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10. TITLE OF THE PROJECT: ‘Studies on composite polymer electrolytes based on 

co-polymer for secondary lithium batteries’ 

11. OBJECTIVES OF THE PROJECT 

 To prepare the composite polymer electrolyte using copolymers like (PVdF-co-HFP), 

(PVdF-co-PAN), (PVdF-co-PVC) with high ionic conductivity and favorable 

properties by Solution Casting Technique.   

 To study the nanocomposite polymer electrolyte, nanocomposite materials are to be 

prepared using any one method such as sol-gel, solid state reaction, arrested 

precipitation, microwave method, etc., also the prepared nanocomposite material have 

been studied for its properties. 
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 To characterize the electrochemical performances of the prepared electrolyte sample 

EIS, LSV, CV, Lithium ion transference number studies are carried out. 

 The structural, surface morphology, etc., of the samples are to be determined using 

XRD, SEM, FTIR also the thermal properties of the electrolytes can be studied using 

TG/DTA, DSC, etc., Charge/Discharge studies of the samples are also to be carried 

out. 

12. WHETHER OBJECTIVES WERE ACHIEVED 

(GIVE DETAILS) 

 PVdF-co-HFP polymer electrolytes were enthusiastically studied with various 

compositions and various ionic liquids via solution casting technique in view of 

feasible ionic conductivity. Also, PS-MMA copolymer electrolytes were also 

synthesized and studied. 

 CeO2, ZrO2 nano particles have been prepared using different methods by varying 

several parameters namely pH, temperature, surfactant, etc., and they were adapted to 

make composite lithium solid and gel polymer electrolytes. 

 To ascertain the structure, complexation, surface morphology, XRD, FT-IR, FE-SEM, 

HR-TEM have been performed and all the analysis were carried out for the prepared 

composite materials and for the as-prepared polymer electrolytes too. 

 The thermal history of the materials was analyzed using TG/DTA, DTA etc, and 

reported. 

 The electrochemical properties of the prepared electrolytes were analyzed using 

Electrochemical Impedance Spectroscopy, Linear Sweep Voltammetry, Cyclic 

Voltammetry, etc. Also, the optimized Ionic liquid based electrolytes, and optimized 

composite polymer electrolytes were subjected for the Charge/ Discharge analysis 

towards estimating the discharge capacity. 
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13. ACHIEVEMENTS FROM THE PROJECT 

 

 A systematic study has been performed based on PVdF-co-HFP polymer.  The 

objective of the present work has focused on the preparation and characterization of ionic 

conducting polymer electrolyte using alkali metal salt and ionic liquid for the application in 

the lithium battery.  The polymer electrolyte samples have been prepared using the 

conventional solution casting technique, which is the preferred for its simplicity.  For 

comparison, alkali salt     based polymer electrolyte, sulfonium and phosphonium ionic liquid 

based electrolytes have been prepared and characterized in the viewpoint of their physical 

and electrochemical properties. 

 In order to understand the role of lithium cation, an attempt has been made to prepare 

the solid, gel and composite polymer electrolytes using PVdF-co-HFP with LiN (CF3SO2)2 

via solution casting technique.  Initially, the solid polymer electrolytes were optimized in 

view point of its ionic conductivity value at room temperature  and 80 wt% of PVdF-co-HFP 

and 20wt% of LiN (CF3SO2), has exhibited high ionic conductivity of 1.93×10
-5

 S/cm at 

303K.  A drop in conductivity value has been noticed at higher concentration above 25 wt% 

of LiN (CF3SO2)2 salt.  This is due to the effect of higher amount of lithium salt forms ionic 

aggregation such as ion doublets and triplets, which restricts the polymer segmental motion.  

From the above studies, three concentrations of high ionic conducting SPE have been chosen 

to prepare GPE.  The gel polymer electrolytes have been optimized with ethylene carbonate 

(EC) and propylene carbonate (PC) plasticizers in 1: 1 ratio.  The high dielectric constant of 

plasticizers dictates the complete dissolution of the charge carriers and leads to higher ionic 

conductivity.  But, the higher content of plasticizers leads more dispersion of charge carriers 

in polymer matrix and result a drop in conductivity.  From the AC impedance studies, it is 

observed that the conductivity has been increased by two orders of magnitude (1.72×10
-3 

S/cm at 303K) by the addition of plasticizers.  It is strongly supported by the other 
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characterization techniques such as SEM, TG/DTA, etc. The optimized ratio (80:20) of 

PVdF-co-HFP:LiN(CF3SO2)240 wt% - EC+PC 60 wt% was subjected for electrochemical 

studies.  The electrochemical stability of the electrolyte (4.2 V) has been confirmed using 

Linear Sweep Voltammetry (LSV).  It also possesses a discharge capacity of 117 mAh/g for 

the cell couple Li/PE/LiFePO4 at 0.1C.  The Zirconium dioxide based fillers were 

optimized with the GPE (PVdF-co-HFP:LiN(CF3SO2)240 wt%- EC+PC 60 wt%).  The 

inorganic filler particle present in the polymer matrix enhances the ionic conductivity and 

maximum ionic conductivity value of 4.46 × 10
-3

 S/cm has been obtained for the sample K2 

with 6 wt% of ZrO2.  Discharge capacity of 126 mAh/g has been obtained for the coin cell 

containing Li / CGPE / LiFePO4 at 0.1 C rate. 

