMC films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 Percentage of crystallanity (XC) for 20, 60 & 100 kGy gamma irradiated pure and CAN 

complexes of HPMC polymer electrolyte films. 

 

 

 

 

 

 

 

 

 
 

 

XRD patterns of unirradiated and 20, 60, 100 kGy gamma irradiated pure and HPMC:CANcomplexed 

films are shown in Figure 1. For unirradiated samples, pure HPMC shows a broad peak at 2θ = 21.26 0 (d 

spacing = 4.175 Å) corresponding to its semi-crystalline nature of the polymer (Yukoh Sakata et al., 2006) [29]. 

This diffraction peak is shifted to 5.550 (d spacing = 15.90Å) in HPMC:CAN complexes of 5:0.5 system and 

almost between 50 – 6.50 (d spacing = 18.31Åand 13.67Å) in 5:1 and 5:1.5 systems of polymer electrolytes. 

Whereas for 5:2 system this diffraction peak almost disappears. There is a nucleation of crystalline order which 

gives an additional Bragg-like reflection almost at 2θ =  27.83 0 (d spacing = 3.20 Å ) for pure HPMC and is 

shifted to around 280 − 340  in all other complexed systems with broad peaks and with decreasing intensity. 
The mentioned peaks are less intense and are almost found to be disappearing in the polymer electrolyte systems 

at higher concentrations of CAN indicating that the addition of the salt causes a decrease in the degree of 

crystallinity and a simultaneous increase in the amorphisity of the HPMC complexes. Absence of peaks 

corresponding to the CAN salt in these complexes indicates that the inorganic salt is thoroughly mixed with the 

host polymer matrices. No sharp peaks were observed for the higher concentration of the salt in the polymer 

suggesting the dominant presence of amorphous phase [30]. Therefore it may be confirmed that the 

complexation has been taken place in the amorphous phase. The irradiated sample of pure and HPMC:CAN 
shows decrease in the intensity with broad peaks, implying that crystallinity decreases. Normally, for pure 

HPMC, a slight increase in crystallinity is observed at lower irradiation dose (20 kGy), which may be due to the 

cross linking of the polymer chain or by the formation of the single or multiple helices, which induces more 

crystalline region in the polymer samples. However during irradiation athigher doses (60 kGy, 100 kGy) the 

peaksget broadened and the intensity decreases indicating that the degree of crystallinity is decreased.In 

HPMC:CAN polymer electrolyte systems the presence of CAN prevent polymer chainreorganization resulting 

in decreased crystallinity compared to pure HPMC. As the radiation dose increases, the peaks corresponding to 

HPMC:CAN systems in all the compositions of polymer electrolyte films shits between 50 – 60. Also the 

peaksgets broadened up and almost found to be disappearing at 60 and 100 kGy irradiation, indicating that 

degree of crystallinity is decreased. Hence it is worth mentioning that during irradiation, the energy deposited in 

the polymer causes chain scission or produce radicals which subsequently decay or cross-link with neighboring 
radicals, i.e. both chain scission and cross-linking occur during irradiation. Here the dominating amorphous 

phase results in greater ionic diffusivity with high conductivity. From Table 1 and Table 2, it is clear that 

percentage of crystallanity decreases with addition salt concentration and the increasing gamma dose. The 

values are in good agreement with the interpreted results from XRD patterns. The percentage of the degree of 

 

Sample 

 

2θ  ( 
0 
) 

 

d – Value ( Å) 

 

 

Xc( % ) 

 

Pure HPMC 

 

21.26 

 

4.18 

 

65.29 

HPMC:CAN (5:0.5) 

HPMC:CAN (5:1) 

HPMC:CAN (5:1.5) 

HPMC:CAN (5:2) 

5.55 

4.82 

6.45 

5.3 

15.9 

18.31 

13.67 

16.66 

19.77 

9.40 

6.91 

 6.69 

    

 

Dose rate 

 

20 kGy 

 

60 kGy 

 

100 kGy 

Sample Xc (%) Xc (%) Xc (%) 

Pure HPMC 67.6 45.5 32.4 

HPMC:CAN  (5:0.5) 9.09 8.21 8.14 

HPMC:CAN   (5:1) 7.03 6.65 5.89 

HPMC:CAN  (5:1.5) 5.69 5.91 5.82 

HPMC:CAN  (5:2) 3.74 3.32 2.74 
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crystallinity (Xc) was determined from the ratios of the area under the crystalline peak and the respective halos 

using the method [31- 32]  

 

𝐗𝐜 =  
𝐀𝐜

𝐀𝐜 +  𝐀𝐚
𝐗𝟏𝟎𝟎    (2) 

 

Where𝐀𝐜  and 𝐀𝐚 are the area of crystalline and amorphous (halo) regions respectively. 

