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Abstract 

       Solid polymer electrolyte (SPE) is synthesized using solution casting technique. 

The SPE uses poly (vinyle alcohol) PVA as a host matrix, solid acid NaHSO4, 

ethylene carbonate (EC) as plasticizer and (Si) as filler. The XRD illustrated the 

addition of EC reduces the degree of crystalinity of  NaHSO4 where the addition of Si 

resulted in the formation of new structure (SiOS). In addition, Fourier transform 

infrared spectroscopy (FTIR) spectra show the occurrence of complexation and 

interaction among the components.  Scanning electron microscopy (SEM) images 

show that changes morphology of solid polymer electrolyte. The obtained bulk 

conductivity illustrates an improvement with EC concentration to characteristic 

concentration 9.9 wt. %EC, In addition it increases with temperature obeying 

Arrhenius law. This can be attributed to an increase in amorphous content which 

enhances the segmental flexibility of polymeric chains and the disordered structure of 

the electrolyte. 

  A solid state magnesium battery is fabricated and characterized. A cell with the 

configuration Mg/ ((PVA: 0.5 NaHSO4)/ 9.9 wt. % EC) /MnO2 gives a real capacity 

249 mAh/g and has an internal resistance ≈165 Ω and cell with the configuration Mg/ 

((PVA: 0.5 NaHSO4): 9.9 wt. % EC/ 3.75 9 wt. % Si) /FeS2 gives a real capacity 112 

mAh/g and has an internal resistance ≈160 Ω. The electrodes degradation after 

discharge was characterized by XRD analysis. 
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 Introduction 1.1 

The growth in portable electronics devices such as cellular phones and laptop 

computers during the past two decades has created great interest in compact, light-

weight batteries offering high energy densities that show good recharge ability and 

reliability. In addition, strengthened environmental regulation and a more rational use 

of available energy resources prompt the development of advanced batteries for 

electric vehicles [1]. 

           In order to obtain battery systems of high energy density, highly reactive 

components should be used, i.e. anode materials of lowest redox potential possible, 

and cathode materials whose redox potential is sufficiently high compared with that 

of anode, enabling the composition of battery systems of high working potentials. 

Natural candidates for anode materials for high energy density batteries are active 

metals such as lithium, magnesium and calcium [2]. Magnesium metal possesses a 

number of characteristics which make it attractive as a negative electrode material for 

rechargeable batteries highly negative standard potential (−2.375V versus SHE), 

relatively low equivalent weight (12 g per Faraday), high melting point (649 C), low 

cost, relative abundance, high safety, ease of handling, and low toxicity which allows 

for urban waste disposal[3]. 

         Solid polymer electrolytes (SPEs) fulfill the requirements and overcome the 

limitations of conventional liquid electrolytes by addressing drawbacks such as 

electrolyte leakage, flammable organic solvent, and electrolytic degradation of 

electrolytes. When compared with gel polymer electrolytes (GPEs), SPEs are 

typically less reactive toward the electrodes. Additionally, they provide higher safety, 

prevent the build-up of internal pressure and can be designed in many desirable sizes 

and shapes. High ionic conductivity, adequate chemical and mechanical strength, 



extended thermal stability, and low price are the favorable characteristics of polymer 

electrolyte membranes [4]. 

        Solid acid membranes are a fascinating class of materials built upon hydrogen 

bonded oxyanion groups. These compounds conduct protons without the assistance of 

mobile water molecules, opening new technological possibilities and scientific 

avenues [4]. 

 In order to enhancement electrical conductivity of polymer electrolyte at 

ambient temperature without affecting their stability properties to an undesirable 

level, various approaches are currently in vogue such as copolymerization and 

plasticization. The essence of plasticization is to enhance the conductivity of polymer 

electrolyte by means of additives of low molecular weight and high dielectric 

constant such as propylene carbonate (PC) ethylene carbonate (EC) and poly ethylene 

glycol (PEG). The addition of plasticizers could enhance the conductivity and better 

contact between the electrolyte\electrode [4]. The role of plasticizer should be 

enhancement in the fraction of amorphous phase and increasing flexibility in the 

polymeric segments [5]. EC has a high dielectric constant and therefore can weaken 

the columbic force between cation and anion and lead to ion dissociation [6]. 

       One  of  the  most  promising  ways  to  improve  the morphological  and  

electrochemical  properties  of polymer  electrolytes  is  by  the  addition  of  ceramic 

 fillers[8].The addition of inorganic fillers, like glasses, aluminas, silica or other 

ceramics, to the polymer electrolyte generally improves their transport properties, the 

resistance to crystallization and the stability of the electrode–electrolyte interfaces. 

Whereas the latter two effects are always observed, the conductivity enhancement 

depends on the filler used and also on the particle dimensions. The increase in 

conductivity with respect to the corresponding unfilled electrolytes was attributed to 

the enlargement of the amorphous phase in the polymer matrix [9]. Addition of Si into 

plasticized solid acid polymer electrolytes has attracted considerable attention due to 



its enhanced ionic conductivities and electrolyte/electrode interface stability. The 

increase in conductivity has been found to depend upon the concentration. 

 Workim of the Present  A1.2 

Our research is proceeding to develop novel nanocomposite polymer 

electrolyte based on polyvinyl alcohol, NaHSO4, EC plasticizer and Si as filler. PVA 

was used as host matrix for NaHSO4: EC: Si to produce polymer electrolyte. The 

study will extend to characterization of polymer composite to optimize the electrical 

properties to be the electrolyte for magnesium battery. 

 

   



 Literature Survey3.1 

roperties of PVAP lectricElectrical and Die) I( 

P. B. Bhargav et al [10], studied the structural and electrical properties of pure 

and sodium bromide (NaBr) doped poly (vinyl alcohol) (PVA) polymer electrolyte 

films for solid state battery applications. XRD and FTIR studies confirm the 

complexation of salt with the polymer. DC conductivity was found to increase with 

the increase of dopant concentration as well as temperature. Transference number 

data suggests that the charge transport in this polymer electrolyte system is mainly 

due to ions. Electrochemical cells were fabricated with configuration 

Na/(PVA:NaBr)/V2O5 and Na/(PVA:NaBr) /(I2+C+electrolyte). The fabricated cells 

give capacities of 4.85mAhg-1 and have an internal resistance of 900Ω. 

P. B. Bhargav et al [11], studied structural and electrical studies of sodium 

iodide (NaI) doped poly (vinyl alcohol) polymer electrolyte films for their application 

in electrochemical cells. The XRD results revealed that the amorphous domains of 

PVA polymer matrix was increased with the increase in NaI salt concentration. The 

conductivity was found to increase with the increase in dopant concentration as well 

as temperature. Measurement of transference number data showed that the charge 

transport in these polymer electrolyte systems was predominantly due to ions.   

M. Hema et al [12], studied structural, vibrational and electrical 

characterization of PVA–NH4Br polymer electrolyte system. The maximum ionic 

conductivity (5.7×10-4 S. cm-1) has been obtained for 25mol% NH4Br-doped PVA 

polymer electrolyte. The temperature dependence of ionic conductivity of the 

prepared polymer electrolytes obeys Arrhenius law. The ionic transference number 

data showed that the charge transport in these polymer electrolyte systems was 

predominantly due to ions  



M. Hema et al [13], studied FTIR, XRD and ac impedance spectroscopic for 

PVA polymer electrolyte doped with NH4X (X = Cl, Br, I) polymer electrolyte. The 

XRD patterns of all the prepared polymer electrolytes reveal the amorphous nature of 

the films. From ac impedance spectroscopic studies, it has been found that PVA 

doped with NH4I have high ionic conductivity (2.5× 10-3 S.cm-1) than PVA doped 

with NH4Br (5.7×10-4 S.cm-1) and NH4Cl (1.0×10-5 S.cm-1) polymer electrolytes. This 

is due to the large an ionic size and low lattice energy of NH4I (in comparison with 

NH4Br and NH4Cl).The temperature dependence of ionic conductivity for all the 

PVA: NH4X (X=Cl,Br,I) polymer films obey Arrhenius equation. Ionic transference 

number measured has been found to be in the range of 0.93–0.96 for all the polymer 

electrolytes proving that the total conductivity is mainly due to ions. 

M. Hema et al [14], studied proton-conducting polymer electrolytes based on 

(PVA; 88% hydrolyzed) and (NH4I) has been prepared by solution casting method 

with different molar ratios of polymer and salt using DMSO as solvent. The ionic 

conductivity has been found to increase with increasing salt concentration up to 

25mol% beyond which the conductivity decreases and the highest ambient 

temperature conductivity has been found to be 2.5×10-3 S.cm-1. The temperature- 

dependent conductivity follows the Arrhenius relation.  

E.Sheha et al [15], studied a high voltage magnesium battery based on sulfuric 

acid H2SO4 (SA)-doped poly (vinyl alcohol) (PVA)0.7 sodium bromide (NaBr)0.3 solid 

polymer electrolyte. The highest conductivity of (PVA)0.7(NaBr)0.3 matrix at room 

temperature was 1.12×10−6 S.cm-1 and this increased to 6×10−4 S.cm-1 with doping by 

2.6M sulfuric acid. The electrolyte with the highest electrical conductivity was used 

in the fabrication of a magnesium battery with the configuration Mg/SPE/MnO2. 

S.Badr et al [16], studied structural and electrical properties of pure and sulfuric 

acid (SA) H2SO4 doped poly(vinyl alcohol) (PVA)0.7 sodium iodide (NaI)0.3 solid 

polymer electrolyte. The XRD data revealed that sulfuric acid disrupt the semi-

crystalline nature of (PVA)0.7(NaI)0.3 and convert it into an amorphous phase. The 



highest conductivity of (PVA)0.7 (NaI)0.3 matrix at room temperature was 10-5 S.cm-1 

and this increased to 10-3 S.cm-1 with doping by 5.1 M sulfuric acid. The electrolyte 

with the highest electrical conductivity was used in the fabrication of a sodium 

battery with the configuration Na/SPE/MnO2. The fabricated cells give open circuit 

voltage of 3.34 V and have an internal resistance of 4.5 kΩ. 

C. U. Devi et al [17], studied electrical properties of pure and silver nitrate-

doped polyvinyl alcohol (PVA) films. The electrical conductivity increased with 

increasing dopant concentration up to 0.5 wt. % of the dopant and then showed a 

decrease beyond this concentration. The increase in conductivity for dopant 

concentration up to 0.5 wt. % is attributed to formation of charge transfer complexes 

while the decrease for concentrations above 0.5 wt. % may be due to segregation. The 

variation of electrical conductivity with temperature showed two regions of activation 

with activation energies 0.8 and 0.3eV for undoped films and 1.3 and 0.3eV for 

doped films. I–V characteristics indicated that Schottky emission is the dominant 

charge transport mechanism in both undoped and AgNO3-doped films.  

 M.E. Ferna´ ndez et al [18], studied impedance spectroscopy of the polymer 

electrolyte based on poly (vinyl alcohol) (PVA)– (NaI + 4AgI)-2H2O. The polymer 

electrolyte exhibited an ionic conductivity of ~10-1 S.cm-1 and shows to best able and 

constant in a wide temperature range (10–70 ◦C) for the hydrated samples. There are 

three dielectric relaxations appear in both the imaginary and real part of the 

permittivity. These relaxations are related with the cooperative segmental movements 

of the macromolecular chains, normal-mode relaxation and localized motions of the 

structural units. 



Plasticized Solid Polymer Electrolyte) II( 

M. E. Gouda et al [19], studied the impact of ethylene carbonate (EC) on 

electrical properties of poly (vinyl alcohol) PVA/ ammonium sulfate (NH4)2SO4/ 

sulfuric acid H2SO4 proton-conductive membrane PCM. The XRD patterns of 

polymer electrolytes reveal the amorphous nature of the films. A maximum 

conductivity of 7.3×10-5 S. cm-1 has been achieved at ambient temperature for PCM 

containing 0.25 g of (EC). Measurement of transference number data showed that the 

charge transport in these polymer electrolyte systems was predominantly due to ions. 

The electrolyte with the highest electrical conductivity was used in the fabrication of 

a solid-state electrochemical cell with the configuration (Mg/PCM/PbO2). The 

fabricated cells gave capacity of 650 µAh and have an internal resistance of 11.6 kΩ. 

S. A. Suthanthiraraj [20], studied the impact of ethylene carbonate on ion 

transport characteristics of polyvinylidene fluoride (PVdF)–silver triflate (AgCF3SO3) 

polymer electrolyte system. Addition of silver triflate has resulted in an increase in 

the room temperature (298 K) electrical conductivity of the polymer from 10-6 to 10-5 

S.cm-1 where as incorporation of EC as the plasticizer has further enhanced the 

conductivity value by an order of magnitude to 10-4 S.cm-1 owing to the possible 

decrease in crystallinity of the polymer matrix. 

M.F.Z.Kadir [21], studied the plasticized chitosan–PVA blend polymer 

electrolyte based proton battery. In this work, 36 wt. % PVA and 24 wt. % chitosan 

blend doped with 40 wt. % NH4NO3 exhibited the highest room temperature 

conductivity. The conductivity value obtained was 2.07×10−5 S.cm−1. EC was then 

added in various quantities to the [60 wt. % PVA–40 wt. % chitosan] composition in 

order to enhance the conductivity of the sample. The highest conductivity obtained 

was 1.60×10-3 S.cm-1 for the sample containing 70 wt. % EC. The highest conducting 

sample in the plasticized system was used to fabricate battery with configuration 

Zn//MnO2.The open circuit potential (OCP) of the fabricated battery was between 1.6 

and 1.7 V. 



M. Kumar et al [22], studied the role of plasticizer’s on conductivity of 

polyethylene oxide (PEO) – ammonium fluoride (NH4F) polymer electrolytes. The 

addition of dimethyl acetamide as a plasticizer with dielectric constant (ε~ 37.8) 

higher than that of PEO (ε~ 5) results in an increase of conductivity by more than 

three orders of magnitude where as the addition of diethylcarbonate as a plasticizer 

with dielectric constant ε~ 2.8 lower than that of PEO does not enhance the 

conductivity of PEO–NH4F polymer electrolytes. The increase in conductivity has 

further been found to depend upon the concentration of plasticizer, the concentration 

of salt in the polymer electrolyte as well as on the dielectric constant value of the 

plasticizer used.  

H. M. J. C. Pitawala et al [23], studied the effect of plasticizers (EC or PC) on 

the ionic conductivity and thermal properties of the (PEO)9LiTf: Al2O3 

nanocomposite polymer electrolyte system. The incorporation of plasticizers alone 

will yield polymer electrolytes with enhanced conductivity but with poor mechanical 

properties. However, mechanical properties can be improved by incorporating 

ceramic fillers to the plasticized system. Nanocomposite solid polymer electrolyte 

films (200–600µm) were prepared by common solvent-casting method. It was shown 

that the incorporating 15 wt. % Al2O3 filler in to PEO: LiTf polymer electrolyte 

significantly enhanced the ionic conductivity [σRT (max) =7.8×10-6 S. cm-1]. The 

conductivity enhancement with EC is higher than PC. However, mixture of 

plasticizer (EC+PC) showed maximum conductivity enhancement in the temperature 

range interest, giving the value [σRT (max) =1.2×10-4 S. cm-1]. Al2O3 filler would 

contribute to conductivity enhancement by transient hydrogen bonding of migrating 

ionic species with O–OH groups at the filler grain surface.  

AnodeMg ) III( 

  G. G. Kumar et al [24], studied solid-state Mg/MnO2 cell employing a gel 

polymer electrolyte of magnesium triflate. A capacity value of about 40 mAh g-1 of 

MnO2 is obtained. The Mg/GPE/MnO2 cells are subjected to about 20 charge–



discharge cycles with a consistent capacity of about 20 mAh g-1 cycle-life data is 

limited by surface passivation of the magnesium negative electrode and poor recharge 

ability of the MnO2 positive electrode.   

          D. Aurbach et al [2], studied a comparison between the electrochemical 

behavior of reversible magnesium and lithium electrodes. In the case of lithium, 

the active metal is always covered by surface films. Li dissolution-deposition is 

reversible only when the surface films contain elastomers and are flexible. In contrast 

to lithium, magnesium electrodes are reversible only in solutions where surface film 

free conditions exist. Mg does not react with ethers, and thus, in ethereal solutions.  

D. Aurbach et al [25], studied a short review on the comparison between Li 

battery systems and rechargeable magnesium battery technology. Magnesium is 

relatively cheap, much safer to use and handle than lithium, and its compounds are 

usually non-toxic. Similar to lithium, magnesium is covered by surface films in any 

'inert' atmosphere that contains atmospheric contaminants, and in most of the relevant 

electrolyte solutions for batteries. In contrast to lithium where the surface films 

covering the active metal are Li-ion conductors, surface films formed similarly on 

magnesium cannot conduct the bivalent Mg-2 ions.  