 

X-Ray diffraction pattern of PVdF-co-HFP, LiN(CF3SO2)2, G7 - PVdF-co-HFP (80 

wt%) + LiTFSI (20 wt%), GPE, GA2 – 85:20, GB2 – 82:18,GC2 – 80:20 ratio of PVdF-

co-HFP : LiTFSI +EC+PC (60) wt% 



5 
 

 

FTIR spectra of PVdF-co-HFP, G7 - PVdF-co-HFP (80 wt%) + LiTFSI (20 wt%), GPE, 

GA2 – 85:20, GB2 – 82:18,GC2 – 80:20 ratio of PVdF-co-HFP : LiTFSI +EC+PC (60) 

wt% 

 

CI plot of SPEs G5-85:15, G6 - 82:18, G7 – 80:20 of PVdF-co-HFP + LiTFSI, 3A.3b CI 

plot of GPEs GA2 85:15, GB2 - 82:18, GC2 – 80:20 ratio of PVdF-co-HFP : LiTFSI (40 

wt%) + EC /PC (60 wt%) at room temperature 
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Arrhenius plots of SPEs G5-85:15, G6 - 82:18, G7 – 80:20 of PVdF-co-HFP + LiTFSI, 

GPEs GA2-85:15, GB2 - 82:18, GC2 – 80:20 ratio of PVdF-co-HFP :  LiTFSI (40 wt%) 

+ EC /PC (60 wt%) 

 

 

TG graph of G7 - PVdF-co-HFP (80 wt%) + LiTFSI (20 wt%), GPEs GA2 -85:15, GB2 

- 82:18, GC2 – 80:20 ratio of PVdF-co-HFP : LiTFSI (40 wt%) + EC /PC (60 wt%) 
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SEM image of SPEs G5-85:15, G6 - 82:18, G7 – 80:20 ratio of PVdF-co-HFP + LiTFSI, 

GPEs PVdF-co-HFP (30 wt%) + LiTFSI (10 wt%) + EC+PC (GC1-55, GC2-

60,GC3=65, GC4=70 wt%)  

 

 

Linear sweep voltammetry of GC2 - PVdF-co-HFP (30 wt%) + LiTFSI (10 wt%) + EC 

/PC (60 wt%) 
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Charge discharge profile of GC2 - PVdF-co-HFP (30 wt%) + LiTFSI (10 wt%) + EC 

/PC (60 wt%) 

 

 

Temperature depended conductivity plot of PVdF-co-HFP (32%) + LiTFSI (8%) + 

EC+PC (60%) + ZrO2(0%, 3%, 6%, 9%, 12% ) 
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Sample 

code 

Ionic Conductivity value ×10
-3

 S/cm at Ea 

values 

eV 

303K 313K 323K 333K 343K 353K 

K 0.97 1.11 1.43 1.62 1.95 2.23 0.235 

K1 2.55 2.59 2.77 3.03 3.4 3.73 0.219 

K2 4.46 4.61 4.95 5.22 5.71 6.21 0.213 

K3 3.55 3.74 3.85 4.06 4.52 5.29 0.223 

K4 3.31 3.4 3.51 3.72 3.82 3.97 0.228 

Conductivity values and activation energy of the prepared electrolyte samples PVdF-co-

HFP(32%) + LiTFSI ( 8%) + EC+PC (60%) + ZrO2(0%, 3%, 6%, 9%, 12%) 

 

 

 

SEM image of K2 at × 250 
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Charge discharge profile of PVdF-co-HFP(32%) + LiTFSI ( 8%) + EC+PC (60%) + 

ZrO2 (6%)  

 

The ionic liquid has unique property such as higher ionic conductivity, non-

flammable, non-volatile and low vapour pressure.  In general, ionic liquid has high ionic 

conductivity as well as high thermal stability and used as an electrolyte medium in many 

electrochemical devices.  In the view of attaining higher conductivity with environmental 

friendly nature, the sulfonium ionic liquid SEt3TFSI has been chosen in place of alkali metal 

salt.  Five different combinations of PVdF-co-HFP and SEt3TFSI have been prepared using 

solution casting technique. Among them, 75:25 wt% of PVdF-co-HFP and SEt3TFSI has 

higher ionic conductivity of 6.93 × 10
−5

 S/cm at room temperature.  It is found that higher the 

IL content, higher the conductivity, which is due to more amount of charge carriers and 

produces flexible network.  The maximum thermal stability of 240 °C supports the results 

obtained in the AC impedance studies.  The optimized sample PE-IL5 has been subjected for 

electrochemical studies such as LSV, CV and charge/discharge. The electrolyte 

decomposition has been observed around 4.4V, which is evidenced from LSV and cyclic 



11 
 

voltammetry provides the electrochemical window of the prepared electrolyte.  An 

appreciable discharge capacity of 133 mAh/g has also been obtained for PE-IL5 electrolyte 

containing Li/LiFePO4 cell couple up to ten cycles. 