 

3.2SEM analysis 

Pure HPMC    HPMC:CAN(5:05)   HPMC:CAN(5:2) 

a  

b  

c  

d  
Fig. 2 SEM Photographs of aunirradiated,b 20 kGy, c 60 kGy, d100 kGy  gamma irradiated pure and , 

(HPMC:CAN) (5:0.5, 5:2) polymer electrolyte films 

 

SEM of the pure and HPMC:CAN (5:0.5) and (5:2) polymer electrolytes before and after irradiation 

shown in Figure 2, is of uniform type but with different degrees of roughness. Unirradiated pure HPMC films 

exhibits no features attributable to any crystalline morphology, so the semi crystallinity of HPMC is likely to be 
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submicroscopic in nature. The surface of the unirradiated films is smooth and homogeneous, however when the 

CAN salt concentration and the gamma dose increases, an increase in the degree of roughness is observed. Also 

the dense structure of the film indicates the segregation of the dopant in that host polymer matrix. It is observed 
that irradiated pure HPMC shows porous structure with well dispersed pores for low doses at 20 kGy. On the 

other hand, at higher doses (60,100 kGy) the porous structure is disrupted possibly due to recrystallization of the 

polymer. Whereas HPMC:CAN (5:0.5) system shows the formation of porous structure on the surface at higher 

doses (60, 100 kGy), may be due to the rapid penetration of the ions into the polymer matrix at higher doses. For 

HPMC:CAN (5:2) systems, rod and flower-like structures appear due to the irradiation effects. Figures 2b and 

2c show the surface full of well distributed small cavities and loosely bound small rod-like structures on the 

surface. Therefore two phase microstructure in the SEM image reflects the phase separation at different 

concentration (5:0.5, 5:2) of CAN salt and at higher doses. Considerable damage in the polymeric structure was 

observed during irradiation, which is also responsible for decrease in the crystallinity of the material as indicated 

by XRD analysis. 

3.3Differential scanning calorimetry studies 

a b  

c d  

Fig. 3DSC curves of aunirradiated and b 20 kGy, c 60 kGy, d 100 kGy irradiated pure HPMC and 

(HPMC:CAN) (5:0.5, 5:2) polymer electrolyte films. 
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Table 3  Heat of fusion (∆Hf), Peak temperature for pure and HPMC:CAN (5:0.5, 5:2)polymer electrolyte films. 

 

Table 4. Heat of fusion ∆Hf, peak temperature and 20, 60, 100 kGy gamma irradiated pure and HPMC:CAN 

(5:0.5, 5:2) polymer electrolyte films. 

 

The DSC thermograms of unirradiated and 20, 60, 100 kGy gamma irradiated pure and HPMC: CAN 
(5:0.5) and (5:2) are shown in Figure 3. It is observed that the unirradiated  pure HPMC shows broad 

endothermic transition starts from 50 0C to 91 0C with a broad peak value at 72.16 0C [31]. This endothermic 

peak shifts to 79.190C and 83 0C in the HPMC:CAN (5:0.5, 5:2) systems indicating that, the presence of CAN in 

the polymer matrix increases the melting temperature and are thermally more stable. However, pure HPMC 

during irradiation (20, 60, 100 kGy), shows a broad endothermic melting peak temperature, which decreases to 

69.5 0C, 69.62 0C and 59.45 0C respectively. For irradiated HPMC:CAN (5:0.5, 5:2) systems, though the melting 

peak increases to 87.330C and 85.660C at 20 kGy, however during irradiation for 60 and 100 kGy, this melting 

peak slightly increases to 86.60C, 90.50C and 900C, 102.50C respectively for 5:0.5, 5:2 of HPMC:CAN 

complexes.The enthalpy was calculated from the heat flow integral. Table 3 and Table 4 shows the enthalpy of 

fusion (∆Hf),which is given by the area under the melting endotherm, decreases for pristine HPMC as well as 

for all HPMC: CAN complexes before and after irradiation. The relative percentage of crystallinity also reduces 
in all HPMC: CAN polymer films. From Table 1 and Table 2, it is clear that the percentage of crystallinity 

reduces in all polymer electrolyte complexes when compared with the pristine and irradiated HPMC polymer 

films. However the crystallinity reduces to a minimum of 6.69 % for unirradited HPMC:CAN complexes of 5:2 

ratio compared with the 65 % crystallinity for the polymer host. Whereas, for irradiated (100 kGy) HPMC:CAN 

complexes of 5:2 ratio, the crystallinity reduces to a minimum of 2.74 %, when compared with the 32 % 

crystallinity of the irradiated (100 kGy) HPMC polymer host. 