Ji.Oh et al [26], studied preparation and characterization of gel polymer 

electrolytes for solid state magnesium batteries. Solid state magnesium cell 

employing magnesium anode, GPE, and vanadium oxide cathode was assembled and 

its cycling characteristics were investigated. The Mg/GPE/V2O5 cell showed low 

initial discharge capacity of 58 mAh/g based on active V2O5 material and poor 

cycling characteristics.  

anganese Dioxides Cathode M) IV( 

Christpher et al [27], studied development and utility of manganese oxides as 

cathodes in lithium batteries.  There are two topics researched at Argonne over the 

last 12 years are highlighted. First, the addition of lithia (Li2O) as a stabilizing 



component in 3V alpha-MnO2 is examined. Second, an overview of the evolution of 

layered–layered composite-structured electrodes derived from the lithium-manganese 

oxide (Li2MnO3) layered rock-salt phase is presented. 

M. Freitas et al [28] studied recycling manganese from spent Zn-MnO2 primary 

batteries. Energy dispersive X-ray analysis of the cathode surface also shows the 

presence of zinc from the anode and chloride from the electrolyte. The charge 

efficiency by electrode position was 85% at 25.0 mAcm−2. In the anodic process, the 

material oxidizes at the electrode/solution interface and precipitates to the bottom of 

the cell. Only a fraction corresponding to 20% of the charge density is deposited onto 

the electrode. This happens because Mn2+ oxidizes to Mn3+, which then suffers 

disproportionate. 

 S. Lee et al [29], studied the characterization of MnO2 positive electrode for 

Fuel Cell/Battery (FCB). A positive electrode containing MnO2 was fabricated and its 

performance was evaluated for Charge/discharge behavior in three different systems: 

(i) secondary battery positive electrode, (ii) positive electrode in an alkaline fuel cell, 

and (iii) positive electrode performance in an FCB system by performing half cell 

tests. The I–V characteristics of MnO2 material were measured to check the feasibility 

of the fuel cell system by supplying H2 into the negative electrode and O2 into the 

MnO2 positive electrode, respectively. The MnO2 electrode also showed that it 

functioned as an FCB positive electrode, which was confirmed by continued 

production of current when the O2 supply was terminated. These results suggest that 

MnO2 is a good candidate for an FCB positive electrode material. 

M. Manickama et al [30], studied the discharge characteristics of manganese 

dioxide (γ-MnO2 of electrolytic manganese dioxide (EMD) type) as a cathode 

material in a Zn–MnO2 battery containing saturated aqueous LiOH electrolyte. The 

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) data on the 

discharged material indicate that lithium is intercalated into the host structure of 

EMD without the destruction of its core structure. The XPS data show that a layer of 



insoluble material, possibly Li2CO3, is deposited on the cathode, creating a barrier to 

H2O, thus preventing the formation of Mn hydroxides, but allowing the migration of 

Li ions into the MnO2 structure. The cell could be reversibly charged with 83% of 

voltaic efficiency at 0.5 mA/cm2 current density to a 1.9V cut off voltage. The 

percentage utilization of the cathode material during discharge was 56%. 

Pyrite Cathode) V( 

J.Choi et al [31], studied the electrochemical characteristics of room 

temperature Li/FeS2 batteries with natural pyrite cathode. The organic electrolytes 

used were 1M lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) in tetra(ethylene 

glycol) dimethyl ether (TEGDME) or a mixture of TEGDME and 1,3-dioxolane 

(DOX), and 1M LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl 

carbonate (DMC). The discharge capacities of Li/FeS2 cells with 1M LiTFSI 

dissolved in TEGDME were 772 mAh g-1 at the 1st cycle and 313 mAh g-1 at the 25th 

cycle. The cycling performance could be improved by using a mixture of TEGDME 

and DOX as the electrolyte. It was found that TEGDME contributed to high initial 

discharge capacity, whereas, DOX contributed to better stabilization of the 

performance. The first discharge capacities of Li/FeS2 cells showed a decreasing 

trend with higher current densities (615 and 534 mAh g-1). Li/FeS2 cells with the 

battery grade electrolyte 1M LiPF6 in EC/DMC had lower initial discharge capacity 

and cycling capability compared to the TEGDME system.  

T.B.Kima et al [32], studied electrochemical properties of sodium/pyrite battery 

at room temperature. They investigated sodium/pyrite battery because sodium and 

pyrite (natural FeS2 ore) were very cheap materials. The sodium/pyrite battery 

showed high discharge capacity of 630 mAh g-1-FeS2 with 50mAg-1-FeS2 at room 

temperature, which was higher than that of Li ion battery and Na/synthetic FeS2 

battery. The discharge capacity decreased continuously by repeated charge–discharge 

cycling, and remained 85 mAh g-1  FeS2 after 50th cycles. 



  E. Peled et al [33], studied the development and characterization of bipolar 

lithium composite polymer electrolyte (CPE)-FeS2 battery for applications in electric 

vehicles. The battery has several  advantages  over other state-of-the-art polymer 

electrolyte batteries:  (i)  low-cost  cathode,  pyrite,  is  a  natural  ore,  therefore  

environmentally friendly, (ii)  small  prototype cells  exhibited very high  specific 

energy, (iii)  this  battery  has  an  internal  electrochemical  overcharge  protection 

mechanism  (which  is  essential  for  bipolar  batteries),  and  (iv) for both  CSE  and 

 CPE,  the  Li/electrolyte interracial  resistance is  low  and  stable  up  to  3000  h  

(CPE)  and  700  h  (CSE)  at  120  °C.   

E. Strauss et al [34], studied of phase changes during 500 full cycles of Li: 

composite polymer electrolyte: FeS2 battery. The Li: composite polymer electrolyte 

(CPE): pyrite battery, which has a high theoretical energy density (about 810 Wh kg-1 

based on 2.8e:FeS2), and is made of cheap, non-toxic and green compounds is a good 

candidate for EV applications. Materials cost is estimated at 50$ kWh-1 five times 

lower than that of other lithium and lithium-ion batteries. Charge–discharge processes 

in the Li/LiI_ (PEO) n_Al2O3-based CPE: pyrite battery during long-term cycle life 

has been analyzed. Up to seven phases have been identified and found to change 

during the first 50–100 cycles. These phases do not change much over the subsequent 

400 cycles.  

 Y. Horn et.al [35], studied chemical composition, physical characteristics and 

structural features of a natural FeS2 powder and a synthetic FeS2 sample were 

correlated with their specific discharge capacities in lithium cells. The levels of 

impurity elements, primarily present as second-phase oxides and sulfides, were 

significantly higher in the natural FeS2 than in the synthetic sample. These impure 

second-phases were electrochemically inactive, and they did not have any significant 

effects on the discharge of Li/FeS2 cells. Trace amounts of impurity elements were 

detected in solid solution of FeS2 pyrite and the pyrite structure was nearly ideal for 

both the natural and synthetic samples. A sulfur-deficient pyrrhotite FeS1.3 phase was 

found in the center of some large synthetic FeS2 particles, which was 



electrochemically active at 1.5 V versus lithium. The superior rate capability of 

Li/synthetic FeS2 cells was attributed primarily to the smaller grain sizes within 

synthetic FeS2 particles in comparison to the natural FeS2 sample.      

E.Strauss et al [36], studied lithium polymer electrolyte pyrite rechargeable 

battery: comparative characterization of natural pyrite from different sources as 

cathode material. As determined by thermo gravimetric measurements, the pyrite 

samples of ‘‘vendors A and G’’ were highly stable up to 500◦C. The decomposition 

of the ‘‘vendor E’’ sample, including eight phase transitions, starts at about 100◦C 

and is caused by the surface impurities of pyrite, such as iron oxides, hydroxides and 

sulfates. It is noteworthy that the performance characteristics, such as Li/Fe ratio, 

faradaic efficiency and charge–discharge over potential of the Li/composite polymer 

electrolyte (CPE)/10µm-thick cathode pyrite cells were found to be almost 

independent of the degree of contamination and, consequently, of the pyrite source 

during 30 cycles. 

E. Peled et al [37], studied Li/Composite polymer electrolyte (CPE) / FeS2, 10 

µ-thick-cathode battery had a cathode reversible capacity of 625 mAh/g (2.8 e/FeS2), 

which is five times that of the LixCoO2 cathode (120 mAh/g). The theoretical energy 

density of the Li/FeS2 couple, based on 2.8e / FeS2 and on an average voltage of 1.6 

V, is close to 860 Wh/kg, which is almost twice that of the Li/LiCoO2 cell. For 45 µ-

thick cathodes, 3.9 mAh/cm2 reversible capacities were achieved. On the basis of this 

value, the projected specific energy for a bipolar Li/CPE/FeS2 battery is 170 Wh/kg 

and 250 Wh/kg is the long-term projection value.  

S. Kostov et al [38], studied x-ray absorption fine structure of FeS2 cathodes in 

lithium polymer electrolyte batteries. They have performed synchrotron x-ray 

absorption measurements on a series of sealed Li/composite polymer electrolyte 

(CPE)/FeS2 cells charged or discharged to various potentials.  

G. Ardel et al [39], studied rechargeable lithium/hybrid-electrolyte/pyrite 

battery. Ionic conductivity of (0.1–2.5) ×10-3 S/cm at room temperature (RT) was 



achieved for hybrid polymer electrolyte (HPE) and 5 ×10-3 S/cm for gel polymer 

electrolyte (GPE). The specific capacity of the first discharge Li/pyrite cells with both 

HPEs and GPEs varied from 650 to 1000 mAh/g.  

A.G. Ritchie et al [40], studied lithium-ion/iron sulphide rechargeable batteries. 

Iron would be preferable on grounds of cost and safety but unfortunately lithium iron 

oxides cannot be cycled. Iron compounds are cheap and iron sulphides can readily be 

obtained as minerals, without the need for chemical synthesis. However, to make a 

lithium-ion battery, the cathode material must contain lithium so the iron sulphide 

must be lithiated to use this as a cathode material. This can be synthesised by 

literature methods involving solid state syntheses at high temperature for long times.  

E. Strauss et al [41], studied the charge–discharge mechanism in the all solid 

state lithium/composite-polymer-electrolyte/pyrite battery operating at 120◦C. 

Analysis of the experimental XRD, XPS and electrochemical data suggests that 

creation of sulfur vacancies in pyrite suppresses a sudden jump of charge voltage, 

which is associated with slow mass transport of iron (II) cations through the Li2FeS2 

phase. They believe that experimental findings show considerable promise of creating 

sulfur-deficient pyrite structures for cathodes to be used in high-energy-density all 

solid state lithium batteries. The nature and exact composition of a 1.2–1.3 V 

discharge plateau is still unclear.  

V. Livshits et al [42], studied the development of a bipolar Li/composite 

polymer electrolyte/pyrite battery for electric vehicles. The long-term projection 

for a prototype sealed bipolar Li/composite polymer electrolyte/pyrite (Li/CPE/FeS2) 

battery, with a 45 µm-thick cathode is 250 Wh/kg specific energy  
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 Battery as Renewable Energy Source2.1 

A battery is an electrochemical device that converts the chemical energy stored 

in its active materials directly into electrical energy by means of electrochemical 

oxidation-reduction (redox) reaction. The increasing energy needs of modern society 

have spurred extensive research and development in the areas of energy storage. The 

global warming pressure draw great attention of scientists to the search for new and 

sustainable energy sources like wind or solar energy to replace traditional fossil fuels. 

The effective use of those low emission or emission-free renewable but intermittent 

energy demands stationary, high yield, long lasting and low maintenance electrical 

energy storage solutions. [43] 

In the electrochemical cell, the electrodes are cathode and anode. At the 

cathode, a reduction reaction occurs as the electrode accepts electrons from the outer 

circuit when the cell is charged. The anode releases electrons to the outer circuit and 

an oxidation reaction takes place. The electrodes are separated by an electronically 

insulating and ionic conducting electrolyte, which serves as a transport medium for 

ions to travel from one electrode to the other; it also acts as a physical barrier 

between the electrodes to prevent short-circuit in the cell. [44] 

          Batteries are characterized by their high specific energy, energy density and 

cycle life. The most common batteries for more than a hundred years, lead acid and 

nickel cadmium batteries. However, lead acid batteries fail to fulfill the range, power 

and economy needed for electric vehicles. Mainly, they suffer the disadvantages of 

poor high and low temperature performance, limited cycle life and regular need for 

water maintenance. Nickel cadmium systems are not environmentally benign due to 

the presence of toxic cadmium.[45] 

        Batteries can be classified to two types according to their ability of recharging: 

1. Primary batteries 



2. Secondary batteries 

 Primary Battery2.2 

A primary battery is a battery that is designed to be used only once; it can not 

be recharged again. The amount of energy it can deliver is limited to that obtainable 

from the reactants that were placed in it at the time of manufacture. The primary 

batteries are disposable. If the initial supplies of reactants are exhausted, energy 

cannot be restored by electrical means. The advantages of primary cells include their 

low cost, high energy density, good shelf life and practically no maintenance. They 

are being used in portable electronic and electric devices, photographic equipments, 

toys and sometimes large high capacity primary batteries are used in military 

applications, signaling etc. Examples of typical primary batteries are zinc-carbon, 

zinc chloride, silver oxide, mercury, nickel-zinc, and alkaline manganese dioxide 

batteries [1]. 

 Secondary Battery2.3 

A secondary battery (rechargeable battery) can be recharged and used again 

after being fully discharged. Its electrode reactions can proceed in either direction. 

During charging, electrical work is done on the cell to provide the free energy needed 

to force the reaction in the non-spontaneous direction. It is usually designed to have a 

lifetime of between 100 and 1000 recharge cycles, depending on the electrode 

materials. Secondary batteries are, generally, more cost effective over time than 

primary batteries, since the battery can be recharged and reused. [1] Secondary 

batteries whereas can be recharged to their original condition by passing current 

through them in the opposite direction of the discharge current. They are mostly used 

as storage devices and characterized by their high power density, high discharge rate, 

and flat discharge curves. Nickel metal hydrides, lead acid and lithium ion batteries 

fall under the category of secondary or rechargeable batteries [1]. 

 How Does a Battery Work?2.4 



       Figure 2.1 shows a simple galvanic cell. Two electrodes are placed in an 

electrolyte solution. External wires connect the electrodes to an electrical load. 

During the discharge, an anode, where the oxidation is occurring, release electrons. 

These electrons flow to the cathode where they get accepted by the reduction 

reaction. In the same time there is a flow of anions and cations to the anode and 

cathode, respectively. When the anode is fully oxidized or the cathode is fully 

reduced, the chemical reaction will stop and the battery is considered to be 

discharged. Recharging a battery is usually a matter of externally applying a voltage 

(i.e., energy source) across the plates to reverse the chemical process. 

 

Fig.(2.1): Galvanic cell during discharge process. 

The voltage and current that a galvanic cell produces are directly related to the 

types of materials used in the electrodes and electrolyte. The length of time the cell 

can produce that voltage and current is related to the amount of active material in the 

cell and the cell’s design. Every metal or metal compound has an electromotive force, 

which is the property of the metal to gain or lose electrons in relation to another 

material. Compounds with a positive electromotive force will make good cathodes 



and those with a negative electromotive force will make good anodes. The larger the 

difference between the electromotive forces of the anode and cathode, the greater the 

amount of energy that can be produced by the cell. Table (2.1) shows the 

electromotive force of some common battery components. Over the years, battery 

scientists have experimented with many different combinations of material and have 

generally tried to balance the potential energy output of a battery with the cost of 

manufacturing. Other factors, such as battery weight, shelf life, and environmental 

impact, also enter into a battery’s design [1]. 

Table (2.1): The electromotive series for some battery components [1]. 

Anode Materials from worst (most 

positive) to best (most negative) 

Cathode Materials from best (most 

positive) to worst (most negative) 
Gold Ferrate 
Platinum Iron oxide 
Mercury Cuprous oxide 
Palladium Iodate 
Silver Cupric oxide 
Copper Mercuric oxide 
Hydrogen Cobaltic oxide 
Lead Manganese oxide 
Tin Lead oxide 
Nickel Silver oxide 
Iron  Oxygen 
Chromium Nickel oxyhydroxide 
Zinc Nickel dioxide 
Aluminum Silver peroxide 
Magnesium Permanganate 
Lithium Bromate 

 

 Battery Performance2.5 

Battery performance is evaluated by a number of different parameters. In order 

to evaluate the performance of a battery, a basic understanding of these parameters is 



necessary. A brief overview of some of the important parameters for batteries is 

given in this section [1]. 

 Voltage2.5.1 

Voltage is the potential difference in charge between two points in an electrical 

field. There are many type of voltage definitions used for describing a battery’s 

voltage. These definitions are theoretical voltage, open circuit voltage, actual or 

closed circuit voltage, and nominal voltage. Theoretical voltage depends on of the 

electrodes materials, electrolyte, and temperature. Open-circuit voltage is the voltage 

measured under no load conditions. Actual voltage or closed circuit voltage (CCV) is 

the voltage measured under load and it will depend on the current, the state of charge, 

and on the cell’s history. The actual voltage will be lower than open-circuit voltage 

due to Ohmic (internal resistance) and polarization (activation and concentration) 

losses. Figure 2.2 shows the typical effect of cell polarization on voltage as a function 

of the operating current. Nominal voltage is the generally accepted typical operating 

voltage for a battery [1].  

 

 

 

 

 

 

Fig.(2.2): Cell voltage as a function of operating current [1]. 