 

X-ray diffraction patterns of pure P(VdF-co-HFP), PE-IL1-95:5, PE-IL2-90:10, PE-

IL3- 85:15, PE-IL4-80:20, PE-IL5-75:25 ratio of P(VdF-co-HFP) : SEt3TFSI 

 

 

Raman spectra of pure PVdF-co-HFP, pure P(VdF-co-HFP), PE-IL1-95:5, PE-IL2-

90:10, PE-IL3- 85:15, PE-IL4-80:20, PE-IL5-75:25 ratio of P(VdF-co-HFP) : 

SEt3TFSI 
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SEM images of pure P(VdF-co-HFP), PE-IL1-95:5, PE-IL2-90:10, PE-IL3- 85:15, PE-

IL4-80:20, PE-IL5-75:25 ratio of P(VdF-co-HFP) : SEt3TFSI with the magnification of 

1 K.  

 

 

AFM image of PE-IL5-PVdF-co-HFP : SEt3TFSI (75:25) wt%  
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Room temperature complex impedance plot of PEs namely, PE-IL1-95:5, PE-IL2-

90:10, PE-IL3- 85:15, PE-IL4-80:20, PE-IL5-75:25 ratio of P(VdF-co-HFP) : 

SEt3TFSI 

 

 
Temperature-dependent ionic conductivity plot 
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TG/DTA plot for the PEs namely PE-IL4- PVdF-co-HFP : SEt3TFSI (80:20) and PE-

IL5-PVdF-co-HFP : SEt3TFSI (75:25) wt%  

 

 

LSV of the coin cell containing PE-IL5 - PVdF-co-HFP : SEt3TFSI (75:25) wt% and 

Li anode as well as Li cathode recorded at a scan rate of 5 mV/s 
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CV of the coin cell containing PE-IL5-PVdF-co-HFP : SEt3TFSI (75:25) wt% and Li 

anode as well as Li cathode recorded at a scan rate of 5 mV/s 

 

Charge–discharge characteristics of the coin cell containing PE-IL5-PVdF-co-HFP : 

SEt3TFSI (75:25) wt% and LiFePO4 as the cathode and Li as the anode 
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XRD diffraction pattern of pure PVdF-co-HFP, LiTFSI, Group A PVdF-co-HFP (80) + 

SEt3TFSI (20) +EC/PC (X= 55, 60, 65, 70) wt%, Group B PVdF-co-HFP (75) + 

SEt3TFSI (25) +EC/PC (X= 55, 60, 65, 70)wt%, Group C PVdF-co-HFP (75) + 

SEt3TFSI (25) +EC/PC (60) + LiTFSI (X= 3, 6, 9)wt% 

 

 

Thermo gravimetric plot for Group A PVdF-co-HFP (80) + SEt3TFSI (20) +EC/PC (60) 

wt%, Group B PVdF-co-HFP (75) + SEt3TFSI (25) +EC/PC (X= 55, 60, 65, 70)wt%, 

Group C PVdF-co-HFP (75) + SEt3TFSI (25) +EC/PC (60) + LiTFSI(3)wt% 
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 (a) The complex impedance plot for Group A - PVdF-co-HFP (80) - SEt3TFSI (20) – 

EC+PC (60) wt%, 3.(b) Group B - PVdF-co-HFP (75) - SEt3TFSI (25) – EC+PC (60) 

wt% 

 (b) The complex impedance plot for Group A - PVdF-co-HFP (80) - SEt3TFSI (20) – 

EC+PC (60) wt%, 3.(b) Group B - PVdF-co-HFP (75) - SEt3TFSI (25) – EC+PC (60) 

wt% 

(c) The complex impedance plot for Group C - PVdF-co-HFP (75) - SEt3TFSI (25) – 

EC+PC (60) + LiTFSI (3)wt% 
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The temperature dependent ionic conductivity plot for Group A PVdF-co-HFP (80) + 

SEt3TFSI (20) +EC/PC (60) wt%, Group B PVdF-co-HFP (75) + SEt3TFSI (25) +EC/PC 

(X= 55, 60, 65, 70 ) wt%, Group C PVdF-co-HFP (75) + SEt3TFSI (25) +EC/PC (60) + 

LiTFSI(3) wt% 

 

 

Raman spectra for pure PVdF-co-HFP, Group B P(VdF-co-HFP)/SEt3TFSI (75:25) + 

EC/PC (60) wt%, Group C P(VdF-co-HFP)/SEt3TFSI (75:25) + EC/PC (60) + LiTFSI 

(3, 6, 9)wt% 
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 (a) Scanning electron microscopic images taken for GB X = PVdF-co-HFP (75) + 

SEt3TFSI (25) of (40 wt%) +EC/PC (60) wt% 

 

 

 (b) GC X = PVdF-co-HFP (75) + SEt3TFSI (25) of (40 wt%) +EC/PC (60) + LiTFSI (3) 

wt% 
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Linear sweep voltammograms (LSV) taken for PVdF-co-HFP (75) + SEt3TFSI (25) of 

(40 wt%) +EC+PC (60) wt% 

 

Cyclic voltammograms for PVdF-co-HFP + SEt3TFSI 75:25 ratio of (40wt%) +  

+EC/PC (60) wt% 
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Charge discharge performance of  PVdF-co-HFP (75) + SEt3TFSI (25) of (40 wt%) 

+EC/PC (60) wt% 

 

XRD diagram of pure P(VdF-co-HFP), TiO2, ILCGPE 3(F1), 6(F2), 9(F3), 12(F4) and 

15(F5) wt% of TiO2 based P(VdF - co – HFP) (30) +     SEt3TFSI (10) + EC / PC (60) 

wt% system 
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Raman spectra of pure P(VdF-co-HFP), TiO2, ILCGPE 3(F1), 6(F2), 9(F3), 12(F4) and 

15(F5) wt% of TiO2 based P(VdF - co – HFP) (30) +     SEt3TFSI (10) + EC / PC (60) 

wt% system 

 