 

3.4Electrical conductivity studies 
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c d  
Fig. 4 Temperature dependent conductivity of aunirradiated, b 20 kGy, c 60 kGy, d100 kGy gamma 

irradiated polymer electrolyte films 

 

b  
Fig. 5 Variation of activation energy in a  region–I, b region-II for different gamma doses. 

 

Table 5 Conductivity values and activation energy at different temperatures for unirradiated pure and 

HPMC:CAN polymer electrolyte films 
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Region II 

 

Pure HPMC 

 

6.530 E
-9

 

 

9.372 E
-9

 

 

2.012 E
-8

 

 

3.947 E
-8

 

 

    0.65 

 

0.42 

HPMC:CAN (5:0.5) 

HPMC:CAN (5:1) 

HPMC:CAN (5:1.5) 

HPMC:CAN (5:2) 

1.204 E
-7

 

1.692 E
-7

 

2.744 E
-7

 

4.233 E
-7

 

1.787 E
-7

 

2.662 E
-7

 

4.157 E
-7 

6.301 E
-7

 

6.709 E
-7

 

8.492 E
-7

 

1.801 E
-6

 

3.354 E
-6

 

 

1.211 E
-6

 

1.597 E
-6

 

3.640 E
-6

 

5.451 E
-6

 

0.48 

0.44 

0.33 

0.29 

0.35 

0.31 

0.24 

0.22 
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Table 6 Conductivity values and activation energy at different temperatures for 20 kGy irradiated pure and 

HPMC:CANpolymer electrolyte films. 

 

Table 7 Conductivity values and activation energy at different temperatures for 100 kGy irradiated pure and 

HPMC:CAN polymer electrolyte films 

 

The gamma radiation-induced dc electrical change could in principle, be used as a measure of gamma 

ray absorbed dose. This induced dc electrical conductivity (σ) is carefully studied in the dose range up to 100 

kGy and in the temperature range of 313 – 383 K. The variation of log σ  on 1/T for the unirradiated and 

irradiated pure and doped HPMC films with different concentrations of CAN ( 0.5, 1, 1.5 and 2wt %) were 

studied. Figure 4 shows the temperature dependent dc conductivity  for the pure and HPMC:CAN systems 

before and after gamma irradiation for 20, 60, and 100 kGy.  The temperature dependence of electrical 

conductivity (𝛔) follows Arrhenius Eq. 

     𝛔 = 𝛔𝟎𝐞𝐱𝐩
 
−𝐄𝐚

𝐤𝐓  
   (3) 

 

Where 𝛔𝟎 is the pre-exponential factor, 𝐄𝐚 is the activation energy, K is the Boltzmann constant and T 
is absolute temperature.From the plots of Fig 4a for unirradiated samples, it is clear that the conductivity is 

found to increase with increase in temperature for pure HPMC as well as in all the compositions of HPMC:CAN 

polymer electrolyte films. Whereas for the plots of irradiated samples from Figs 4b, 4c and 4d, the dc 

conductivity increases as the temperature and gamma dose increases. However, the HPMC:CAN samples 

irradiated at 20 kGy shows a slight decrease in electrical conductivity  when compared with samples irradiated 

with 60 and 100 kGy at higher temperatures. Hence it is observed that the induced changes in electrical 

conductivity are dose-dependent and can be attributed to the creation of induced charge carriers in the HPMC 

polymer matrix at different concentrations of the doping salt. This dependence of the dc conductivity on the 

gamma dose might be explained as follows. At the beginning, increase in gamma dose would result in an 

increase in the number of charge carriers created. This increasing number of carriers will continue to take place 

as gamma dose increases until we approach a situation at which most of the possible charge carriers are already 
created. After this threshold dose limit, we might expect no more increase in the dc conductivity, and a 

saturation limit might be achieved. The increase in conductivity at high temperature may be accounted for by 

the liberation of electrons or ions through the amorphous region of HPMC, and/or, probably, the internal 

stresses in the doped sample may also play a role in the motion of charge carriers [33]. 