 Capacity2.5.2 



       The capacity of a battery is the electrical charge (typically in units of Ah) that 

can be drawn from the battery. When the battery is discharged with a constant 

current, its capacity is given by the relation 

C Ah=I(t) /Ah                                                                       (2.1) 

A more general definition would be 

C Ah= ∫
t

AhtdtI
0

/)().(                                                             (2.2) 

Capacity can be influenced by many parameters such as discharge current, voltage 

limit, temperature, state of charge, and history of the battery. 

  Figure 2.3 shows that cell capacity will be dramatically affected by discharge rate. 

Higher discharge currents result in a loss of cell capacity [1].  

 

 

 

 

 

Fig.(2.3): Comparison of cells of high- and low-rate services [1]. 

 

 Self Discharge2.5.3 

     Charged batteries will slowly lose their charge over time, even if they are not 

connected to a device. Moisture in the air and the slight conductivity of the battery 

housing will serve as a path for electrons to travel to the cathode from the anode, 



discharging the battery. The rate at which a battery loses power in this way is called 

the self-discharge rate [1]. 

 Specific Energy and Energy Density2.5.4 

For system comparison it has been become common practice to relate the 

energy content of a given battery either to its weight or to its volume. The weight-

related energy in Wh/kg is the specific energy. The volume-related energy density is 

given in units of Wh/L. The energy density is special interest for batteries designed to 

power portable priority than its weight [1]. 

. Anode Materials2.6 

In order to obtain high energy density, highly reactive components should be 

used, i.e. anode materials of the lowest redox potential possible and cathode materials 

whose redox potential is sufficiently high compared with that of the anode, the 

enabling the composition of the battery systems of high working potentials[21]. The 

main criteria for selection of anode materials include: 

1) High reversible discharge capacity, 

2) Low surface area for safety improvement, 

3) Compatibility with the electrolyte, 

4) Availability and cost [46]. 

 Natural candidates for anode materials for high energy density batteries are 

active metals such as lithium, magnesium, calcium, etc. Magnesium is an attractive 

electrode material, and has been employed successfully in both aqueous primary 

batteries and reserve batteries [30]. Magnesium metal possesses a number of 

characteristics which make it attractive as a negative electrode material for batteries; 

highly negative standard potential (−2.375V versus SHE), relatively low equivalent 

weight (12 g Faraday-1), high melting point (649 ◦C), low cost, relative abundance, 



high safety, ease of handling, and low toxicity which allows for urban waste disposal 
[15]. 

Magnesium batteries are interesting in comparison with lithium batteries on account 

of the following advantages: 

1. The ionic radii of Li+ and Mg2+are 68 and 65 pm, respectively, i.e., comparable 

in magnitude. Hence, easy replacement of Li+ions by Mg2+ions in insertion 

compounds is possible.  

2. Magnesium metal is more stable than the lithium. It can be handled safely in 

oxygen and humid atmospheres unlike lithium which requires high purity 

argon or helium atmosphere. Therefore, safety problems associated with 

magnesium metal are minimal. 

3. Global raw material resources of magnesium are plentiful and thus, it is much 

cheaper than the lithium [24].  

 

. Cathode Materials2.7 

     A wide choice for the selection of cathode materials is currently available. The 

key important features for cathode materials include: 

1) Good electronic conductivity, 

2) High temperature stability, 

3) Insolubility in electrolytes, 

4) Air stability in fully state [45]. 

It is necessary to develop battery which has high specific energy density and is 

economical and environment-friendly. Manganese dioxide (MnO2) is regarded as 



potentially useful material because of not only their low cost but also their 

environment friendliness. 

The primary driving force for implementation of MnO2-based materials for 

battery applications is the cost. Roughly, raw material cost to synthesize MnO2 

materials is about 1% the cost of Co raw materials. Therefore, a MnO2 positive 

electrode material or cathode or lithiated MnO2 cathode would be projected to cost 

1% of LiCoO2, the cathode material of choice in rechargeable Li-ion batteries. 

Essentially, properties such as cycle life and operation voltage and energy density 

may be secondary issues for MnO2 materials when compared to LiCoO2 due to the 

potential cost difference. From a rechargeable battery business standpoint, one can, in 

effect, sell more MnO2 type batteries as replacements for an application after the 

performance has degraded which is an attractive feature. Other desirable features of 

MnO2 materials are an increased safety margin to over-charge conditions compared 

to Co or Ni based Li-ion batteries. This is due to the stable nature of Mn(IV), which 

is a common oxidation state for Mn and one that retains oxygen. Thermodynamically, 

MnO2 is the most stable form for manganese-oxygen compound at standard 

temperature and oxygen pressure [28], The reason makes Co(IV) and Ni(IV) more 

dangerous in an over-charge condition, particularly when the material is combined 

with an organic-based (flammable) electrolyte and carbon anode in a cell which can 

burn. Manganese is also an abundant transition metal. It is the 12th most abundant 

element in the earth’s crust [47]. For this reason, a significant infrastructure for the use 

of Mn-based cathodes can be envisioned. The use of MnO2 as the cathode in alkaline 

batteries produced worldwide underscores the abundant quantities of raw materials 

available for use MnO2 is regarded as non-toxic and a common material. As stated 

earlier, it is used in cathodes of primary alkaline batteries. The consumer presently 

discards spent primary alkaline batteries in the garbage, so MnO2 enjoys a comfort 

level in this respect. MnO2 materials are versatile. Product lines from alkaline 

batteries to lithium batteries and to even super capacitors are possible from MnO2 

based materials. 



The use of pyrite as cathode material in batteries presumes a detailed 

knowledge of the phase diagram and the thermal stability of the mineral. Because of 

low material cost, many researches have been performed on electrochemical 

properties of various metal sulfides such as FeS2, CuS2, NiS2 and CoS2, etc. Metal 

sulfides could be used as cathode material. Especially, natural FeS2 ore (pyrite) has 

been demonstrated to be potential electrode materials among of metal sulfides, 

because pyrite was a non-toxic material, high theoretical specific capacity of 894 

mAh g-1 FeS2 (4e-/FeS2) and cheap price, compared to  lithiated metal oxides) [32]. 

 Electrolytes2.8 

      Electrolyte is any substance that contains free ions. Usually, an electrolyte 

consists of salt or salts that are dissolved in a medium. However, molten salts can 

also be considered electrolytes. Electrolytes are an integral component in many 

electrochemical devices such as oxidation cells, batteries, electrochromic devices etc. 

The role of the electrolyte is to provide a medium for transporting ions from one 

electrode to another, while simultaneously functioning as an electrical insulator so 

that electrons travel through the outer circuit of the device [47].  

There are many types of electrolytes such as solid, liquid, polymer and composite 

electrolyte but the most used electrolyte in present lithium-ion batteries is a liquid 

consisting of a lithium salt dissolved in nonaqueous solvents. Also of importance in 

an electrolyte is the interaction between the electrolyte and electrodes in the battery. 

The interface between the electrodes and electrolyte usually affects battery 

performance significantly battery electrolyte in general needs to meet requirements 

such as: 

• High-ionic conductance and electronic insulator to minimize cell resistance and 

achieve good rate capability and keep self-discharge at minimum. 

• High-thermal and chemical stability 

• Wide potential window, which is defined as the range in voltage between the 

oxidative and reductive decomposition limits of the electrolyte 



• Low reactivity toward other components in the battery 

• Non-toxic and safe 

• Low melting point (Tm) to help provide conductivity at low temperatures. 

• High boiling point (Tb) to prevent pressure build-up in the cell, which may lead 

to an explosion. 

• Low cost [1]. 

• High ion transference number. 

id Electrolyte Liqu2.8.1 

       Conventional electrolytes consist of liquids, which may be caustic or sometimes 

flammable, such as a potassium hydroxide solution in an alkaline battery, sulfuric 

acid in a lead-acid battery, or the organic solvents in lithium batteries. Therefore, 

devices that contain liquid electrolytes must be robustly contained to prevent leakage. 

Furthermore, the use of liquid electrolytes is limited to use at low pressures and 

moderate or low temperature systems. One of the main problems is decomposition of 

water which led to hydrogen and oxygen evolution during overcharging. Gas 

evolution increases risk of explosion, corrosion of the grid alloys and water 

consumption. Also the electrolyte would be depleted prematurely and catastrophic 

failure would result [46]. 

 

. Polymer Electrolytes2.8.2 

Various solid electrolytes have been developed as alternatives to liquid 

electrolytes.  Polymer electrolytes are the most viable for widespread use. The 

advantages of polymer electrolytes include the ease of fabrication into various forms, 

especially thin films, and the low cost of manufacturing compared to other solid 

electrolytes. Furthermore, the weight and bulk of devices using polymer electrolytes 

can also be reduced because, unlike liquid electrolytes, robust containment is not 

required. The potential advantages of polymer electrolytes have motivated the 



intensive research in this area for the past few decades. Polymer electrolytes can be 

used in virtually any device which conventionally depends on liquid electrolytes. The 

most straightforward application of polymer electrolytes is in batteries in which 

cations are transported from the anode to the cathode through the polymer electrolyte 

medium. Armand is credited as the person who recognized the potential for a 

polymer electrolyte to be used in batteries, although Wright was the first to study the 

transport of ions in a polymeric material. Polymer electrolytes are also applicable in 

cases where in the transport of anions are required, as in electrochromic devices and 

dye-sensitized solar cells. In battery the polymer itself is the medium in which ion 

conduction occurs. This thesis is focused on the synthesis of polymer electrolytes and 

the characterization of these materials for magnesium batteries. The significance of 

these devices has been realized in recent years because of their ability to provide 

clean and quiet sources of electrical energy. Furthermore, these devices are also the 

cornerstone for lessening our dependence on fossil fuels for transportation. However, 

the utility of this device is still limited in vehicular applications due to their lower 

performance compared to the internal combustion engine. Intensive research is 

currently being carried out, both in the academic and industrial fields, to improve the 

performance and utility of these devices [47]. 

. Polymer Electrolytes for Batteries2.8.3 

The electrolyte is a vital component of a battery assembly. It provides a 

medium of transport for cations to migrate from the anode to the cathode. In addition 

to the aforementioned advantages of using polymer electrolytes in regard to safety 

and reduced weight, the use of polymer electrolytes also suppresses the formation of 

dendrites which are detrimental to the lifetime of lithium batteries. Furthermore, the 

rubbery properties of polymers impart flexibility and mechanical resilience to 

polymer electrolytes, which is a major advantage over brittle inorganic solid 

electrolytes such as ion conducting solid oxides and glasses. The pliability of polymer 

electrolytes also allows excellent interfacial adhesion to the electrodes, and the 



fabrication of batteries with complex shapes. Figure 2.4 Different categories of 

battery polymer electrolytes. 



 

 

 

 

 

 

 

 

 

 

Fig.(2.4) Different categories of battery polymer electrolytes. 

Battery polymer electrolytes can be divided roughly into four different 

categories Category 1 systems are solvent free, salt-polymer complexes. This is the 

quintessential system, developed first by Wright who showed that poly (ethylene 

oxide) (PEO) was able to dissolve certain metal salts and that the solid solution 

exhibited ion conductivity similar to that of a liquid electrolyte. The main 

disadvantage of PEO:salt systems is their low conductivity, roughly 10-5 S/cm at 

room temperature. For the polymer electrolyte to be useful in a practical application, 

the ionic conductivity must be in the range of at least 10-3 S/cm. The low ionic 

conductivity of PEO is attributed to its crystallinity because ion conduction only 

occurs in the amorphous phase. When the operating temperature is increased above 

the melting temperature of PEO (~65 ˚C), ionic conductivity values of 10-3 S/cm are 

attainable.  Category 2 systems are gel electrolytes, which are polymers that contain 

small molecule additives. Commonly used additives include cyclic carbonates, esters 

Category 3 
 

Category 1 

Category2 
    

Category 4 
 

Polymer matrix Cation species Anion species Inorganic filler 



and sulfones which are chosen for their ion solvating ability, low volatility, and 

relative electrochemical stability. The addition of small molecule additives typically 

lowers the mechanical strength of a polymer electrolyte and hence the term “gel” is 

used. The role of the additive depends on the relative amount that is present in the 

polymer system. When the additive content is low, it functions as a plasticizer to 

reduce polymer crystallinity and lower the glass transition temperature (Tg). This 

increases the mobility of the polymer chains, which in turn promotes ion conduction. 

A suitable choice of plasticizer can increase the ionic conductivity to 10-2 S/cm. As 

the proportion of the small molecules is increased, the polymer ceases to function as 

the medium for ion conduction and that role is taken over by the small molecules. In 

this case, the polymer acts as a supporting matrix to provide dimensional stability to 

the liquid component. Some argue that this is not a true polymer electrolyte system. 

However, these systems are attractive due to their high ionic conductivity, which 

resembles liquid systems, while they are still able to incorporate some of the 

advantages of a true polymer electrolyte such as better mechanical stability and 

lowered dendrite formation. This has led to the commercialization of such solvent-

swelled systems by companies such as Sony (undisclosed components) and Bellcore 

which uses an inert polymer, poly(vinylidene fluoride-co-hexafluoropropylene), and 

cyclic carbonates. 

In Category 3 systems, another type of additive in the form of inorganic fillers 

is added to the polymer electrolyte to form composites. Typical inorganic fillers used 

are micro or nanoparticles of Al2O3, SiO2, TiO2, and MgO. Layered silicates such as 

montomorillonite are also used. The addition of inorganic fillers brings many 

improvements to the polymer electrolyte. First, the mechanical properties of the 

polymer electrolyte are reinforced by the inorganic filler. An increase in Tg occurs, 

which typically results in the decreased ionic conductivity. Paradoxically, a two- to 

five-fold increase in ionic conductivity is often detected in systems with Al2O3. The 

increase in conductivity is attributed to two reasons. First, the addition of inorganic 

particles suppresses the formation of crystalline phases, thus increasing the volume 



fraction of the amorphous phase. Secondly, cation conduction can occur on the grain 

boundaries of the inorganic particles and this provides a faster alternative ion 

conduction mechanism, similar to that of ceramic electrolytes. The advantages of 

composite polymer electrolytes may bring the possibility of a completely solvent-free 

system closer to reality. 

Finally, Category 4 systems are single-ion polyelectrolytes. In other words, 

these polymers have immobilized anions linked to the polymer chain so that the 

lithium cation is the only mobile species within the polymer matrix. There are many 

advantages to immobilizing the anion. First, in a Category 1 system, the anion may be 

the dominant mobile species.  

The mobility of the anion is higher than the cation because the anion is not 

coordinated to the polymer. Hence, reported bulk ion conductivity values are often 

misleading when the transference numbers of the different ionic species are not taken into 

consideration. The high mobility of the anion in Category 1 systems causes concentration 

polarization across the cell which reduces the total ionic conductivity. Furthermore, 

passivitation of the electrode also occurs when unstable anions react with the surface of the 

electrode. Unfortunately, the immobilization of anions on a polymer often leads to lower 

conductivities (10-6 S/cm) due to associated ion species. These associated ion species 

participate in the ion conduction mechanism in Category 1 systems in a way that is not fully 

understood. By immobilizing the anion, the contribution of these associated ion species to 

ion conduction is not only limited, but the associated ion species also crosslink the polymer. 

Therefore, plasticization in Category 4 systems is often required to obtain reasonable 

conductivity. In practice, it is hard to achieve all the desired properties from the 

improvements within a single class of materials. However, by combining the strategies from 

different categories, it is possible to maximize the advantages of a particular system while 

suppressing the disadvantages of another system. Therefore, an in-depth understanding of 

the ion conduction mechanism is advantageous for the design of a future polymer 

electrolyte system that will fulfill all the requirements. [48] 



 Polymer Host2.9 

The polymer employed should meet the following criteria: 

(1) Contain electron donating atoms, or groups of atoms, to form coordinate 

bonds with the salt cations; 

(2) Have low bond rotation barriers to facilitate segmental motion; 

(3) Have a suitable distance between coordinating atoms. 

The conductivity of a homogeneous polymer electrolyte at a given  

σ =  ∑ n q µ                                               (2.3) 

where n is the number of charge carriers, q is the charge on each, and µ  is the 

mobility. At low salt concentrations, the mobility of the ions is unaffected by changes 

in the salt concentration, and the conductivity will be dependent upon the number of 

charge carrier [49]. 

 Polyvinyl Alcohol2.10 

Polyvinyl alcohol has excellent film forming, emulsifying, and adhesive 

resistant to oil, grease and It is also . propertiessolventIt . It is odorless and nontoxic. 

has high tensile strength and flexibility, as well as high oxygen and aroma barrier 

 are dependent on However these properties. propertieshumidity, in other words, with 

higher humidity more water is absorbed. The water, which acts as a plasticiser, will 

then reduce its tensile strength, but increase its elongation and tear strength. PVA is 

fully degradable and is a quick dissolver. PVA has a melting point of 230°C and 180–

190°C for the fully hydrolysed and partially hydrolysed grades, respectively. It 

C as it can undergo 200°decomposes rapidly above pyrolysis.]50[ at high temperatures  

Polyvinyl alcohol which is a semicrystalline polymer has very important 

applications due to the role of OH group and hydrogen bonds. Furthermore, it can be 

used as a medical material due to its compatibility to the living body. Like a 



hydrogen-bonded polymer, PVA is used in gas sorption and diffusion. Moreover, 

PVA can selectively adsorb metal ions such as copper, palladium and mercury. The 

change in the degree of crystallinity and lamellar thickness distribution of PVA 

during dissolution process can be determined by differential scanning calorimetry 

(DSC) and FTIR studies [51]. The chemical structure of PVA is shown in Fig.(2.5). 