 

FTIR spectra of F2=PVdF - co - HFP (30) + SEt3TFSI (10) + EC / PC (60) wt% + TiO2 

(6 wt%) 

 



24 
 

 

 

(a) The room temperature complex impedance plot, (b) Arrhenius plot, (c) activation 

energy (Ea) vs room temperature ionic conductivity  of ILCGPE 3(F1), 6(F2), 9(F3), 

12(F4) and 15(F5) wt% of TiO2 based P(VdF - co – HFP) (30) + SEt3TFSI (10) + EC / 

PC (60) wt% system 
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TG graphs of ILCGPE 3(F1), 6(F2), 9(F3), 12(F4) and 15(F5) wt% of TiO2 based P(VdF 

- co – HFP) (30) + SEt3TFSI (10) + EC / PC (60) wt% system 

 

 

 

SEM images of ILCGPE 3(F1), 6(F2), 9(F3), 12(F4) and 15(F5) wt% of TiO2 based 

P(VdF - co – HFP) (30) + SEt3TFSI (10) + EC / PC (60) wt% system, Last image Less 

than 1% of TiO2 (trial sample image) 
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LSV of the coin cell containing F2-P(VdF - co – HFP) (30) + SEt3TFSI (10) + EC / PC 

(60) + TiO2 (6) wt% and Li anode as well as Li cathode recorded at a scan rate of 5 

mV/s 

 

 

CV of the coin cell containing F2-P(VdF - co – HFP) (30) + SEt3TFSI (10) + EC / PC 

(60) + TiO2 (6) wt%  and Li anode as well as Li cathode recorded at a scan rate of 5 

mV/s 
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Charge-discharge characteristics of the coin cell containing F2-P(VdF - co – HFP) (30) + 

SEt3TFSI (10) + EC / PC (60) + TiO2 (6) wt%  and LiFePO4 as the cathode and Li as the 

anode 

 

In view of enhancing the conductivity of the above SPE, an attempt has been made to 

prepare the polymer electrolyte with different plasticizer ratios with and without LiTFSI salt.  

The maximum ionic conductivity of 1.12 × 10
-3

 S/cm at 303K has been obtained for PVdF-

co-HFP (75):SEt3TFSI (25) + EC+PC (60) wt%. The inclusion of plasticizers induces the 

polymer chain flexibility and reduces the viscosity of ionic liquids.  However, the lithium 

salts added into IL based gel polymer electrolytes shows a higher degree of crystallinity.  

Strong anodic stability of 4.67 V has been viewed from the LSV.  There was a flat and stable 

voltage plateau and first discharge capacity of 138 mAh/g were noted with working voltage 

of 3.4 V.  
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XRD diffraction pattern of pure PVdF-co-HFP, different SPE K1-(95:5), K2- (90:10), 

K3-  (85:15), K4-  (80:20), K5- (75:25) of PVdF-co-HFP + [P14,6,6,6][Tf2N] and GPE K6-

PVdF-co-HFP + [P14,6,6,6][Tf2N] (75:25) + EC+PC (60) wt%  

 

 



29 
 

 

FTIR of pure PVdF-co-HFP, different SPE K1-(95:5), K2- (90:10), K3-  (85:15), K4-  

(80:20), K5- (75:25) of PVdF-co-HFP + [P14,6,6,6][Tf2N] and GPE K6-PVdF-co-HFP + 

[P14,6,6,6][Tf2N] (75:25) + EC+PC (60) wt% system 

 

 
 Complex impedance plot for SPE K1-(95:5), K2- (90:10), K3-  (85:15), K4-  (80:20), K5- 

(75:25) of PVdF-co-HFP + [P14,6,6,6][Tf2N] and GPE K6-PVdF-co-HFP + [P14,6,6,6][Tf2N] 

(75:25) + EC+PC (60) wt% in the SS/GPE/SS cell at room temperature  
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Complex impedance plot of K5 PVdF-co-HFP + [P14,6,6,6][Tf2N] (75:25)  

 at different temperatures 

 

 

Arrhenius plot of samples SPE K1-(95:5), K2- (90:10), K3-  (85:15), K4-  (80:20), K5- 

(75:25) of PVdF-co-HFP + [P14,6,6,6][Tf2N]  and GPE K6-PVdF-co-HFP + [P14,6,6,6][Tf2N] 

(75:25) + EC+PC (60) wt% between the temperature 303 to 353K  
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SEM image of pure PVdF-co-HFP, SPE K1-(95:5), K2- (90:10), K3-  (85:15), K4-  

(80:20), K5- (75:25) of PVdF-co-HFP + [P14,6,6,6][Tf2N] and GPE K6-PVdF-co-HFP + 

[P14,6,6,6][Tf2N] (75:25) + EC+PC (60) wt% magnification of 1K  
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TGDTA graph of SPE K1-(95:5), K2- (90:10), K3-  (85:15), K4-  (80:20), K5- (75:25) of 

PVdF-co-HFP + [P14,6,6,6][Tf2N] and GPE K6-PVdF-co-HFP + [P14,6,6,6][Tf2N] (75:25) + 

EC+PC (60) wt% and typical DTA plot of SPE 

 

 

LSV of SPE K5 PVdF-co-HFP + [P14,6,6,6][Tf2N] (75:25) and GPE K6-PVdF-co-HFP + 

[P14,6,6,6][Tf2N] (75:25) + EC+PC (60) wt% at a scan rate of 5mV/s  
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Cyclic voltammetry of (a) SPE K5 PVdF-co-HFP + [P14,6,6,6][Tf2N] (75:25) and (b) GPE 