The increase in conductivity with increasing the salt concentration may be attributed to the transitions 

from crystalline to semi-crystalline phase and then to amorphous phase and is interpreted as hopping mechanism 

between local coordinate sites, local structural relaxation, and segmental motion of the polymer. This decrease 

in the degree of crystallinity and increase in the amorphousity was confirmed with XRD studies. As the 

amorphous region increases progressively, however the polymer chain acquires faster internal modes in which 

bond rotations produce segmental motion, this in turn favors the hopping interchain and intrachain ion 

movements hence the conductivity of the polymer electrolytes become high. The dc conductivity data for 

unirradiated and 20, 100 kGy irradiated HPMC and all HPMC:CANcomlexes are listed in Tables 5, 6, and 7. 
The data shows that the carrier concentration increases with increase in gamma irradiation. This is because the 

 

                                        Conductivity (σ) ( S𝐜𝐦−𝟏 )                      Activation energy (eV)                               
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313 K 

 

333 K 

 

363 K 

 

383 K 

 

Region I 

 

Region II 

 

Pure HPMC 

 

6.224 E
-8

 

 

6.642 E
-8

 

 

9.351 E
-8

 

 

1.068 E
-7

 

 

    0.49 

 

0.37 

HPMC:CAN (5:0.5)  

HPMC:CAN (5:1) 

HPMC: CAN (5:3) 

HPMC: CdCl2 (5:4) 

8.305 E
-8

 

1.459 E
-7

 

2.055 E
-7

 

2.864 E
-7

 

1.236  E
-7

 

1.943 E
-7

 

2.574 E
-7 

 3.452 E
-7

 

2.164 E
-7

 

 3.427 E
-7

 

4.683 E
-7

 

6.265 E
-7

 

2.463 E
-7

 

4.397 E
-7

 

5.291 E
-7

 

7.335 E
-7

 

0.45 

0.40 

0.30 

0.27 

0.32 

0.28 

0.19 

0.12 

       

 

                                          Conductivity (σ) ( S𝐜𝐦−𝟏 )                      Activation energy (eV)                               
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313 K 

 

333 K 

 

363 K 

 

383 K 

 

Region I 

 

Region II 

 

Pure HPMC 

 

1.245 E
-7

 

 

1.398  E
-7

 

 

1.688 E
-7

 

 

1.95 E
-7

 

 

      0.33 

 

       0.3 

HPMC:CAN (5:0.5) 

HPMC: CAN (5:1) 

HPMC: CAN (5:1.5) 

HPMC: CAN (5:2) 

3.993 E
-7

 

5.549 E
-7

 

1.029 E
-6

 

1.481 E
-6

 

  5.103  E
-7

 

 7.731 E
-7

 

 1.179 E
-6 

  1.759 E
-6

 

1.034 E
-6

 

  1.436 E
-6

 

  2.447 E
-6

 

 2.835 E
-6

 

1.243 E
-6

 

1.834 E
-6

 

2.864 E
-6

 

3.472 E
-6

 

0.26 

0.19 

0.16 

0.13 

0.21 

0.13 

0.11 

0.10 
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effect of ionizing gamma irradiation on polymer is to rupture chemical bonds and create energetic free electrons, 

ions, and radicals, which are able to migrate through the network. Further, the irradiation was carried out in air, 

and, hence, the formed gaseous ions around the films may produce space charge in the surface of the samples 
leading to a change in electrical conductivity[34]. The properties of the amorphous phase obviously play a major 

role in determining the overall response of the material [35-36]. 

Figure 4 reveals that the conductivity does not show any abrupt change with the temperature, indicating that the 

electrolyte exhibits amorphous nature. The activation energy 𝐄𝐚 is a combination of defect formation and defect 

migration, which can be calculated from the slopes of linear fit of Arrhenius plots of log 𝛔 versus 1000/T  using 

expression 

 

    𝐄𝐚 = 𝐒𝐥𝐨𝐩𝐞𝐗𝟐𝐊    (4) 

Where 𝐄𝐚 is the activation energy (eV), K is the Boltzmann constant.  
The activation energies evaluated for the unirradiated  and 20, 100 kGy irradiated samples are listed in Tables 5, 

6, 7. It is obvious that from Figure 5a, 5b, the values of the activation energy vary as a function of the absorbed 

dose. They decrease with increasing gamma dose and CdCl2 salt concentration for each particular sample. 