 

Fig.(2.5)The chemical structure of PVA 

Over recent years polyvinyl alcohol (PVA) polymers have attracted attention due to 

their variety of applications. PVA is a potential material having high dielectric 

strength, good charge storage capacity and dopant dependent electrical and optical 

properties. It has carbon chain backbone with hydroxyl groups attached to methane 

carbons/these OH groups can be a source of hydrogen bonding and hence assist the 

formation of polymer complexes [52]. 

 Plasticized Solid Polymer Electrolytes2.11 

  In order to overcome these limitations and to bring a desirable enhancement in 

the electrical conductivity of polymer electrolyte PE without affecting their stability 

properties to an undesirable level, various approaches are currently in vogue such as 

copolymerization and plasticization. The essence of plasticization is to enhance the 

conductivity of solid polymer electrolytes by means of additives of low molecular 

weight and high dielectric constant such as propylene carbonate (PC), ethylene 

carbonate (EC) and polyethylene glycol (PEG). These additives tend to dissociate 

ion-pairs into free cations and anions, which leads to an overall enhancement in 



conductivity. The magnitude of conductivity is governed by the intrinsic nature of the 

plasticizer and plasticizer / salt ratio. The dielectric constant of the plasticizer acts as 

a controlling factor in modifying the ionic conductivity of the PEs. A plasticizer is 

expected to induce important intrinsic modifications in the heterogeneous polymer 

composite system such as: (i) significant changes in local structure/microstructure; 

(ii) enhancement in the fraction of amorphous phase; (iii) increasing flexibility in the 

polymeric segments; (iv) release of mobile charge carriers due to ion dissolution 

effect and (v) changes in the local electric field distribution in the composite 

polymeric matrix. The overall effect leads to an increase in the number of mobile 

charge carriers (n) and results in an enhancement of the net electrical conductivity in 

accordance with the equation (2.3). The mechanism of conductivity enhancement and 

other related properties in crystalline–crystalline composite has been studied 

extensively and suitable models have been reported by Maier et al. and Bunde et al. 

recently, they have also proposed a model to explain the changes in electrical and 

mechanical properties of PEs in terms of polymer–ion–filler interactions. Several 

explanations relating conductivity changes in PE exist in literature. The enhancement 

in electrical conductivity in plasticized electrolytes has normally been explained in 

terms of ion association /dissociation effects and increase in the amorphous content 

of the system. Hence, plasticization has been recognized as one of the effective and 

efficient routes available for the reduction of crystallinity and subsequent 

enhancement of the amorphous nature of composite polymer electrolytes and for 

arriving at a high ionic conductivity in such systems [53]. 

. Inert Ceramic Fillers into Polymer Electrolyte2.12 

Ionically conductive solid polymers have recently received considerable 

attention in view of their technological importance in a wide variety of energy 

storage/conversion devices such as batteries, fuel cells, supercapacitors, and hybrid 

power sources. The essential requirements of a material for such applications are: 

high ambient ionic conductivity, thermal, chemical, electrochemical, mechanical and 

interfacial stability in addition to dimensional flexibility of design (PE) satisfies these 



criteria. The PEs can be prepared by dispersing ceramic fillers (Al2O3, SiO2, LiAlO2, 

Na2SiO3, SnO2, etc.) into the matrix of polymer–salt complexes. The new idea of 

composite formation by dispersing inert ceramic fillers is an attractive approach to 

enhance the stability properties by modifying: (i) local structure/morphology, (ii) 

degree of crystallinity, (iii) glass transition temperature, (iv) flexibility of polymeric 

segments, (v) chemical nature of filler particles, and (vi) the nature of the interaction 

in a heterogeneous polymer–salt–filler system. The enhancement in mechanical 

properties is normally explained on the assumption that the filler particles act as a 

supporting matrix for the conductive polymer electrolyte so as to retain an overall 

solid structure, even at elevated temperature. The chemical nature 

(acidic/alkaline/amphoteric) of the filler particles also plays a major role in governing 

the nature of interaction in a heterogeneous composite system. Although this 

approach appears to be attractive, the enhancement in mechanical stability of PEs 

occurs at the cost of their electrical conductivity. In general, the electrical 

conductivity of PEs lies normally in the range of 10−7 to 10−5 S. cm−1 at ambient 

temperature. Almost all the PEs possesses this inherent drawback which arises out of 

their partial crystalline nature that hinders their overall ionic conductivity and thereby 

imposes limitations on their utility [53]. 

)EC( Ethylene Carbonate 2.13 

Ethylene carbonate is an ester of ethylene glycol and carbonic acidAt room . 

temperature (25 °C) ethylene carbonate is a transparent crystalline solid, practically 

odorless and colorless, and somewhat soluble in water. In the liquid state (m.p. 34-37 

°C) it is a colorless odorless liquid. 

Ethylene carbonate is used as a polar solvent with a molecular dipole moment 

 4.9of Der than that of  D low0.1, only propylene carbonateIt can be used as a high . 

permittivity component of electrolytes in lithium batteriesEthylene carbonate is also . 

used as plasticizers a precursor to , and avinylene carbonate, which is used in 

polymers and in organic synthesis [54]. 



.s and Nanocomposite Nanoparticle2.14 

            Nano-materials and nano-particles (NPs) are intriguing classes of materials 

because of their reduced physical dimensionality. A unique aspect of nano-materials 

is the vastly increased ratio of surface area to volume which opens new possibilities 

in surface-based science. Materials reduced to the nano-scale can suddenly show very 

different properties as compared to what they exhibit on a macro-scale, leading to the 

appearance of catalytic, chemical, electronic and magnetic properties that are not 

found in bulk materials with unique applications. Nanoscale materials are those 

where at least one of their characteristic dimensions lie between approximately 1 and 

100 nanometers (nm). Within this length scale, the characteristics of the matter could 

become significantly different from individual atoms or molecules and from their 

bulk counterparts thus, study has recently been recognized as a novel area of science, 

and is generally termed 'Nanoscience'. However, even more popular is the term 

'Nanotechnology', which signifies the construction of functional devices based on the 

controlled assembly of nanoscale objects for specific technological applications. The 

significance of this relatively new area of study is exemplified by a number of 

national and international initiatives promoting its research. Funding agencies are 

devoting a major part of their funding for nanotechnology, and likewise the amount 

of research that is performed in this field has dramatically increased during the past 

couple of decades. 

          Nanoparticles (NPs) are probably the most researched materials within the field 

of nanotechnology, and they exhibit unique electronic, optical, photonic and catalytic 

properties due to their intermediate size between quantum and bulk materials volume 

ratios. Tremendous scientific progress has been made in the past few years in the 

synthesis, characterization and functionalization of such nanoparticles. The physical 

and chemical properties of a material are mainly determined by the type and the 

extent of the motions its electrons are free to perform, and is determined by the space 

the electrons are confined to. In the bulk material, electrons are unconfined, and their 

motion is not quantized. Thus, the electrons can absorb any amount of energy, and 



use it to simply increase their kinetic energy. Once restricted within an atom, 

molecule or a nanomaterial however, the motion of the electrons becomes highly 

confined, and quantization begins to appear. For example, within atomic or molecular 

orbitals, the allowed types of electronic motion have well-defined energies that are 

different from one another. The smaller the space in which the restricted motion takes 

place, i.e. stronger the confinement, the larger the energy difference between the 

allowed energy levels of the various motions will be. The strongest confinements take 

place within atomic nuclei where the nucleons are restricted to within a few 

femtometers, and electronic confinement within atoms becomes the next strongest. 

Similarly, in the particles with dimensions of few nanometers, the electronic 

'quantum' confinement could cause the materials to display significantly different 

characteristics from the bulk. As an equally important phenomenon, optical and other 

physical and chemical properties of the nanoparticles become sensitive to the size and 

the shape of the particle, allowing the fine tuning of the material by simply changing 

its dimensions [55]. 

       The term "Nano-composites" means materials that are created by introducing 

nano-particulates (often referred to as filler) into a macroscopic sample material 

(often referred to the matrix). This is part of the growing field of nanotechnology. 

After adding nano-particulates to the matrix material, the resulting nano-composite 

may exhibit drastically enhanced properties. For example, adding carbon nanotubes 

tends to drastically increase the electrical and thermal conductivity. Other kinds of 

nano-particulates may result in enhanced optical properties, dielectric properties or 

mechanical properties such as stiffness and strength. In general, the nano-substance is 

dispersed into the matrix during processing. The percentage by weight, so called 

mass fraction, of the nano-particulates introduced is able to remain very low, i.e., in 

the order of 0.5% to 5%, due to the incredibly high surface area to volume ratio of 

nano-particulates. Recently, many research works are on-going to develop more 

efficient combinations of matrix and filler materials in order to have a better control 

of the production process. 



The use of nano-particles as enforcement elements is a common method to 

improve the mechanical and/or thermal stability, or electrical properties of a 

conventional material in a production process. The improvement of the fracture 

mechanics properties by the addition of particles can be achieved when a sufficiently 

good interaction between the nano-particles and polymer matrix takes place with the 

particles being well dispersed in the matrix [55]. 

 Polymer Nanocomposites 2.15 

      Composites consisting of an insulating polymer matrix filled with nanosized 

particles are of interest because their long-term stability and because they offer new 

strategies for influencing interactions that may take place between the matrix and the 

nanoparticles. By integrating two or more materials with complementary properties, 

composite materials offer the potential to perform at a level far beyond that of the 

constituent materials. For example, ferroelectric ceramics possess a very high 

dielectric constant but are brittle and have a low dielectric strength. On the other 

hand, polymers are flexible, easy to process at low temperatures and possess a high 

dielectric breakdown field. By combining these two properties, the possibility of 

developing new material with a high dielectric constant and a high dielectric 

breakdown field might be feasible. 

A number of methods are available for producing nanocomposites of 

semiconductor nanoparticles in a polymer matrix. A very simple one is achived by 

first preparing nanoparticles and then dispersing them in a solution of a polymer, 

followed by drying. This method in relatively easy and commercially available 

nanoparticles can be used. However, the method requires extensive mixing to 

disperse the nanoparticle homogeneously in the polymer matrix. Flocculation or 

agglomeration sometimes occurs, resulting in inhomogenity of these composites. A 

better dispersability might be achieved by first treating the surface of nanoparticles 

with a material that is compatible with the polymer matrix. The treating material acts 

as a lubricant to induce easy movement of the nanoparticle in the matrix, if the 



homogeneity of particle dispersion is not a critical factor, this method of synthesis is 

very promising. On the other hand, if the homogeneity of a material is a critical 

factor, synthesis of nanocomposites by the simple dispersion of the prepared 

nanoparticles in polymer matrix is not so promising. The matrix-mediated control of 

growth and morphology has drawn considerable attention among various groups of 

researchers since it offers a new route to material synthesis. Different types of 

materials such as CaCO3, CuCl2, K2CO3, CdS, CaSO4, etc. have been prepared in situ 

within a polymer matrix such as polyethylene oxides with a modified or controlled 

morphology, crystalline phase, orientation, and growth habit of these compounds [57]. 

 Silicon2.16 

        Silicon symbol Si, semi-metallic element that is the second most common 

element on the earth, after oxygen. Its atomic number is 14. Si is in group IV of the 

periodic table. It was isolated from its compounds in 1823 by Swedish chemist 

Baron. Normal elemental silicon consists of three stable isotopes, Si28 with 

abundance 92.21% and thermal neutron, Si29 with abundance 4.7% and thermal 

neutron and Si30 with abundance 3.09% [58]. 

 

 Complex impedance spectroscopy 2.17 

Complex impedance spectroscopy (CIS) is a powerful technique for 

investigating the electrochemical properties of materials used in solid state electrolyte 

cells. It was first applied by Bauerle in 1969 to analyze the response of solid 

electrolyte cells to sinusoidal perturbations. This technique has been used to 

characterize a wide range of materials which include polymers, oxides, glasses, 

halides and ceramics and it has been instrumental in the development of both 

electrode and electrolyte materials for solid state electrochemical devices such as 

batteries, sensors, fuel cells, super capacitors. Several theories were proposed to 

describe the complex impedance spectroscopy. By using complex impedance 



spectroscopy, Cole–Cole plots were constructed and bulk resistance Rb of the 

polymer was determined. Using the bulk resistance, frequency dependent 

conductivity was evaluated to characterize the polymer [59]. 

The simplest model for an electrode-sample system under an applied voltage is 

a capacitor and resistor in parallel, Fig (2.6a). The capacitor is a result of the sample’s 

geometry, while the resistor represents the resistivity of the bulk. For such a circuit, 

the response to an applied voltage, 
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And the current in the capacitor was, 
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So the total current in the circuit given by:- 
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Exactly like the conventional impedance, Z, the complex impedance is defined 

as the ratio between the voltage and current, which is here: 
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The impedance can be separated into its real, Z′, and imaginary, Z′′, parts to give, 
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Fig.(2.6): (a) Equivalent circuit for a dielectric material between two electrodes: 

Rb and Cb represent the bulk resistance and capacitance, respectively, (b) this 

circuit gives a semicircle in the complex impedance plot of Z' vs. Z'' 

A plot of Z′ vs. Z′′ (as parametric functions of ω) will result in a semicircle of 

radius R/2 in the first quadrant, Fig (2.6b). The time constant of this simple circuit is 

defined as, 
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and corresponds to the characteristic (dielectric) relaxation time of the sample. 

Substituting ωo from Eq. (2.10) into Eq. (2.9) gives Z′= R/2, Z′′= R/2, so that the 

characteristic frequency lies at the peak of the semicircle. A plot of Z′vs. Z′′ is often 

called a Nyquist plot. 

One of the major advantages of complex impedance spectroscopy over single 

frequency or dc techniques is its ability to resolve the electrode, bulk, and grain 

boundary (for polycrystalline samples) contributions to the resistance. In an ideal 

sample, the impedance plot would show three semicircles and would be modeled as 

three (RC) circuits in series, Fig (2.7a). This type of impedance plot is often seen for 

pure ceramics such as ZrO2. Instead, only one (single crystal samples) or two 

semicircles (polycrystalline samples) were usually present at low temperatures, 



representing the bulk and grain boundary responses to the applied voltage. This type 

of impedance plot was modeled by two (RC) circuits in series, i.e., the first two 

circuits in Fig (2.7b). At elevated temperatures, the second arc (due to grain 

boundaries) virtually always disappeared, which can be attributed to the grain 

boundaries having higher (than the bulk) activation energy for proton conduction. 

The total resistance of the grain boundaries would then decrease much faster than the 

bulk, represented in the Nyquist plots by an ever shrinking second arc with increasing 

temperature. 

 

Fig.(2.7): (a) Separation of bulk, grain boundary, and electrode resistances is 

possible by impedance spectroscopy (b) by fitting the data to a three element RC 

circuit. 

In its place, a nearly straight line was usually seen, caused by a variation of the 

effective resistance and capacitance of some element (s) in the circuit with frequency, 

Fig (2.8a). This variation comes from a distribution of relaxation times in the sample 

as a result of inhomogeneties in the material and/or when the diffusion of an 

uncharged (or effectively uncharged) species responding to a chemical potential 

becomes the rate controlling step. For solid electrolytes, the later situation typically 

refers to the mobile species diffusing through the electrodes, which have an effective 

potential gradient of zero due to the presence of majority electronic carriers. Such a 



process results in a straight line at 45° degrees to the Z′ (real) axis as proven by 

Warburg and Macdonald. However, lines observed deviated from 45 degrees, 

attesting to true physical inhomogeneities in the samples. The most common cause of 

such inhomogeneous behavior is rough electrode/electrolyte interfaces, which causes 

the microscopic resistivities and capacitances near the interface to be “distributed” 

around the mean macroscopic values. Distributed relaxation times are also caused by 

variations of local composition and/or structure. As well as the appearance of lines at 

low frequencies, these inhomogeneities also result in depressed semi-circles with 

centers below the real axis, Fig (2.8a). Both these distributed effects are modeled by 

introducing a constant phase element (CPE) with impedance 

ψω)(iAZCPE =                                                                    (2.11) 

The CPE equivalent of the normal RC circuit then has an impedance of 
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The CPE reduces to an ideal capacitor for 1=ψ and to a resistor for0=ψ, and 

thus can model the distribution of microscopic capacitors and resistors in a material. 

For compounds with superprotonic transitions, the conductivity increases by ~ 102-

103 across the transition. Not surprisingly then, the semi-circle in Fig (2.8a) 

disappears, usually leaving only a straight line visible in the Nyquist plots of the 

superprotonic phases. The resistance of the bulk (and therefore the materials 

conductivity) was then estimated by the intercept with the real axis of a least squares 

refinement on the line [60]. 



 

Fig.(2.8): (a) Realistic impedance plot showing a depressed semi-circle with 

center below the real axis and straight line at low frequencies, (b) Both effects 

are due to the distribution of characteristic frequencies in the sample and are 

modeled with a constant phase element (CPE). 