K6-PVdF-co-HFP + [P14,6,6,6][Tf2N] (75:25) + EC+PC (60) wt%  at a scan rate of 5mV/s 

 

 
Charge discharge profile of (a) SPE K5 PVdF-co-HFP + [P14,6,6,6][Tf2N] (75:25), (b) GPE 

K6-PVdF-co-HFP + [P14,6,6,6][Tf2N] (75:25) + EC+PC (60) wt% for first ten cycles  
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 The Titanium dioxide (TiO2) has been added in the present IL based gel polymer 

electrolyte.  In the meantime, the addition of inorganic fillers increases the ionic conductivity 

of the IL based GPEs. With the chosen ratio of (PVdF-co-HFP-SEt3TFSI-EC/PC (30-10-60) 

wt%) different amounts of TiO2 fillers were optimized.  According to the results obtained 

from the complex impedance plot, 6 wt% of TiO2 based sample has higher ionic conductivity 

of 3.42×10
-3

 S/cm at 303 K. Higher content of TiO2 reduces the conductivity due to the 

formation of the aggregation. An electrochemical stability of 4.62 V and discharge capacity 

of 145 mAh/g have been observed for the coin cell containing Li / CGPE / LiFePO4 at 0.1 C 

rate. 

 The sulfonium cation present in the IL reacts with the metal electrode and reduces its 

electrochemical performances. In order to reduce the hindrance present in the sulfonium 

based IL, an attempt has been made to prepare polymer electrolyte with phosphonium ionic 

liquid ([P14,6,6,6][Tf2N]). Here the solid, gel and composite polymer electrolytes were prepared 

and characterized. Initially, the solid polymer electrolyte, 75-25 wt% of PVdF-co-HFP - 

[P14,6,6,6][Tf2N] exhibits better performances with 3.209 10
-6

 S/cm, while adding the 

plasticizer into the optimized system, PVdF-co-HFP (30 wt%) + [P14,6,6,6][Tf2N] (10 wt%) + 

EC/PC (60 wt%) the conductivity has been enhanced to 3.4010
-4

 S/cm at 303 K. The 

addition of plasticizer results wide working voltage with reduced thermal stability. Without 

plasticizer the electrolyte possesses discharge capacity of 139 mAh/g, and thermal stability of 

500°C.  The PVdF-co-HFP + [P14,6,6,6][Tf2N] -EC/PC (60 wt%) exhibits thermal stability up 

to 265 C, the wide electrochemical window of 5V and discharge capacity of 146 mAh/g at 

0.1C rate. 

 In the perspective to achieve high conductivity, different ratios of TiO2 filler has also 

been incorporated with PVdF-co-HFP / [P14,6,6,6][Tf2N] / EC+PC. The maximum ionic 

conductivity of 1.1510
-3

 S/cm at 303K has been obtained for 6wt% of filler content based 
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sample. The electrochemical stability is up to 5.2V which is confirmed from LSV. The CGPE 

with 6wt% of TiO2 produces excellent discharge capacity of 149 mAh/g at 0.1C rate. 

 

XRD patterns of pure PVdF-co-HFP, TiO2, ILCGPE 3(S1), 6(S2) and 9(S3) wt% of 

TiO2based PVdF-co-HFP (30) + [P14,6,6,6][Tf2N] (10) +EC+PC (60) wt% system 
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FTIR images of pure PVdF-co-HFP, ILCGPE 3(S1), 6(S2) and 9(S3) wt% of TiO2based 

PVdF-co-HFP (30) + [P14,6,6,6][Tf2N] (10) +EC+PC (60) wt% system 
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Complex impedance spectra of 3, 6, 9 wt% TiO2 based PVDF – Co – HFP(30) IL(10) – 

EC+PC(60)wt% system at room temperature (Inset: High frequency region) 
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Sample PVdF-co-

HFP (30) + 

[P14,6,6,6][Tf2N] 

(10) +EC+PC 

(60) + TiO2 

(X)wt% 

Ionic conductivity × 10
-4 

S/cm at Ea 

(eV) 303K 313K 323K 333K 343K 353K 

S1=3 5.49 7.09 9.45 19.5 38.5 47.3 0.175 

S2=6 11.5 12.3 15.8 35.5 67.9 87.7 0.162 

S3=9 2.15 5.13 7.30 13.3 16.2 23.9 0.190 

The calculated weight percentage, ionic conductivity and activation energy values 

 

 

 

 

Arrhenius plot of 3, 6, 9 wt% TiO2 based PVDF – co – HFP(30) IL(10) – 

EC+PC(60)wt% system  
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SEM image of pure PVdF-co-HFP, prepared ILCGPE  3, 6, 9 wt% TiO2 based PVdF – 

co – HFP(30) IL(10) – EC+PC(60)wt% system  

 

TGDTA graph of prepared ILCGPE  S1 = S1= PVdF-co-HFP (30) + [P14,6,6,6][Tf2N] 

(10) +EC+PC (60) + TiO2 (3)wt% 



39 
 

 
TGDTA graph of prepared ILCGPE  S2= PVdF-co-HFP (30) + [P14,6,6,6][Tf2N] (10) 

+EC+PC (60) + TiO2 (6)wt% 

 

 