Therefore, it can be suggested that the value of Ea is due to the energy that is required to provide a conductive 

condition for the migration of ions. The activation energies in the two regions (region-I and region II) show a 

decreasing trend as the dopant concentration increases confirming the increase in amorphous nature of polymer 

electrolyte. This may be explained in terms of formation of charge transfer complexes. However, the electrical 

conductivity for different concentrations of CAN doped HPMC in regions I and II, is because of  the mechanism 

by which Ce(IV) interacts with biopolymer to form free radical involves the formation ofa coordination complex 

between the Ce(IV) and the hydroxyl group of biopolymer[37].This, in turn, reduces the intermolecular 

interaction between chains and expands the space between them. In other words, the addition of Ce(IV) 
increases the volume required for ionic carriers drift in the polymer. This leads to an increase in the ionic 

mobility and a reduction in the activation energy. This is in complete accordance with the observed results from 

the graph  and indicates the low activation energy for CAN ion transport is due to dominant presence of 

amorphous nature of polymer electrolyte that facilitates the fast Ce(IV)  ion motion in polymer network.  In 

addition, gamma irradiation seems capable to make some sort of variation in the amorphous regions reflecting a 

change in the structure of HPMC:CAN system. The amorphous nature also provides a bigger free volume in 

polymer electrolyte system with the increase in temperature. It is observed that HPMC:CAN (5:2) system has 

highest conductivity and low activation energy region when compared with pure and other complexes of 

HPMC. 

 

IV. Conclusion 
The complexation of the salt with the host polymer before and after irradiation is confirmed by XRD 

studies.  XRD study shows the percentage of crystallanity decreases with the increasing concentration of CAN 

salt and gamma dose. For pure HPMC, a slight increase in crystallinity is observed at low radiation dose (20 

kGy), whereas crystallinity decreases athigher doses. This may be due to the cross linking of the polymer chain 

or by the formation of the single or multiple helices, which induces more crystalline region in the polymer 

samples. In HPMC:CAN polymer electrolyte systems the presence of CAN salt prevent polymer 

chainreorganization resulting in decreased crystallinity compared to pure HPMC. Hence it may be mentioned 

that during irradiation, the energy deposited in the polymer causes chain scission or produce radicals which 

subsequently decay or cross-link with neighboring radicals, i.e. both chain scission and cross-linking occur 
during irradiation. 

SEM analysis of unirradiated, films shows a uniform type but with different degrees of roughness and 

exhibits no features attributable to any crystalline morphology.It is observed that during irradiation, pure HPMC 

shows porous structure with well dispersed pores for low doses at 20 kGy. On the other hand, at 60 kGy, the 

porous structure is disrupted possibly due to recrystallization of the polymer. Whereas for HPMC:CAN system 

shows surface full of small cavities and the loosely bound rod-like structures due to irradiation effects at higher 

doses (60, 100 kGy). This may be due to the rapid penetration of ceric ions into the polymer matrix at higher 

doses. Considerable damage in the polymeric structure was observed during irradiation, which is also 

responsible for decrease in the crystallinity of the material. 

DSC results revealed that the presence of CAN in the polymer matrix increases the melting temperature 

in unirradiated films, on the other hand this broad endothermic melting peaks decreases in pure HPMC films 

during irradiation. However it was found that the heat of fusion (∆Hf) is high for pristine HPMC films compared 
with the CANcomplexed films, before and after irradiation. The increase in conductivity with the increasing 

temperature, salt concentration and the radiation dose is attributed to the decrease in the degree of crystallanity 

and the simultaneous increase in amorphousity. This is because the effect of ionizing gamma irradiation on 

polymer is to rupture chemical bonds and create energetic free electrons, ions, and radicals, which are able to 
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migrate through the network, leading to a change in electrical conductivity. Also the hopping mechanism of ion 

movement as ions primarily transport in amorphous phase.  The activation energy values obtained from 

conductivity data for the regions (region-I and region-II) decreases in both unirradiated and irradiated systems as 
the ionic conductivity increases which confirm the conduction in these polymer electrolytes is predominantly 

ionic. Therefore this material established a new polymer electrolyte system. The HPMC:CAN (5:2) system 

before and after irradiation increases the amorphous phase and enhances the conductivity. Thus the polymer 

electrolyte systems HPMC: CAN with an enhanced amorphous phase and conductivity requires further 

investigation for electrochemical cell device application. 
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