 AC Conductivity2.18 

In terms of 'ε and ''ε, the complex conductivity has two different components 

namely, a real part conductivity )(' ωσ which describes the conductivity given by the 

motion of free charge carriers and an imaginary part of the conductivity )('' ωσ which 

describes the displacement current in an alternating field. Thus the complex 

conductivity can be written as follow: 

)('')('''')(* ωσωσεωεεωεωσ ii oo +=+=                                    (2.13) 

The real part of the complex conductivity )(' ωσ is composed of two components, one 

is the DC conductivity dcσ and the other is the AC conductivity acσ as indicated in 

the following equation: 

acdc σσσ +='                                                            (2.14) 

The dependence of the ac electrical conductivity upon the frequency is described by 

the following universal power law: 
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The temperature dependence of the AC electrical conductivity for dielectric 

materials obeys the following Arrhenius relation: 

)exp( KTEaoac ∆−= σσ                                      (2.16) 

Where oσ is electrical conductivity at zero absolute temperature a∆Εis the thermal 

activation energy of the charge carrier, K is the Boltzmann's constant and Tis the 

absolute temperature [61]. 

 Ionic Conductivity 2.19 

In metals and broad band semiconductors, an electric current is carried by 

electrons and/or holes.  However, in ionic crystals, the electrical conductivity is due 

to the diffusion of ions through the lattice. That means, there is a transport of charge 

and mass. The diffusion process is facilitated by the presence of defects, such as 

Schottky and Frenkel defects. The conductivity of most ionic crystals is low and it is 

only near the melting point that it rises rapidly. There are three main mechanisms by 

which migration of ions occurs, although some others cannot be ruled out; Schottky 

or vacancy, Frenkel or interstitial, and interstitialcy. In the vacancy mechanism, ions 

migrate by jumping into the vacancies. In the interstitial mechanism, ions move from 

one interstitial to another interstitial. In the interstitialcy mechanism, an interstitial 

ion migrates to a normal lattice site by displacing the ion from that normal site to an 

interstitial. It is possible that in the same material, more than one mechanism may 

operate. The electrical conductivity can then be expressed as, 

∑ ∆−=
i

Bii TKGAT )/exp(σ                                            (2.17) 

where the i is refer to different mechanisms of diffusion and iG∆ are the respective 

Gibbs free energies of activation. Depending on the nature of material and 

temperature range, one or more term on right hand side of Eq. (2.17) dominate. 



The ionic transport depends on: (a) the jump frequency η and, (b) the presence of a 

defect adjacent to the migrating ion. Let us consider the interstitial mechanism. The 

jump frequency is expressed as, 
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Where oν is the lattice vibrational frequency (Einstein frequency). The physical 

meaning of the free energy of activation (G∆) may be understood with reference to 

Fig.2.9. Initially, the ion occupies a site corresponding to free energy1G. In order to 

execute a jump in either direction, the ion must acquire an additional 

energy12 GGG −=∆. That means, G∆ opposes the ionic migration and thus presents an 

energy barrier. In the absence of an external electric field, an ion may migrate either 

to right or to left with equal probability. However, when an electric field ε is applied, 

an additional term, rZeε−, is added to the potential energy so that the subsequent 

saddle point energy goes on decreasing by an amount rZeε)2/1( (Fig.2.9b). Here Ze is 

the ionic charge andra 2=, the inter ionic distance. Jumps in and giants the electric 

field direction now occurs with increased and decreased probability, respectively. 

Thus the jump in the direction of the field is expressed as, 
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And that in the opposite direction by, 
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Therefore, the net density of ions migrating in the direction of field becomes equal to 
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Fig. (2.9): Free energy of activation along the jump direction (a) in absence of 

external electric field (b) in presence of external electric field 

where n is the density of interstitial ions. The current density–the amount of charge 

passing per unit area per unit time– is given by, 
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and, hence, the conductivity is given by 
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Therefore, the mobility is expressed as  
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If there is more than one site to which the ion can jump, then the right hand side of 

Eq. (2.24) or (2.25) has to be multiplied by a constantz, which is determined by the 

crystal structure.   

Therefore, 

(a) (b) 



TK

eZzna

B

oν
σ

222

=                                                                       (2.25) 

If x is the mole fraction of the defect concentration, then 
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where N is the (total) density of ions. 

If the mechanisms of ionic migration under the influence of external electric field and 

concentration gradient are the same, then the mobility (µ) and diffusion coefficient 

(D) are related by the Nernst-Einstein relation 
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We can give the diffusion coefficient Arrhenius-type temperature dependence: 
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where o

jumpG the jump activation energy  per ion and Eq. (2.27) then becomes 
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Eq. (2-6) can be further simplified to 
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and  o

jumpGQ = is often called the activation energy for  migration 

 

 Protonic conduction2.20 

Although the general concepts of ionic conduction apply to protonic 

conduction, there is a fundamental difference between the two due to the fact that H+ 

is the only ion with no core shell of electrons. It must therefore be solvated by the 

electrons of another atom or atoms. For nonmetallic materials, and in particular ionic 

solids, only one or two atoms will coordinate the proton. Due to the positive charge 

on the proton, the coordinating atom is usually the most electronegative atom around: 

F, O, N and sometimes Cl and S.  

For most protonic conductors the coordinating atom is oxygen. If the oxygen is 

well separated from other oxygen atoms, the protonoxygen pair forms an O-H bond ~ 

1Ǻ in length. As the distance to other electronegative species lessens, a hydrogen 

bond, O-H···O, will be formed, with O···O distances in the range of 2.4-3 Ǻ long. As 

the proton can never be free from the electron density of its neighbors, it must move 

by a method where it is bonded to at least one atom during the entire process. This 

restraint leads directly to the two main methods of proton conduction: the vehicle and 

Grotthus mechanisms.  

In the vehicle mechanism, the proton is attached to a mobile species (e.g., 

H2O+H+=H3O+). Protonic conductivity is then achieved by the diffusion of the 

vehicle and counter-diffusion of unprotonated vehicles (here, H2O), as shown in Fig. 

(2.10). clearly, in this mechanism the diffusion rate of the vehicle will determine the 

overall conductivity of the proton. 



 
Fig. (2.10): Vehicle mechanism of proton transport. Protons are carried to the 

left while empty vehicles travel to the right. 

 

This mechanism is responsible for the protonic conductivity in oxonium  

β-alumina, hydrogen uranyl phosphate, and hydrated acidic polymers (e.g., 

NAFION). 

In contrast, the Grotthuss mechanism has the chemical species to which the 

proton is attached remain translationally stationary on the timescale of proton 

transport. By transfer of the proton within a hydrogen bond and subsequent structural 

relaxation (i.e., a structural or dipole reorientation of the new carrier), the proton can 

diffuse through the material. This process requires that the protonic carriers have 

significant local dynamics. The relevant rates for this mechanism are then that of 

proton transfer and structural relaxation. Some materials that conduct protons by the 

Grotthuss process are ice, concentrated aqueous solutions and hydrates of acids (e.g., 

H3PO4, H2SO4, HCl, etc.), fused phosphoric acid, the solid proton conductor HClO4, 

and solid acids in both their low and high temperature phases. A schematic 

description of the Grotthuss mechanism for ice is shown in Fig. (2.11). 

 

 



 
Fig. (2.11): Grotthuss mechanism of proton transport. a) Proton jumps to an 
adjacent vehicle b) which then reorients c) to form a new hydrogen bond. 

 

The ideal structure of normal ice (hexagonal), first described by Bernal and 

Fowler, has each oxygen atom tetrahedrally coordinated by four other oxygens at a 

distance of 2.76 Ǻ. Associated with each oxygen will be exactly two protons. Each 

proton will form a hydrogen bond with O−H and OH···O distances of 0.95 and 1.81 

Ǻ, respectively, resulting in each oxygen being involved in four hydrogen bonds. 

According to the prevailing theory, there are two pairs of defects responsible for 

protonic conduction in ice. The first pair is created by reorientation of the water 

molecule, which causes doubly occupied and empty hydrogen bond sites: D and L 

defects, respectively. This reorientation cannot be definitively labeled as a structural 

reorientation (with the molecule rotating around an axis of symmetry) or a dipole 

orientation (with the proton hopping from one site to another). Thermodynamically, 

both mechanisms must be present to some degree, but which one dominates the 

structural relaxation involved in ice’s protonic conduction is difficult to determine. 

Intrahydrogen bond translation of the proton results in the formation of the second 

defect pair: the hydroxyl (OH−) and hydronium ions (H3O+). Note that both steps 

require the protons to move from one to another crystallographic proton site. It is 

necessary for both types of defect pairs to exist for true translation of a proton as each 

pair, alone, moves the proton in only a coordinated way, leaving the hydrogen - 

bonded system “polarized” in the direction of proton transport. By traveling along the 

same hydrogen-bonded system, the alternative pair can “unpolarize” this chain of 



hydrogen bonds. In particular, a D defect traveling in the same direction as a 

hydronium ion (and vice versa) will “unpolarize” the hydrogen-bonded system, as 

shown in Fig.(2.12) c, d, and e.  

Similarly, an L defect following a hydroxyl ion (and vice versa) will allow for 

a continuation of proton migration in the same direction. Proton conduction in ice 

then requires both proton transfer along hydrogen bonds and a reorientation of the 

proton carriers, and hence occurs by the Grotthuss mechanism.  

For completeness, it should be mentioned that some materials exhibit mixed 

vehicle and Grotthuss mechanisms of proton transport. This occurs when there is both 

a high mobility for the proton carriers and a significant amount of proton transference 

between carriers. Dilute aqueous solutions of acids and bases and solid acid hydrates 

with high water content have mixed mechanisms of proton transport. 

However, in general, these two mechanisms operate exclusively of each other. 

The presence of continuous hydrogen-bonded pathways is essential to proton 

conduction via the Grotthuss mechanism, but an extensive hydrogen-bonded network 

hinders the translation of mobile species necessary to the vehicle mechanism [44]. 

 

 
Fig.(2.12): Representation of the Grotthuss mechanism in ice. a) Intra-hydrogen 
bond transfer of the proton b) leads to the formation of hydroxyl (OH-) and 



hydronium (H3O
+) ions, c) Reorientation of a water molecule, d) results in an 

L/D defect pair e) with further reorientations removing the defects and leaving 
the chain able to continue proton conduction to the right. 

 

 Dielectric Properties12.2 

It is well known that the dielectric polarization may be due to dipole alignment, 

rotation/ motion of the main/segmental chain, migration of ions within the material or 

injection from electrodes. Dielectric properties are sensitive to the intensity and 

velocity of orientation changes of mean dipole moments within a small volume unit 

in substances exposed to an electric field. The dielectric constant ('ε) and dielectric 

loss factor (''ε) are the crucial quantities required in the design of the devices and 

furthermore, as a function of temperature or frequency, moreover they reveal much 

information on chemical and physical state of the material [62]. 

 nType of Polarizatio22.2 

: Electronic Polarization.122.2 

When an isolated neutral atom is placed in an electric field it acquires a dipole 

moment and is said to be polarized. The electronic polarizability arises because the 

individual ions or atoms in a molecule are themselves polarized by the field. In the 

case of NaCl, as an example, each of Na+ ions are polarized because the electrons in 

its various shells are displaced relative to the nucleus. 

 Ionic Polarization.222.2 

As the name implies, is only found in ionic substances (such as sodium 

chloride) whose molecules are formed of atoms having excess charges of opposite 

polarities. An electric field will tend to shift the relative position of the positive and 

negative ions of molecules thus inducing a dipole moment other than that induced by 

the distribution of the electronic charges around individual atoms. 

 Dipolar Polarization.322.2 



Dipolar polarization is associated with dipolar substance. Here the molecules 

or association of ions posses a dipole moment even in the absence of an applied filed. 

Such a moment is not normally observed macroscopically because as a result of 

thermal agitation the molecules are oriented at random so that the average moment 

over a physically small volume is zero. In the presence of an external filed the dipoles 

experience a torque tending to rotate them in the field direction and thereby make a 

large contribution to the total polarization. 

Polarization) Space Charge( The Interfacial .422.2 

        In heterogeneous material there is usually also an interfacial polarization 

because of the existence of free charges in these materials. In an electric field, 

polarization may arise due to the accumulation of these charges on crystalline 

surface; this accumulation is favored by the grain boundaries that act as barriers 

against the motion of charge carriers. The charge carriers are impeded from in their 

motion, either because they become trapped in the material or on interfaces or 

because they cannot be freely discharged or replaced at the electrodes, space charges 

and a microscopic field distribution result. Such a distribution appears as an increase 

in capacitance of the sample and may be indistinguishable from a real rise of the 

dielectric permittivity [63, 64]. 

 Dielectric relaxation32.2 

At the most elementary level, it is possible to distinguish between the static or 

steady state response to a steady electric field and the dynamic response to time-

varying electric fields. One particular aspect of time-dependent behaviour relates to 

the decay of polarization from an initial steady state to zero after the sudden-removal 

of an initial polarizing field. This decay is referred to as dielectric relaxation. 

According to Debye, the frequency dependence of the complex dielectric constant *ε 

for independent dipoles with the same relaxation timeτ is given by: 
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where 'ε the real part and called dielectric constant and ''ε is the imaginary part and 

called dielectric loss parameter. Equation (2-9) can be rewritten to give: 
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where  ∞ε and sε are the static and  infinite dielectric permittivities , τ is the 

relaxation time  and ω is the angular frequency. 

Equations (2.22) and (2.23) are the Debye equation, which are reasonably applicable 

to most dispersion at electrical frequencies. The most important parameter of them is 

the loss factor δtan 
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Generally determination of dielectric loss of materials is interesting and has practical 

value. By applying the ac-voltage on a perfect dielectric material no electromagnetic 

energy will be lost in the material. But perfect dielectric hardly exists, therefore is 

usually a resistive current running through the material. This current is responsible 



for the energy losses in a dielectric material. The absorption current can appear due to 

several causes. 

i) In polar dielectric absorption current caused by the orientation of dipole 

molecules. 

ii) In nonpolar dielectrics, the absorption currents can also be observed due to 

the in homogeneity [65]. 
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3.1 Polymer Electrolyte Preparation 

All chemicals used in the present study were provided by QualiKems Chemical 

Company, India. Plastizied polymer electrolyte was prepared by the solution cast 

technique.  Firstly PVA solution was prepared by adding first distilled water to the 

proper weight of solid PVA   (C2H4O) n (where n = 1800) to get a 10 wt. % solution, 

and stirred by a magnetic stirrer at 70 °C for 6hrs. A solution of NaBr   in H2O was 

first added into the PVA solution under stirring at room temperature; after 2hrs 

H2SO4 was added to the solution to obtain NaHSO4 eq (3.1) where HBr evaporate. 

After 20 min different concentrations of Ethylene Carbonate (EC), x = (0, 9.9, 13.2 

and 16.5 wt. %), was added and  followed by stirring for another 2hrs. The as 

prepared Plastizied solid acid polymer electrolyte was direct cast in a petri - glass 

dishes and left for month at room temperature and then dried under evacuation 6 hrs.  

      NaBr +H2SO4→  (NaHSO4) + HBr↑                                                     3.1 

Si powder with different concentrations, Si, y = (0, 0.15, 0.75, 1.2 and 3.75 wt. 

%) was added to ((PVA: 0.5 NaHSO4)/ 9.9 wt. % EC) and stirred for 12 hrs. The as 

prepared solution was direct cast in a perti-glass dishes and left for month at room 

temperature.  

3.2 Battery configuration 

        Generally, battery consists of two electrodes, the cathode and the anode besides 

the solid acid electrolyte.  The cathode electrode was prepared by mixing, 80% γ-

MnO2 power (domestic source) and 20% of graphite (Qualikems) powder with 10 wt. 

% PVA solution as a binder.  Then 0.5gm of the mixture was compressed under 

pressure 2 ton to obtain cathode pellet with an active area 1.32 cm2 and thickness 

1.51mm.   

       The other cathode electrode was prepared by mixing, 90% FeS2 powder (source) 

and 10% of graphite (Qualikems) with 10 wt. % PVA solutions as a binder.  The 0.5g 



of this mixture was compressed under pressure 2 ton to obtain cathode pellet with an 

active area 1.32 cm2 and thickness 1.51mm.   

A 0.3g magnesium powder (Qualikems) was compressed under pressure 2 ton 

to obtain anode pellet with an active area 1.32 cm2 and thickness 1.38mm. The battery 

cell was then assembled by sandwiching the electrolyte between the two electrodes, 

anode and cathode. The additive graphite powder is used in either the cathode or 

anode electrode to improve the electronic conductivity of the electrodes and to give 

rigidity to the structure to minimize volume changes during cycling.  

Fig. (3.1a) shows the schematic design of (Mg / electrolyte / MnO2) cell. The 

highest conducting electrolyte ((PVA: 0.5 NaHSO4)/ 9.9 wt. % EC) was used as an 

electrolyte for battery fabrication.  

 

 

 

Fig.(3.1a): Mg / ((PVA:::: 0.5 NaHSO4)/ 9.9 wt. % EC) / MnO2 cell. 

 

 

 

Fig.(3.1b): Mg / ((PVA:::: 0.5 NaHSO4) : 9.9 wt. % EC /3.75 wt. %  Si) / FeS2 cell. 