TGDTA graph of prepared composite polymer electrolyte represented as S1, S2 & S3 
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LSV of PVdF-co-HFP (30) + [P14,6,6,6][Tf2N] (10) +EC+PC (60) + TiO2(6)wt% at a scan 

rate of 5mV/s 

 

 

CV of PVdF-co-HFP (30) + [P14,6,6,6][Tf2N] (10) +EC+PC (60) + TiO2 (6)wt% at a scan 

rate of 5mV/s 
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Charge discharge of PVdF-co-HFP (30) + [P14,6,6,6][Tf2N] (10) +EC+PC (60) + TiO2 

(6)wt% at a scan rate of 5mV/s 

 On summarizing the above results, the polymer electrolyte based on PVdF-co-HFP 

(as a host) has been prepared and characterized with Li/PE/LiFePO4 cell couple. The Lithium 

cation (LiTFSI) based SPE exhibited ionic conductivity of 1.93×10
-5

 S/cm at 303 K, whereas 

in GPE (60 wt% of EC and PC), the ionic conductivity value has been increased to 1.72×10
-3 

S/cm at 303K and exhibits a discharge capacity of 117 mAh/g at 0.1C rate. When 

incorporating 6 wt% of dispersoid (ZrO2) into the CGPE, ionic conductivity has been 

increased to 4.46×10
-3 

S/cm at 303K, which is higher than the solid and gel based polymer 

electrolytes. It exhibits a discharge capacity of 126 mAh/g.  In order to improve the 

electrochemical properties of electrolytes, the incorporation of ionic liquid was tried in the 

polymer matrix in absence of alkali salts.  The sulfonium cation based SPE possesses ionic 

conductivity of 6.93 × 10
-5

 S/cm at 303 K and offers discharge capacity of 133mA/g at 0.1C. 

The ionic conductivity value has been increased to 1.13 × 10
-3

 S/cm at 303 K in GPE and 

exhibited a discharge capacity of 138mAh/g.   However, the addition of LiTFSI salt in ILPE 
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system, reduces the conductivity value to 4.26× 10
-4

 S/cm at 303 K.  The sulfonium cation 

based CGPE possessed ionic conductivity value of 3.42× 10
-3

 S/cm at 303 K with an initial 

discharge capacity of 145 mAh/g. To rectify the corrosion effect of sulfonium cation, 

phosphonium cation based ILPE has been prepared. The SPE and GPE based on 

phosphonium cation shows an ionic conductivity value of 3.2 × 10
-6

 S/cm and 3.4× 10
-4

 S/cm 

at 303K respectively. The optimized gelled sample revealed an excellent discharge capacity 

of 146 mAh/g. As from the CI plot the prepared CGPE film based on phosphonium cation 

has conductivity value of 1.15 × 10
-3

 S/cm at 303K and initial discharge capacity of 149 

mAh/g at 0.1C rate. Hence, the phosponium based CGPE electrolytes exhibits better 

performances among the systems studied and this could be used as a potential candidate for 

the lithium battery fabrication.  

In the present project, zirconium oxide (dielectric constant ε-23) and cerium oxide (ε-

26) have been synthesized using modified co-precipitation technique. Poly (styrene-methyl 

methacrylate), a co-polymer found to be a suitable promising material due to styrene unit, 

which enhances the mechanical strength of gel polymer electrolyte owing to its low attraction 

for liquid electrolyte and methyl methacrylate (MMA) acts as gelatinization agent in the 

electrolyte and high anodic stability. PVdF acts as host polymer which has high anodic 

stability due to the strong electron with drawing functional group (-C-F-).  It has a high 

dielectric constant (ε=8.4), which can aid in greater ionization of Li-salts and thus afford a 

higher concentration of charge carriers. The higher dielectric constant of EC (89), and PC 

(64), are added in our synthesis process, which facilitates more charge carriers to the 

medium. Here, all electrolytes are prepared by conventional solution casting method.  

The thermal history of precursor ZrO2 and CeO2 nano particles and thermal stability 

of the polymer matrices have been examined by TG/DTA analysis. XRD analysis dictates the 

structure of the prepared nano composites and ascertains the amorphous/crystalline nature of 
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the polymer electrolyte systems.  The fundamental vibrational groups of the inorganic 

elements and existence of the complexation between the polymer matrix and its constituents 

have been analyzed through the FT-IR and RAMAN spectroscopic techniques. The presence 

of porous morphology network has been ascribed through scanning electron microscope and 

Transmission electron microscope analyses. The presence of the oxidation states and the 

existence of elements in the inorganic materials have been ascertained through XPS and EDX 

analyses. The ionic conductivity of the polymer matrix is a significant parameter and assures 

the specific application of the prepared electrolytes in Lithium secondary batteries.  This has 

been measured with the help of AC impedance analysis.  The anodic stability, cyclic 

reversibility and discharge capacity were analyzed by the techniques linear sweep 

voltammetry and cyclic voltammetry charge/ discharge studies for the Li/As-prepared 

composite polymer blend gel electrolyte (CB3)/LiFePO4 cell couple. 

The work reported in this thesis addresses a systematic investigation on the synthesis 

and optimization of ZrO2 and CeO2 nano particles using modified co-precipitation method. 