Fig. (3.1b) shows the schematic design of (Mg / electrolyte / FeS2) cell. The highest 

conducting electrolyte ((PVA: 0.5 NaHSO4): 9.9 wt. % EC / 3.75 wt. % Si) was used 

as an electrolyte for battery fabrication. 
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3.3 X-Ray Diffraction Characterization 

       The structure of all the investigated polymer electrolytes and electrodes 

characterized by 6000 shimazu x-ray diffractometer. The diffraction system based 

with Cu tube anode in the 2θ (Bragg angles) range of 0◦ ≤ 2θ ≤ 90 at a scan speed of 

8.000(deg/min) with voltage 40kV, current 30mA & wave length 1αK = 1.5418 A°. 

Bragg's Law ( θλ sin2dn = ) was used to compute the crystallographic spacing. 

3.4 Scanning Electron Microscope 

The scanning electron microscope (SEM) is an electron microscope that 

images the sample surface by scanning it with a high-energy beam of electrons in a 

raster scan pattern. It has great influence on the physical properties of the polymer 

composite. The electrons interact with the atoms that make up the sample producing 

signals that contain information about the sample's surface topography, and 

composition. The specimens for an SEM testing must be electrically conductive, at 

least at the surface, and electrically grounded to prevent the accumulation of 

electrostatic charge at the surface. Nonconductive specimens tend to charge when 

scanned by the electron beam; therefore, they are usually coated with an ultra thin 

coating of electrically conducting material, commonly gold, deposited on the sample 

either by low vacuum sputter coating or by high vacuum evaporation. Coating 

prevents the accumulation of static electric charge on the specimen during electron 

irradiation and increases the signal and surface resolution, especially with samples of 

low atomic number (Z). In our work we use low vacuum scanning electron 

microscope. The surface morphology of these polymer electrolytes was observed 

using JEOL JSM 5600 LV SEM. The advantage of this technique (low vacuum, LV-

SEM) is the possibility of working with uncoated samples which can be preserved for 

further use. 

 

 



3.5 Thermogravimetric Analysis 

      Thermogravimetric data were obtained by using thermogravometric analyzer 

pyres 6 TGA perkin Elmer at a heating rate of 10.0°C/min, under N2 (20ml/min) 

flow. The range investigated from 30 to 600°C.  

3.6 FTIR Spectral Characterization  

Fourier transform infrared (FTIR) spectroscopy is a powerful tool for 

identifying types of chemical bonds in a molecule by producing an infrared 

absorption spectrum as a molecular "fingerprint". The principle of this technique is 

that molecular bonds vibrate at various frequencies depending on the elements and 

the type of bonds. There are several specific frequencies at which any given bonds 

can vibrate. According to quantum mechanics, these frequencies correspond to the 

ground state (lowest frequency) and several excited states (higher frequencies). One 

way to cause the frequency of a molecular vibration to increase is to excite the bond 

by having it absorb light energy. Molecular bonds vibrate at various frequencies 

depending on the elements and the type of bonds. Since FTIR provides information 

about the chemical bonding or molecular structure of materials without causing 

destruction, it could be used to identify unknown materials, detect the organic and 

some inorganic additives in the level of few percent, and characterize the chemical 

structure change and solvent residue. FTIR spectra were recorded by FTIR 6300 

Fourier Transform Infrared spectrometer in the wave number range (400- 4000 cm-1). 

The sharply defined transmission peaks which correspond to various vibrational 

modes of chemical bonds were determined for all the prepared films. 

3.7 Impedance Spectroscopy 

The samples used were in the form of rectangular discs. Samples were 

sandwiched between the two similar brass electrodes of a spring-loaded sample 

holder. The whole assembly was placed in a furnace monitored by a temperature 

controller. The rate of heating was adjusted to be 2Kmin−1. Dielectric and electrical 



measurements were carried out in the temperature range 303–373K using PM 6304 

programmable automatic RCL (Philips) meter. The measurements were carried out 

over a frequency range 60 Hz to 100 kHz. The sample holder used for the ac and dc 

measurements is shown in Fig. (3.2) 

The dielectric constant of the sample calculated by using the following 

relation:- 

A

dC

o

.'
ε

ε =                                 (3.2) 

where C  is the capacitance of the film, d  is thickness of the film, A  is effective area 

of the film and oε  is permittivity of free space. 

The dielectric loss of the sample calculated by using the following relation:- 

δεε tan''' =                              (3.3) 

Where )90( φδ −= , φ  is the phase angle. 



 

 

Fig.(3.2): AC impedance set up. 
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Ray Diffraction Investigation- X4.1 

X-ray diffraction (XRD) is essential to illustrate the effect of addition of 

ethylene carbonate (EC) on the degree of crystalinity of the solid acid in the polymer 

matrix. Fig.(4.1) shows XRD pattern for ((PVA: 0.5 NaHSO4) / x EC) where x = 0, 

9.9, 13.2 and 16.5 wt.%. A peak at 2θ=23.54° was observed in Fig (4.1a), the 

observed peak matched quite well with JCPDS file No.85-2043 for NaHSO4. There is 

a relative decrease in the intensity of this peak with addition of EC. This may be due 

to the increase of amorphous nature of polymer electrolyte with the addition of EC. 

Hodge et al [66] established a correlation between the intensity of the peak and the 

degree of crystallinity. They observed that the intensity of XRD pattern decreases as 

the amorphous nature increases with the addition of plasticizer.  

The structure investigation using XRD has been extended to show the 

influence of Si on plasticized solid acid polymer electrolyte (PSAPE). Fig.(4.2) 

shows XRD pattern for ((PVA: 0.5 NaHSO4) : 9.9 wt.% EC/ y Si) where y = 0, 0.15, 

0.75, 1.2 and 3.75 wt.%. There was a noticeable change in XRD peaks for samples 

mixed with Si in addition to the appearance of additional peaks. The results indicated 

that converged broad hump when the amount of Si content to (PSAPE) and appear 

another two peaks at 2θ=13.6°, 2θ=16.6°. The observed peak matched quite well with 

JCPDS file No.490076 for silicon oxide sulfur (SiOS). The results suggest the 

occurrence of a significant new phase with the polymer electrolyte. The formation of 

such phase suggests that the addition of Si on the matrix cause an electrostatic 

interaction between Si and SO4
--. This in turn leads to move ionization of SAPE 

(NaHSO4) to form more mobile H+ and Na+.  

 The average particle size of SAPE can be calculated using the first sphere 

approximation of Debye–Scherrer formula [67], 

θ
λ

cos
9.0

B
D =                          (4.1) 



where D is the average diameter of the crystals, λ is the wavelength of X-ray 

radiation, B is the full width at half maximum intensity of the peak and θ is the 

incident angle.The average particle size of NaHSO4 is equal to∼ 41nm. The average 

size of SiOS is equal to ∼ 11nm, where the size of SiOS in polymer matrix obtained 

at different mentioned Si ratio are shown in Table (4.1).  

Table (4.1): Extracted values of the average Particle size of nanocomposite for 

((PVA:::: 0.5 NaHSO4) ::::  9.9wt. % EC/ y Si) with y = 0.15, 0.75, 1.2 and 3.75 wt. %. 

  

 

y wt.% Si Particle size (nm) 

0.15 11.1 

0.75 11.5 

1.2 11.7 

3.75 11.4 
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Fig.(4.1): XRD pattern for ((PVA:::: 0.5 NaHSO4) / x EC), (a) x=0, (b) x=9.9, (c) 

x=13.2 & (d) x=16.5 wt.%. 
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Fig.(4.2): XRD pattern for ((PVA:::: 0.5 NaHSO4) :::: 9.9 wt.% EC/ y Si), (a) y=0, (b) 

y=0.15, (c) y=0.75, (d) y=1.2 & (f) y=3.75 wt.%. 

 

 Scanning Electron Microscope Investigation4.2 

(a) 

(b) 
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In the present section scanning electron microscopy investigation has been 

used to show the infulence of (EC) on polymer electrolyte surface morpholgy which 

has reflection on the other physical prameters. Fig. (4.3, a-c) shows scanning electron 

micrograph of ((PVA: 0.5 NaHSO4) / x EC) with x = 0, 9.9, and 13.2 wt.%. A 

comparison of the surface morphology shows marked change in the surface 

morphology and texture of the polymer electrolytes by the addition of EC. Surface 

roughening and crystalline texture of internal morphology appear to change gradually 

by addition of EC concentration. These effects ultimately result in the appearance of 

a smooth texture of the surface. Such changes can be attributed to the fact that 

plasticization causes a reduction in the crystallinity of the host polymer (i.e., poly 

vinyl alcohol) and subsequent enhancement in the overall amorphous fraction in the 

material. This observation appears to be in good agreement with the XRD results. 

      Fig. (4.4, a-d) shows scanning electron micrograph of ((PVA: 0.5 NaHSO4): 9.9 

wt. % EC/ y Si) with y = 0.15, 0.75, 1.2 and 3.75 wt. %. The sample morphology 

surface was uniform but with roughness where an increase in the degree of roughness 

with increasing Si concentration indicates the formation of new phase in the host 

matrix in agreement with XRD. The difference in morphology with the presence of Si 

in electrolyte is consistent with the significant differences in the ionic conductivity of 

these electrolytes.  
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Fig.(4.3): SEM microscope for ((PVA:::: 0.5 NaHSO4)  / x EC),where (a) x=0, (b) 

x=9.9 & (c) x=13.2 wt.%. 
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Fig.(4.4): SEM for ((PVA:::: 0.5 NaHSO4) : 9.9 wt.% EC/ y Si),  where (a) y=0.15, 

(b) y=0.75, (c) y=1.2 & (d) y=3.75 wt.%. 
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 Thermogravimetric Analysis4.3 

       Thermogravometric analysis (TGA) is considered as the most important 

method for studying thermal stability of polymer electrolytes. This is an important 

property for polymer electrolytes during application in energy conversion cells. 

Fig.(4.5) shows the TGA curves of the ((PVA: 0.5 NaHSO4) / x EC) where x=0, 9.9, 

13.2 and 16.5 wt. %. The general behavior shows two main degradation stages. It is 

evident that initial weight loss up to 100 °C is closely associated with the loss of 

absorbed water molecules (dehydration). The second weight loss occurs between 156 

and 166°C for all samples with maximum weight loss rate at certain temperatures. 

The first deravative of weight loss against temperture has been used to determine the 

maximum weight loss which indicate the effective temperture of deggradation. In 

addition the first TGA onset temperature was corresponding to water dehydration 

while the second onset temperature in the range 156 to 166 °C corresponds to 

polymer decomposition, and those two onset temperatures were calculated and 

summarized in Table (4.2).  

Fig.(4.6) shows the TGA curves of the ((PVA: 0.5 NaHSO4) : 9.9 wt.% EC/ y 

Si) where y = 0.15, 0.75, 1.2 and 3.75 wt.%. The results suggest that the introduction 

of Si into the PVA chains decrease the thermal stability of the given polymer 

electrolyte 

       

 

 

 



 

Fig.(4.5): TGA thermograms (weight loss fraction) versus temperature for 

((PVA:::: 0.5 NaHSO4)  / x wt.% EC). 

X= 0 Wt.% EC X= 9.9 Wt.% EC 

X= 13.2 Wt.% EC X= 16.5 Wt.% EC 



 
 

Fig.(4.6): TGA thermograms (weight loss fraction) versus temperature for 

((PVA:::: 0.5 NaHSO4) : 9.9 wt.% EC/ y Si). 

 

 

 

 

 

 

 

The activation energy for the thermal decomposition of the samples can be 

calculated using the integral equation of Coates and Redfern[68]. 

y=0.15 Wt.% Si 
y=0.75 Wt.% Si 

y=1.2 Wt.% Si y=3.75 Wt.% Si 
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Where T is the absolute temperature, Ea is the activation energy (J mol−1), R is the 

universal gas constant (8.13 J mol−1 K−1), and n is the order of reaction β is the 

heating rate and the fractional conversion, α, for weight loss is given by, 
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Where iw is the initial weight, tw is the weight at given temperature and fw is the 

final weight of the sample, respectively. By plotting ])1log(log[ 2Tα−− against 

T/1000 for each sample Fig. (4.7) and Fig. (4.8), straight lines are obtained. Then, the 

apparent activation energies for the decomposition Ea1 for ((PVA: 0.5 NaHSO4) / x 

EC) and the activation energy Ea2 for ((PVA: 0.5 NaHSO4): 9.9 wt. % EC/ y Si), are 

calculated and given in Tables (4.2) & (4.3), respectively. 

It is noticed that, the optimum values for Ea1 for x =9.9 wt. % EC. This 

confirms that the maximum thermal stability is for this concentration.  
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Fig.(4.7): The 

dependence of 
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on T/1000 for 
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Fig.(4.8): The 

dependence of 

]
)1log(
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α−− on 

T/1000 for ((PVA::::0.5 

NaHSO4):::: 9.9 wt. % 

EC/ y Si). 

 

 

Table (4.2): The values of the apparent activation energies, Ea1 for ((PVA:::: 0.5 

NaHSO4): x EC) polymer electrolytes. 

 

 x wt.% EC 
Activation energy 

(Ea1) (eV) 

 

Tonset(1) 

(c
o
) 

 

T onset(2) 

(c
o
) 

0 0.64 85 156 

9.9 0.72 82 165 



13.2 0.64 83 153 

16.5 0.71 85 166 

  

 Table (4.3): The values of the apparent activation energies, Ea2 for ((PVA:::: 0.5 

NaHSO4): 9.9 wt. % EC/ y Si) polymer electrolytes. 

 

y wt.% Si 
Activation energy 

(Ea2) (eV) 

0.15 0.43 

0.75 0.38 

1.2 0.43 

3.75 0.40 

 

 



 FTIR Spectroscopy4.4 

              FTIR is an authentic technique to deduce the possible interactions between 

the chemical constituents in polymer electrolytes. The FTIR spectrum exhibits 

several bands characteristic of stretching and bending vibrations of O–H, C–H, C=C 

and C–O groups. 

The FTIR spectrum of pure PVA are shown in Table (4.5) a broad and a strong 

band at 3538-3115 cm-1 is assigned to O–H stretching vibration of hydroxyl groups of 

PVA. A weak band is observed at 2163 cm–1, which has been assigned to the 

combination frequency of (CH + CC). The bands at 1736 cm-1 corresponds to 

streching C=C group. The strong band at 1100 cm-1 has been attributed to the 

stretching mode of    C-O groups. 

While in case of PVA with dopant, the evidence of complexation is observed 

through the change in intensity, shape, position and in the formation of new peaks. 

Fig.(4.9) shows FTIR spectra for ((PVA: 0.5 NaHSO4) : x EC). FTIR spectra shows 

shift in some bands and change in the intensities of other bands comparing with pure 

PVA. This gives a clear indication of the specific interactions in the polymer matrix. 

The band observed at 2950 cm-1 indicates an asymmetry in stretching mode of CH2 

group in pure PVA and its slightly shifted in the complexed films. The characteristic 

vibrational band at 1100 cm-1 is assigned to C–O stretching of alcohols and is shifted 

in the complexed films respectively. C–C stretching occurring at 1246 cm-1 in pure 

PVA is shifted in the complexes films [10], see Table (4.4). The appearance of new 

peaks with the addition of EC or their disappearance in the FTIR spectra directly 

indicates the complexation of the polymer. 

Fig. (4.10) shows the FTIR curves of the ((PVA: 0.5 NaHSO4) : 9.9 wt.% EC/ 

y Si) where y =(0.15, 0.75, 1.2 and 3.75 wt.%) polymer electrolytes. The pure Si 

shows a characteristic band at 808cm-1, Table (4.5) shows symmetric Si–O–Si band, 

asymmetric band Si–O–Si, and Si–OH band [71] for different Si concentration. 



 

 

 

 

Fig.(4.9): FTIR spectra for ((PVA:::: 0.5 NaHSO4) / x EC) where x= (0, 9.9, 

13.2and 16.5 wt.%). 
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Fig.(4.10): FTIR spectra for ((PVA:::: 0.5 NaHSO4) : 9.9 wt.% EC/ y Si). 



Table (4.4): FTIR absorption bands positions and their assignments for pure 

PVA and ((PVA:::: 0.5 NaHSO4) / x EC) with x= (0, 9.9, 13.2and 16.5 wt. %). 

 

Wt.%EC Vibration 

frequency (cm-1) 

for pure PVA 

Band assignment 

x=0 x=9.9 x=13.2 X=16.5 

3538-3115 O–H stretching 3422 3475 3510 3522 

2950 CH2 asymmetric 

stretching 
2941 2940 2935 2943 

2163 
combination 
frequency of 
 (CH + CC) 

2165 2170 2169 2172 

1246 C-C 1246 1244 1247 1240 

1100 C-O 1116 1116 1124 1119 

 

Table (4.5): FTIR Absorption bands positions and their assignments for ((PVA:::: 

0.5 NaHSO4): 9.9wt. % EC/ y Si) with y (0.15, 0.75, 1.2 and 3.75 wt. %). 

 

 
 

wt.% Si 
Band assignment 

y= 0.15 y=0.75 y=1.2 y=3.75 

symmetric Si–O–Si 

stretch 
741 756 754 759 

asymmetric Si–O–

Si stretch 
1087 1083 1089 1097 

Si–OH stretch 927 932 910 922 



Complex Impedance Analysis 4.5 

 The complex spectrum analysis of pure and plasticized SAPE has been carried 

out with an aim to observe the role of plasticizer in governing the electrical properties 

of ((PVA: 0.5 NaHSO4) / x EC). Fig.(4.11) shows the complex impedance spectra of 

((PVA: 0.5 NaHSO4)  / x EC) with x= (0, 3.3, 6.6, 9.9, 13.2, 16.5& 19.8 wt. %) at 

303 K, 313 K. It is noticed that, semicircle does not pass through the origin, and the 

equivalent circuit consisting of the parallel resistance (bulk resistance, Rb) and the 

capacitance (bulk capacitance, Cb) network in series with contact resistance [72]. 

Symbols Z´ and Z´´ refer to the real and imaginary components, respectively. The 

bulk resistance was used subsequently for evaluation the bulk conductivity, 

         
AR

t

b
b =σ                                                                        (4.3) 

Where Rb is the bulk resistance, t is the thickness of the sample and A is the cross 

sectional area of the sample.  

              Fig.(4.12) illustrates the variation of bulk conductivity with EC 

concentration at room temperature. It can be observed that the ionic conductivity 

values increases with increasing plasticizer content up to 9.9 wt. % EC and then it 

decreases. The variation in conductivity with EC concentrations may be explained in 

terms of the number of free mobile ions. In principle, σ =nqµ where n is the number 

of free mobile ions, q is the ionic charge and µ is ionic mobility. Assuming µ to be 

constant bσ increases when n increases. At the first, the increase in conductivity 

could be attributed to the increase in the number of free mobile ions due to 

dissociation of ions up to 9.9 wt. % EC. The reduction in conductivity of the 

electrolyte containing high amounts plasticizer (greater than 9.9 wt. % EC) could be 

attributed to the increase in ion pair’s. Ions pairing that lead to the formation of 

aggregates form a more viscous medium which reduces the mobility of the charge 

carrier [73]. In this concentration range, the rate of ion association has to be greater 

than the rate of ion dissociation, and the distance between dissociated ions may 



become too close that are able to recombine and form neutral ion-pairs and do not 

contribute towards conductivity [74]. 

          In polymer electrolytes, there are two possible mobile ionic species, i.e., 

cations and anions. The type of cation expected to be responsible for the ionic 

conductivity in ((PVA: 0.5 NaHSO4) / x EC) system is H+ ion. This H+ ion can hop 

from one site to another leaving a vacancy which will be filled by another H+ ion 

from a neighbouring site. Thus, the charge transport is carried out by structure 

diffusion or better known as Grotthus mechanism,  i.e., the conduction occurs due to 

a dynamical effect of the anion HSO4
− reorientation that reinforce the proton transfer 

in the complex[75].  



 

 

Fig.(4.11): Complex Cole– Cole plot of impedance for ((PVA:::: 0.5 NaHSO4) / x 

EC) at T=303K, T=313K. 
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Fig.(4.12): Bulk conductivity of ((PVA:::: 0.5 NaHSO4) / x EC) polymer electrolyte 

against EC concentration.  



            The values of bσ have been obtained at different temperature. Fig.(4.13) 

shows the variation of the bulk conductivity bσ for ((PVA: 0.5 NaHSO4) /  xwt. % 

EC) with temperature which obey Arrhenius relation [76], 

)exp()(
KT

E
T b

ob

∆
−= σσ         (4.4) 

where )( oσ is temperature independent constant, bE∆ is the bulk activation energy. 

The values of the activation energy bE∆ are obtained using the least square fitting of 

equation (4.4) and listed in Table (4.6). It is noticed that bE∆ decreases with 

increaseing EC concentration. 
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Fig.(4.13): Temperature dependence of bulk conductivity of ((PVA:::: 0.5 

NaHSO4) / x EC ) at different concentrations of EC. 

 

 

Table (4.6): Effect of EC concentration on the bulk activation energies (Ea) of 

((PVA:::: 0.5 NaHSO4) / x EC) with different EC concentration. 

x wt.% 
(EC) 

Ea(eV) 

  0 
0.14 

3.3 
0.12 

6.6 
0.17 

9.9 
0.16 

13.2 
0.13 

16.5 
0.16 

19.8 
0.11 
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Fig.(4.14) shows the complex impedance spectra of ((PVA: 0.5 NaHSO4) : 9.9 

wt.% EC/ y Si) with y= (0.15, 0.75, 1.2& 3.75 wt.%) at temperatures 303 & 313 K. 

Impedance plot for all samples indicated that, semicircle does not pass through the 

origin. Its corresponding to the equivalent circuit consisting of parallel resistance 

(bulk resistance, Rb) and the capacitance (bulk capacitance, Cb) network in series with 

resistance (contact resistance)[72]. The bulk resistance was used subsequently for 

evaluation the bulk conductivity by equation (4.3).  

 Fig.(4.15) shows the variation of bulk conductivity for ((PVA: 0.5 NaHSO4) : 

9.9 wt.% EC/ y Si) with y= (0.15, 0.75, 1.2& 3.75 wt.%) at room temperature. It can 

be observed that the bulk conductivity value increase with increasing Si 

concentration. As the concentration of Si increases bulk conductivity increase. The 

addition of Si on the matrix cause in electrostatic interaction between Si and SO4
--. 

This in turn leads to move ionization of SAPE (NaHSO4) to form more mobile H+. 

This causes an increase in the conductivity of the samples containing Si. 
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Fig.(4.14): Complex Cole–Cole plot of impedance for ((PVA:::: 0.5 NaHSO4) :  9.9 

wt.% EC/ y Si) with  different Si concentration  at T=303K, T=313K. 

y= 3.75 Wt.% Si y= 1.2 Wt.% Si 
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Fig.(4.15): Bulk conductivity of ((PVA:::: 0.5 NaHSO4) : 9.9 wt. % EC/ y Si) versus 

Si concentration at room temperature. 

 AC Conductivity for Polymer Electrolyte4.6  

Fig.(4.16) shows the variation of ac conductivity as a function of inverse 

temperature for ((PVA: 0.5 NaHSO4) / x EC) with x=(0, 3.3, 6.6, 9.9, 13.2, 16.5& 

19.8 wt. %). The plot shows that as temperature increases, the conductivity increases. 

Regression values are close to (0.91-0.99) suggesting that all the points lie on a 

straight line. The conductivity values for the PSAPE do not show any abrupt jump 

with temperature indicating that these electrolytes exhibit a completely amorphous 

nature that facilitates the fast ion motion in the polymer net work and it further 

provides a higher free volume in the polymer electrolyte upon increase in 

temperature. The temperature dependence of conductivity can be described by [77]
, 

)exp(.
KT

E
BT a

ac

−
=σ                                (4.5) 

where B is the temperature independent constant , Ea is activation energy, K is 

Boltzman constant and T is absolute temperature. The activation energies for ion 



migration calculated from the slope of the log σ T vs.103/T plots, are given in Table 

(4.7). It is clear, the Ea value for all samples ranges from 0.11 to 0.26 eV. It is 

noteworthy that the polymer electrolytes with low values of activation energies are 

desirable for practical applications. 

The temperature dependence of conductivity for polymer electrolytes ((PVA: 

0.5 NaHSO4): 9.9 wt. % EC/ y Si) where (y=0.15, 0.75, 1.2 and 3.75 wt. %) is shown 

in Fig.(4.17). As there is no sudden change in the value of conductivity with 

temperature, it may be inferred that these electrolyte do not undergo any phase 

transitions within the temperature range investigated [6]. There is a significant 

conductivity enhancement due to the addition of the plasticizer, EC to SAPE. Also, 

the presence of (Si) has shown a conductivity enhancement of the PSAPE. The 

highest room temperature conductivity enhancement was obtained for ((PVA: 0.5 

NaHSO4): 9.9 wt. % EC/ y Si) was 1×10-2 S.cm-1 (at 303 K). The activation energies 

for ion migration calculated from the slope of the log σ T vs.103/T plots, are given in 

Table (4.8). It is clear, the Ea value for all samples ranges from 0.07 to 1.8eV.  
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Fig.(4.16): Temperature dependence of the ac conductivity for ((PVA:::: 0.5 

NaHSO4) / x EC)  with different EC concentrations. 

 

Fig.(4.17): 

Temperature 

dependence of 

the ac 

conductivity 

for ((PVA:::: 0.5 

NaHSO4) : 9.9 

wt.% EC/ y Si) 

with different 

Si 

concentrations. 



 Frequency Dependent Conductivity for Polymer Electrolytes7.4 

        Fig.(4.18) shows the variation of σac with the frequency for ((PVA: 0.5 NaHSO4) 

/ x EC) with x= (0, 3.3, 6.6, 9.9, 13.2, 16.5& 19.8 wt.%). It can be observed that the 

conductivity increases gradually as frequency increases obeying the universal power 

law relation [15, 75].  

n
acαωσ                                         (4.6) 

where, ω is the angular frequency and n is the power law exponent. The value of n is 

obtained by least square fitting equation (4.6) where n1 and n2 , are tabulated in Table 

(4.7) from the table it is clear that the value of n vicinity between 0.06 and 0.2. This 

result are less than 0.2 which in the class of fast ionic conductor [15, 75].  

Fig.(4.19) shows the variation of σac with the frequency for ((PVA: 0.5 

NaHSO4) : 9.9 wt.% EC/ y Si) with y= (0.15, 0.75, 1.2 & 3.75 wt.%). It can be 

observed that the conductivity increases gradually as frequency increases obeying 

equation (4.6). The values of n1 and n2 are in Table (4.8). From the table it is clear 

that the value of n vicinity between 0.2 and 0.05. These results agree with fast ionic 

conductor. 

 

 

 

 

 

 

Table (4.7): Effect of EC concentration on activation energies (Ea) and 

conduction index (n) values of ((PVA:::: 0.5 NaHSO4) / x EC) with different EC 

concentration. 

 



 

 
 

 

 
 
 
 
 
 
 
 
 
 

 

Table (4.8): Effect of Si concentration on activation energies (Ea) and conduction 

index (n) values of ((PVA:::: 0.5 NaHSO4): 9.9 wt. % EC/ y Si) 

x wt.% 
(EC) 

Ea(eV) n1 n2 

  0 
0.26 

0.2 0.2 

3.3 
0.18 

0.2 0.12 

6.6 
0.11 

0.2 0.09 

9.9 
0.16 

0.18 0.1 

13.2 
0.18 

0.19 0.1 

16.5 
0.22 

0.15 0.1 

19.8 
0.16 

0.15 0.06 

x wt.% 

( Si ) 
Ea(eV) n1 n2 

0.15 0.07 0.17 0.05 

0.75 0.092 0.2 0.1 

1.2 0.094 0.16 0.06 

3.75 0.18 0.2 0.08 
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Fig.(4.18): Variation of the ac conductivity )(ωσ ac with frequency for ((PVA:::: 0.5 

NaHSO4) / x EC) with different EC concentrations at room temperature. 

 

Fig.(4.19): 

Variation of 

the ac 

conductivity 

)(ωσ ac with 

frequency for 

((PVA:::: 0.5 

NaHSO4) :::: 9.9 

wt.% EC/ y Si) 

with different 

Si 

concentrations 

at room temperature 

 Frequency Dependence of the Dielectric Parameters8.4 

Fig.(4.20) show the variation of the dielectric constant 'ε versus frequency at 

room temperature 303 K. It can be noticed that 'ε decreases monotonically with 



increasing frequency in the frequency range of ωτ>>1 for all polymer electrolyte. 

This behavior can be described by the Debye dispersion relations [80],  

  221
'

τω
εε

εε
+

−
+≅ ∞

∞
s

     (4.7)   

The variation of dielectric constant 'ε as a function of frequency for all polymer 

electrolytes at room temperture (Fig.(4.20)) indicates that at low frequencies the 

dielectric constant is high due to the intervatial polarization. There is a decrease in 

dielectric constant towards higher frequencies due to the high periodic reversal of the 

applied field. 

Fig.(4.21) show the variation of the dielectric constant 'ε versus EC 

concentration at room temperature. The dielectric constant 'ε has been 

experimentally found to increase with increase EC concentration upto 9.9 wt.% EC 

and then its decreases with increasing EC concentration. The increase in the value of 

dielectric constant indicates that there is an increase in charge carrier concentration 

and hence the increase in conductivity [82], the decrease in dielectric constant for 

further addition of EC concentration leads to the formation of ion aggregation, which 

causes a fall in mobility of charge carriers and cause a significant fall in ionic 

conductivity in accordance with Fig.(4.12). The higher value of ε′ for polymer 

electrolyte (9.9 wt. % EC) is due to the enhanced charge density at the space charge 

accumulation region.  

 Fig.(4.22) shows the variation of ε′ with frequency for ((PVA: 0.5 NaHSO4) :  

9.9 wt.% EC/ y Si) with y= 0.15, 0.75, 1.2and 3.75 wt.%   at room temperature. It can 

be noticed that 'ε decreases monotonically with increasing frequency in the 

frequency range of ωτ>>1 for all polymer electrolyte. This behavior can be described 

by the Debye dispersion The high dielectric permittivity obtained in the present study 

could be attributed to the delocalization of charge carriers. The higher value of ε′ for 

polymer electrolyte at y=3.75 is due to the enhanced charge density at the space 

charge accumulation region.  
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Fig.(4.20): 

Variation of 

dielectric 

constant εεεε′′′′  as function 

of frequency for ((PVA:::: 

0.5 NaHSO4) :/ x EC) 

with different EC 

concentrations at room 

temperature. 

 

Fig.(4.21): Variation of dielectric constant εεεε′′′′ versus EC concentration for ((PVA:::: 

0.5 NaHSO4) / x EC) at room temperature & 100 HZ. 

 

 

 

 
 

Fig.(4.22): 

Variation of 

dielectric 

constant εεεε′′′′  

as function 

of frequency 



for ((PVA:::: 0.5 NaHSO4) : 9.9 wt.% EC/ y Si) with different Si concentrations at 

room temperature. 



 Temperature Dependence of the Dielectric Parameters9.4 

Dielectric constant (ε′) is representative of stored charge in a material. 

Fig.(4.23) and (4.24) show the variation of dielectric constant as a function of 

temperature for ((PVA: 0.5 NaHSO4) / x EC) with different EC concentrations and 

((PVA: 0.5 NaHSO4) : 9.9 wt.% EC/ y Si) with different Si concentrations at 100 Hz 

respectively. It is clear that 'ε increases with increase temperature. The variation of 

'ε with temperature is different for non-polar and polar polymers. In general, non-

polar polymers 'ε is independent of temperature, but in the case of polar polymers the 

'ε increases with the increase of temperature. This behavior is typical of polar 

dielectrics, in which the orientation of dipoles is facilitated with rising temperature 

and thereby the permittivity is increased [76]. The dielectric constant increases with 

temperature because the orientation is facilitated as the temperature increases. The 

increasing value of 'ε with increasing temperature is mainly due to the migration 

polarization of the mobile ions, where the drop in the viscosity of the medium 

facilitates the orientation of dipoles. 
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Fig.(4.23): 

Variation of 

dielectric 

constant εεεε′′′′ as 

function of 

temperature 

for ((PVA:::: 0.5 

NaHSO4) / x 

EC) with 

different EC 

concentrations at 100 HZ. 

 
 

Fig.(4.24): Variation of 

dielectric constant εεεε′′′′ as 

function of temperature 

for ((PVA:::: 0.5 NaHSO4) 

: 9.9 wt.% EC/ y Si) with 

different Si 

concentrations at 100 

HZ. 



 Transference Number Measurement04.1 

 Transference number is an important parameter in studying type of conduction 

in solid polymer electrolyte. The transference numbers, both ionic (tion) and electronic 

(tele), of the electrolyte were evaluated using the Wagner’s polarization techniques. 

The dc current was monitored as a function of time on application of fixed dc 

voltages 1.5volt across Cu / ((PVA: 0.5 NaHSO4) / x EC)/Cu. Fig.(4.25) illustrates 

current versus time plot for the electrolyte with different EC concentration (x=0, 6.6 , 

9.9 , 13.2 and 19.8 wt.%). The initial current is due to the total current (it) which is 

due to the ionic (iion) and the electronic (iele). As the polarization build up the iion is 

blocked and the final current is only the electronic current [77, 78]. 

ionele iii +=τ 

And 

τ

τ

i

ii
t ele
ion

−
= 
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The transference number has been extracted and given in Table (4.9). Fig.(4.26) 

shows current versus time plot for the electrolyte ((PVA: 0.5 NaHSO4) :  9.9 wt.% 

EC/ y Si)  where y= 0.15, 0.75, 1.2, and 3.75 wt.%. The estimated values of the ionic 

transparent number are given in Table (4.10).  Since the electron fraction is tele=0.01 

and ion fraction is tion=0.99 for all samples except the blank sample the electron 

fraction is (tele)=0.03 and ion fraction is (tion)=0.97  so, current is predominantly due 

to ions with negligible contribution coming from the electrons. 