The following parameters are varying to optimize both the ceramic particles such as (i) 

precipitation agent (ii) pH (iii) concentration of raw material (iv) concentration of 

precipitation agent.  The precipitation agent has significant role during the synthesis of ZrO2 

and CeO2 particles. The base KOH and NaOH are appropriate catalyst for ZrO2 and CeO2 

nano particles respectively. The dissociation of OH
-
 ions is minimum and maximum for KOH 

and NaOH respectively.  It enhances crystallinity and morphology of ZrO2 and CeO2 nano 

particles. Further, pH of the solute media has dictated that the crystallite size, which has been 

decreased upon increasing pH for both ceramic particles. The OH
-
 ions are highly involved in 

the aggregation process which would strongly affect the super saturation degree of initial 

precipitate. Henceforth, the particle size decreased upon increasing the pH during synthesis. 

Furtherance, on elevating the concentration of Zr(NO3)2.6H2O and Ce(NO3)3.6H2O, the 
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crystallinity increases up to 0.2 M. Further addition of raw material content causes decrease 

in crystallinity. Finally, the particle size decreases upon the increased concentration of 

precipitation agent. The particle evolution is described by Oswald ripening mechanism. It is 

optimized that the concentration of 1.5M KOH and 2M NaOH would enhance the particles in 

a homogeneous spherical morphology with the size of 170 nm and less than 20 nm 

respectively.  Decreasing the size of the particle to nanosize would enrich the properties of 

the prepared materials in many aspects, especially, the lithium ion battery applications.  

Hence, this material will be anticipated to have better electrochemical properties while using 

this as a composite based polymer electrolyte, which will then be employed in lithium battery 

fabrication. 
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a) TEM image b) SAED pattern c) SEM image of CeO2 nano particles 

The as-prepared ZrO2 filler (0, 3, 6, 9 and 12) wt.% has been dispersed into the 

prepared P(S-MMA)-PVdF(25:75 of 27wt.%)-LiClO4 (8 wt.%)-EC+PC (1:1 of 65wt.%) 

complex. The highest ionic conductivity has been obtained 1.2×10
-2

 S/cm at room 

temperature for the 6wt% ZrO2 based system. The addition of ceramic filler enhanced the free 

volume, which leads to higher salt dissociation, and also creates more mobile paths for the 

lithium ions because of an interaction of the polymer and the filler.  It also found that the film 

containing 6 wt. % of ZrO2 combination exhibited maximum ionic conductivity and thermal 

stability up to 270°C. This decomposition of the electrolyte is observed around 4.9 V, 

indicates the oxidative stability of the electrolyte. This is important parameter for the 

application of electrolyte in high voltage battery fabrication. Therefore, substantial 
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enrichment in the conductivity has been obtained for the electrolyte system. 

The as-prepared CeO2 composites (0, 3, 6, 9 and 12 wt.%) dispersed P(S-MMA)-

PVdF (25:75) of 27wt.%-LiClO4 (8wt.%)- EC+PC (1;1 of 65 wt.%) based polymer blend gel 

electrolyte. The 6wt% of CeO2 based P(S-MMA)- PVdF(25:75) of 27wt.%-LiClO4(8wt.%)-

EC+PC (1;1 of 65 wt.%) electrolyte exhibits the highest ionic conductivity of 2.51x10
-2

 S 

/cm at room temperature.  It is due to the high electronegativity, high dielectric constant (ε-

26), high basic nature and the particle size is nearly 20 nm of the CeO2. It dictates the ionic 

conductivity in turn, the discharge capacity of 153 mAh/g at 0.1 C rate. The ionic 

conductivity of the electrolyte directly depends on the local viscosity of electrolyte sample 

because the ionic conductivity is directly coupled with the viscosity. Fluorescence emission 

intensity is reciprocal to the local free volume of the electrolyte medium.  The prepared film 

is thermally stable up to 315°C. From the above studies, one who supplement that the 

optimized nano composite polymer blend gel electrolyte system can be used for the potential 

electrolyte in lithium polymer batteries. 
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a) Linear sweep voltammagram b) cyclic voltammagram of LiFePO4/ (CB3)/Li Cell  

c) Charge-discharge profile for Li/CB3/LiFePO4 at 303 K cut-off voltage 4.5-2 V. 

 

14. SUMMARY OF THE FINDINGS 

( IN 500 WORDS ) 

 The polymer electrolyte based on PVdF-co-HFP (as a host) has been prepared and 

characterized with Li/PE/LiFePO4 cell couple. The Lithium cation (LiTFSI) based SPE 

exhibited ionic conductivity of 1.93×10
-5

 S/cm at 303 K, whereas in GPE (60 wt% of EC and 

PC), the ionic conductivity value has been increased to 1.72×10
-3

 S/cm at 303K and exhibits 

a discharge capacity of 117 mAh/g at 0.1C rate. When incorporating 6 wt% of dispersoid 

(ZrO2) into the CGPE, ionic conductivity has been increased to 4.46×10
-3

 S/cm at 303K, 

which is higher than the solid and gel based polymer electrolytes. It exhibits a discharge 
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capacity of 126 mAh/g.  In order to improve the electrochemical properties of electrolytes, 

the incorporation of ionic liquid was tried in the polymer matrix in absence of alkali salts.  