 



 

Fig.(4.25): Polarization current as a function of time for ((PVA:::: 0.5 NaHSO4) / x 

EC) electrolyte with different EC concentration at room temperature. 
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Table (4.9): Effect of EC concentration on ionic transport number for ((PVA:::: 

0.5 NaHSO4) / x EC) polymer electrolyte. 

 

x wt. % (EC) Ion fraction 

0 0.97 

6.6 0.99 

9.9 0.99 

13.2 0.99 
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19.8 0.99 

 

 

Table (4.10): Effect of Si concentration on ionic transport number for ((PVA:::: 0.5 

NaHSO4): 9.9 wt. % EC/ y Si) polymer electrolyte. 

 

x wt.% (Si) Ion fraction 

0.15 0.99 

0.75 0.99 

1.2 0.99 

3.75 0.99 

 

 



 Discharge characteristic of the cell14.1 

  Open circuit voltage (OCV) of the cell was measured by storing it in an open-

circuit condition for 24h at room temperature. Fig.(4.27a) shows OCV of the Mg 

/((PVA: 0.5 NaHSO4) : 9.9 wt.% EC)/MnO2 cell at room temperature. It is clear that 

the OCV was constant at 2.4±0.05 V for 24 hour of storage. 

 Fig.(4.27b) shows the discharge characteristic of the cell Mg/((PVA: 0.5 

NaHSO4) : 9.9 wt.% EC)/MnO2 at constant load, R=50 kΩ. The discharge voltage 

was sustained for 45h until the cut-off voltage of 1.91V. The value of the discharge 

capacity С was evaluated from the following equation [81, 82]. 

∫=
t

dttV
R

C
0

)(
1                                                (4.8) 

by integrating the area under the curve of Fig.(4.27b). The discharge capacity 

estimated by 2.49 mAh actually, estimated capacitance is only for surface area of 

electrode. Since the electrodes used in this cell is in compact planar form, this mean 

that electrodes are not fully utilized for discharge reaction. The active weight of Mg 

was deduced by < 0.01 gm. Therefore, the real discharge capacity can be estimated 

by >249mAh/gm for Mg / Mno2. After Mg / Mno2 were fully discharged, a layer of 

white powder was formed. The XRD confirmed that the white powder is MgSO4. 

Based on the XRD data, the failure of the anode is due to the sulfation of Mg which 

formed MgSO4. Sulfation [83] is the number one cause of the battery failure. It is 

identified empirically by observing the effects of: Loss of capacity, Loss of voltage 

and increase in internal resistance. 

Fig.(4.28) shows the discharge characteristic of the battery Mg / ((PVA: 0.5 

NaHSO4) : 9.9 wt.% EC: y wt.% Si) / FeS2 at constant load, R=50 kΩ. The discharge 

voltage was sustained for 67.5h until the cut-off voltage of 0.51V. The extracted 

value of cell capacity for Mg /((PVA: 0.5 NaHSO4) : 9.9 wt.% EC: y wt.% Si)/ FeS2 



was 1.12 mAh which evaluated from equation (4.8). The active weight of Mg was 

deduced by < 0.01 gm. Therefore, the real discharge capacity can be estimated by 

>112 mAh/gm 

Fig. (4.29) shows the I-V and J-P characteristics for Mg / ((PVA: 0.5 NaHSO4):  

9.9wt. % EC) /MnO2 battery at room temperature. The I-V curve had a simple linear 

form which indicates that polarization on the electrode was primarily dominated by 

ohmic contributions. The internal resistance of the Mg / MnO2 battery was obtained 

from the gradient of the I-V graph, which was 165Ω. The voltage of the Mg / Mno2 

battery dropped to a short circuit density of 1.61mA/cm2 and maximum power 

density 3.45mW/cm2 

  Fig.(4.30) shows the I-V and J-P characteristics for Mg /((PVA: 0.5 NaHSO4) 

: 9.9wt. % EC: 3.75wt. % Si) / FeS2 battery at room temperature. I-V curve had a 

simple linear form which indicates that polarization on the electrode was primarily 

dominated by ohmic contributions. The internal resistance of the Mg / FeS2 battery 

was obtained from the gradient of the I-V graph, which was 160Ω. The voltage of the 

Mg / FeS2 battery dropped to a short circuit density of 1.3mA/cm2 and maximum 

power density 2.2 mW/cm2. 
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Fig.(4.27): (a) OCV for Mg/((PVA:::: 0.5 NaHSO4) :::: 9.9 wt.% EC)/MnO2 cell 

during 24h of storage, (b) Discharge plot for Mg/((PVA:::: 0.5 NaHSO4) : 9.9wt.% 

EC)/MnO2 cell at constant load of 50 kΩ. 
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Fig.(4.28): Discharge plot for Mg/((PVA:::: 0.5 NaHSO4) : 9.9 wt.% EC:::: 3.75 

wt.% Si )/ FeS2 cell at constant load of 50 kΩ. 
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Fig.(4.29):  I-V and J-P curves for Mg/((PVA:::: 0.5 NaHSO4) : 9.9 wt.% 

EC)/MnO2 cell. 

 

 

Fig.(4.30): 

I-V and J-P 

curves for 

Mg/((PVA:::: 

0.5 

NaHSO4) : 

9.9 wt.% 

EC:::: 3.75 

wt.% 

Si)/FeS2 cell.  

 

 Electrode Characteristic24.1 

 Solid electrolyte battery has been constructed using Mg as anode and Mno2 as 

cathode according to the configuration Mg/ ((PVA: 0.5 NaHSO4): 9.9 wt. % 



EC)/MnO2, shown in Fig.(3.1a). In the present study the effect of the chemical 

reaction of the electrode material with the electrolyte has been taken in consideration. 

XRD of both anode Mg and cathode MnO2 were performed after discharged the cell. 

Fig.(4.31 a & b) illustrate the comparative XRD patterns of the virgin Mg anode and 

after discharge. The XRD pattern indicated that some of characteristic peaks 

disappeared where as new peak appeared, the observed peaks matched quite well 

with JCPDS file No. 72-1068 for MgSO4 at 2θ= 16.25, 17.37, 18.7, 20.2, 22.01, 30.8 

and 33.34. Thus, it is confirmed that the new structure is indeed MgSO4.  

       Fig. (4.32 a & b) shows the comparative XRD patterns of virgin MnO2 cathode 

and after the discharge. After discharge, XRD pattern indicated that some of 

characteristic peaks disappeared where new peak appeared, the observed peaks 

matched quite well with JCPDS file No.74-1842 for MnOOH at 2θ= 26.38 and 35.65. 

Thus, it is confirmed that the structure is indeed MnOOH. Therefore, the expected 

chemical reaction that probably takes place in the cell, 

                                    :At the anode
2
1+ Mg 

2
1→  2-

4 SO
2
1-e) + 4MgSO ( 

MnOOH→ -e + +H+  2nO                                   M:At the cathode 

 :Overall reaction 

2
1Mg + MnO2 + H+ + 

2
1SO4

-2→ MnOOH + 
2
1 (MgSO4) 
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Fig.(4.31): XRD patterns of Mg electrode (a) Virgin Mg, (b) Mg after complete 

discharge at 50 kΩ. 
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Fig.(4.32): XRD patterns of MnO2 electrode (a) Virgin MnO2, (b) MnO2 after 

complete discharge at 50 kΩ. 

 

The study was extended to the other electrolyte containing Si which has higher 

conductivity using Mg as anode and FeS2 as cathode shown in Fig.(3.1b). Fig.(4.33 a 

& b) shows the comparative XRD patterns of virgin Mg and Mg after discharge. The 



XRD pattern indicated that some characterist peak disappeared where as new peak 

appeared after discharge, the observed peaks matched quite well with JCPDS file No. 

72-1068 for MgSO4 at 2θ= 15, 34.6 and 36.9. Thus, it is confirmed that the structure 

is indeed MgSO4.   

 Fig.(4.34 a & b) shows the comparative XRD patterns of the  vergin FeS2 

cathode and after the discharge, respectively. After discharge the XRD pattern  

indicated that FeS2 deosnot change, the characterist peak also not change but intensity 

of the peak decrease. The drop in the intensity of the peak can be attribute to the 

strain experine due to the interculation of the ion with FeS2 during discharge. 
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Fig.(4.33): XRD patterns of Mg electrode (a) Virgin Mg, (b) Mg after complete 

discharge at 50 kΩ. 

 

 

Fig.(4.34): XRD patterns of FeS2 electrode (a) Virgin  FeS2, (b) FeS2 after 

complete discharge at 50 kΩ. 
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 ملخص الرســــــــــــــــــــــــالة

حيـث تعتمـد علـى      . تعترب اخلاليا الكهروكيميائية وخاصه البطاريات أهم مصادر الطاقه املتجدده والصديقه للبيئه          

سـرب  عيوا ت من  وفيها الكتروليت سائل    والبطاريات السائلة يستخدم    .  الكيميائيه اىل طاقة كهربية   الطاقة  ميكانيكية  حتويل    

كبـديل   الكتروليـت صـلب    من مكان الخر مما دعـى للبحـث ىف اسـتخدام       بخر السائل و عدم الثبات وصعوبة النقل      وت

 .ةالسائلات اللكتروليتل

هـذا  . تصـنيع البطاريـات   سـتخدامة ىف    إلالدراسة احلالية اىل حتضري وتطوير الكتروليت بوليمري صلب         دف  و

صوديوم هيـدروجني ثلفيـت      من   حامض صلب  حيتوى على  فينيل الكحول    االلكتروليت عبارة عن مصفوفة من بوليمر البوىل      

 ومن جهة اخـرى مت      .ىف عرقلة التبلور لاللكتروليت    والذى له امهية كبرية       البوليمر  ملصفوفة كربونات االيثيلني كمطرى  وايضا  

 .تطعيم  االلكتروليت بالسيلكون النقي لتحسني خواصه الفيزيائيه والكهروكيميائية

 -:االتىالدراسة ىف  نتائج تلخصت و

١.  (a بتفاعل بروميد الصوديوم مع محض وذلك االلكتروليت الصلب من بوىل فينيل الكحول  من سلسلهمت حتضري

  حيث كربونات االيثيلني كمطرى بنسب خمتلفه  صوديوم هيدروجني ثلفيت مع اضافةللحصول علىالكربيتيك 

(x=0, 3.3, 6.6, 9.9, 13.2, 16.5 and 19.8 x wt.%) 

 (bمت إضافه سيلكون نقي إيل االلكتروليت الذى اظهر اعلى موصلية  وىف سلسلة اخرى)wt.% EC من ) ٩,٩

  حيث Si)(السلسلة االوىل بنسب خمتلفه 

 (y=0.15, 0.75, 1.2, 3.75 y wt.%) 

 : تقنيات خمتلفةستخدامإ بب احملضر الصلااللكتروليت البوليمريمت توصيف  .٢

a(  شعه السينيهحيود األ استخدام(X-ray Diffraction XRD)  لدراسة التركيب البلورى للعينات حيث 

. النتائج أن شدة  االشعة عند القمم املميزة تقل مع إضافه كربونات االيثيلني وهذا يعين كبت  التبلور                 وضحت  أ

حيث اعزى ) وصليهذو أعلي م(الصلب املطرى  وظهور قمتني باضافه السيلكون النقي ايل اإللكتروليت البوليمري

 (SiOS)⋅⋅⋅⋅اىل دخول السليكون ىف تراكب مع املصفوفة لتكون 

b(   امليكروسكوب االلكتروىن املاسح     ايضا استخدام مت (SEM)      حيث أظهـرت   لدراسة تضاريس سطح العينات

 االيثيلني ادت اىل تغري تضاريس السطح من كونه خشن وبه تكوين بلـوري وجتمعـات ايل                   كربونات انالنتائج  



هذا التغري يوضح تأثري كربونات اإليثيلني يف تغري حاله املتراكب من التبلور ايل حاله عـدم                . ين سطح أملس  تكو

 . التبلور

c(  األشعه حتت احلمراءامتصاص طيف مت دراسة (FTIR Transmission Spectra) ٤٠٠ىف املدى من 

هتزاز بعض الـروابط مثـل                                       حيث اوضحت النتائج ظهور بعض قمم االمتصاص تشري اىل ا          .١- سم ٤٠٠٠إىل  

)(O–H, C–H, C=C and C–O groups.    وهناك ازاحة طفيفة لبعض قمم االمتصـاص املميـزة

 . مع وجود كربونات االيثيلني والسيلكون PVAملصفوفة الـ

d( اخلواص احلرارية كذلك مت دراسة و(TGA)حيـث  . ليزية درجـة سـي  ٤٠٠ اىل ٣٠درجات حرارة من   ىف

وقـد مت حسـاب طاقـة     كربونات االيثيلني  نسبةللعينات يتحسن بزيادة  اوضحت النتائج بأن الثبات احلرارى

ـ    والىت تشري اىل انطالق جزيئات املـاء  PVAالتنشيط من تناقص الكتلة مع احلرارة والىت حيدث عندها حتلل لل

 . مع تكسريها باحلرارةOHمن جمموعات 

e( املمانعـة الكهربيـة   قنطـرة  بإسـتخدام   البلـوري  الكهربية للمتراكـب وصلية امل مت دراسة كذلك  (AC 

Spectroscopy) املوصلية  مع كل من زيـادة درجـة          حيث تتزايد . ند درجات حرارة وترددات خمتلفة    ع 

اوضـحت  و  الكترون فولـت  0.26 اىل0.07  طاقة التنشيط  تتراوح ما بني وجد انحيث. احلرارة اوالتردد

nة ان املوصلية الكهربية مع التردد يتبع دالة قوة الدراس
acαωσالقوة قيم و   n   0.2 اىل 05٠.تتـراوح بـني 

 . والىت اوضحت بأن ميكانيكية التوصيل تتبع منوذج  التوصيل االيوىن السريع

f(             ىت اظهرت زيادة كل من      ايضا مت دراسة خواص العزل الكهرىب للعينات عند درجات حرارة وترددات خمتلفة وال

εεεε'ى  مع درجات احلراة واخنفاضهما مع التردد والذى يتوافق مع عالقة ديبا. 

g(           مت استخدام االلكتروليت البوليمري الصلب ذو أعلي موصليه كهربيه )9.9wt.%EC (    يف تصنيع بطاريـه

جـرام وهلـا   /لي أمبري ساعه م٢٤٩حيث اظهرت السعه احلقيقيه هلا   . مكونه من ماغنسيوم وثاين أكسيد املاجننيز     

ومت أيضا إستخدام االلكتروليت البلومريي الصـلب ذو أعلـي موصـليه كهربيـه               . أوم ١٦٥مقاومه داخليه   

)3.75wt.%Si(   ان السعه احلقيقيه هلا     حيث اظهرت . بطاريه مكونه من ماغنسيوم وكربتيد احلديد     تصنيع   يف 

 .أوم ١٦٠جرام وهلا مقاومه داخليه/ ملي أمبري ساعه١١٢



صوديوم هيـدروجني   (ومن هذة الدراسة ميكن استخدام االلكتروليت البلومريي الصلب املكون من محض كربيتات الصوديوم              

باالضافه ايل كربونات االيثيلني كملني والسيلكون النقي داخل مصفوفة البوىل فينيل الكحول كمتراكب بوليمري صلب ) ثلفيت

 ). ةاخلاليا االولي(يف صناعه البطاريات 
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Conclusion 

                  From the obtained results and discussions we can conclude  

                   the following: 

1. we success to develop polymer electrolyte based on Poly (vinyl alcohol) 

(PVA) complexed with (NaHSO4) and ethylene carbonate (EC) as plasticizer 

((PVA: 0.5 wt.% NaHSO4) / x wt.% EC) and  an addition  of Si to the 

electrolyte with optimized  conductivity at 9.9 wt.% EC concentration  forming 

((PVA: 0.5 wt.% NaHSO4): 9.9 wt.% EC/ y wt.%  Si).  

2. XRD for the polymer electrolytes illustrated the addition of EC reduces the 

degree of crystalinity of NaHSO4, where the addition of Si resulted in the 

formation of new structure (SiOS).  

3. The investigation of the Thermographmetric analysis (TGA) illustrated that the 

optimum thermal stability of our polymer electrolyte reached at 9.9 wt. % EC 

concentration. 

4. The bulk conductivity bσ  reached its optimum value, 4.5 ×10-3 S.cm-1, at 9.9 

wt. % EC while it was optimized to 1 ×10-2 S.cm-1 at 3.75 wt. % Si in the 

present polymer electrolyte. 

 

5. The transference number data in these polymer electrolytes have shown that 

the conduction is predominantly due to ions. 



6. The value of dielectric constant 'ε for the polymer composites under 

investigation decreased in general with increasing frequency whereas it was 

increased with increasing temperature, obeying Debye dispersion equation.  

7. Amagnesium battery has been successfully fabricated with composition ((PVA: 

0.5 NaHSO4)/ 9.9wt. % EC) and MnO2 as cathode which gave a real capacity of 

249 mAh/g with an internal resistance of 165 Ω. 

In addition a magnesium battery has been also fabricated with optimized 

composition ((PVA: 0.5 NaHSO4): 9.9 wt. % EC / 3.75  wt.% Si) using FeS2 as 

cathode which gave real capacity 112 mAh/g with   internal resistance of 160 Ω. 

  
  
  
  
  