The sulfonium cation based SPE possesses ionic conductivity of 6.93 × 10-5 S/cm at 303 K 

and offers discharge capacity of 133mA/g at 0.1C. The ionic conductivity value has been 

increased to 1.13 × 10
-3

 S/cm at 303 K in GPE and exhibited a discharge capacity of 

138mAh/g.   However, the addition of LiTFSI salt in ILPE system, reduces the conductivity 

value to 4.26× 10
-4

 S/cm at 303 K.  The sulfonium cation based CGPE possessed ionic 

conductivity value of 3.42× 10
-3

 S/cm at 303 K with an initial discharge capacity of 145 

mAh/g. To rectify the corrosion effect of sulfonium cation, phosphonium cation based ILPE 

has been prepared. The SPE and GPE based on phosphonium cation shows an ionic 

conductivity value of 3.2×10
-6

 S/cm and 3.4× 10
-4

 S/cm at 303K respectively. The optimized 

gelled sample revealed an excellent discharge capacity of 146 mAh/g. As from the CI plot the 

prepared CGPE film based on phosphonium cation has conductivity value of 1.15 × 10
-3

 

S/cm at 303K and initial discharge capacity of 149 mAh/g at 0.1C rate. Hence, the 

phosponium based CGPE electrolytes exhibits better performances among the systems 

studied and this could be used as a potential candidate for the lithium battery fabrication. 

 The synthesis and optimization of zirconia (ZrO2) and ceria (CeO2) nano particles 

have been carried out using modified co-precipitation method. The following parameters are 

varied to optimize both the ceramic particles such as (i) precipitation agent (ii) pH (iii) 

concentration of raw material (iv) concentration of precipitation agent. The as prepared ZrO2 

and CeO2 nano particles have been characterized using XRD, FTIR, RAMAN, SEM, TEM 

and XPS analyses. It is optimized that the concentration of 1.5M KOH and 2M NaOH would 

enhance the particles in a homogeneous spherical morphology with the size of 170 nm and 

less than 20 nm respectively for ZrO2 and CeO2 nano particles. The as-prepared ZrO2 and 

CeO2 filler (0, 3, 6, 9 and 12) wt % has been dispersed separately into the prepared P(S-
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MMA)-PVdF(25:75 of 27wt %)-LiClO4 (8 wt %)-EC+PC (1:1 of 65wt.%) complex. The 

6wt% of CeO2 based P(S-MMA)- PVdF(25:75) of 27wt.%-LiClO4(8wt %)-EC+PC (1;1 of 65 

wt %) electrolyte exhibits the highest ionic conductivity of 2.51x10
-2

 S /cm at room 

temperature and the discharge capacity of 153 mAh/g at 0.1 C rate.  The prepared film is 

thermally stable up to 315°C. From the above studies, one who supplement that the optimized 

nano composite polymer blend gel electrolyte system can be used for the potential electrolyte 

in lithium polymer batteries. 

15. CONTRIBUTION TO THE SOCIETY 

( GIVE DETAILS ) 

 Recently, the stringent power demand is being neutralized by means of lot of portable 

energy storage devices, namely, batteries, supercapacitors, electrochromic devices, 

etc., out of which batteries have dominated the focus of energy storage systems. The 

major part of any battery is the electrolyte and those electrolytes should be played 

vital role in all energy storage devices. Those electrolytes need the favorable ionic 

conductivity and other physical properties. 

 Based on the above requirement, PVdF-HFP, P(S-MMA) based copolymer 

electrolytes have been prepared with the most appreciable ionic conductivity and 

optimized with lot of other beneficial properties in terms of surface, structure, and 

thermal stability. Also, the nanocomposites were prepared and used as a filler 

materials in the co-polymer based polymer electrolytes to enhance the kinetics in the 

polymer electrolyte complexes through which it was obtained few order(s) of 

increment in the ionic conductivity. This enlightened the easy approach in using the 

mentioned co-polymers and filler materials for fabricating the Lithium rechargeable 

batteries to the society, which is very needed one in the present scenario. 

 The outcome of the present project has been arrived as 07 International papers in the 
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peer reviewed journal and few more works were communicated to the relevant 

journals. One can go for the fabrication of Lithium batteries, these outcomes are the 

most helpful. 

16. WHETHER ANY Ph.D. ENROLLED/PRODUCED OUT OF THE PROJECT 

 PhD produced : 02 

 Manpower trained : 04 

17. NO. OF PUBLICATIONS OUT OF THE PROJECT - 07 

(List and full papers attached) 

 

S.No Title of the Article Authors Name of the 

journal Vol. No. 

&Page 

Impact 

factor 

1 Physical and 

electrochemical chattels of 

phosphonium ionic liquid 

based solid and gel-

polymer electrolyte for 

lithium secondary batteries 

R.Muthupradeepa, 

M.Sivakumar*, 

R.Subadevi, 

V.Suryanarayanan, 

M.Ramachandran, 

P.Rajkumar, 

R.Yuvakkumar 

J.Materials 

Science: Materials 

in Electronics 

DOI: 

10.1007/s10854-020-

04820-7 

2.220 

2 Effect of dispersoid on 

sulfonium ionic liquid 

based gel polymer 

electrolyte for lithium 

secondary battery 

R.Muthupradeepa, 

M.Sivakumar*, 

R.Subadevi, V. 

Suryanarayanan, Wei-Ren 

Liu 

Journal of 

Nanoscience and 

Nanotechnology.   

18 (2018) 215-222 

1.134 

3 Sulfonium cation based 

ionic liquid incorporated 

polymer electrolyte for 

lithium ion battery 

R. Muthupradeepa, M. 

Sivakumar*, R. 

Subadevi and V. 

Suryanarayanan 

Polymer Bulletin,  

74 (2017) 1677-

1691. 

2.014 

4 Studies On The Effect Of 

Dispersoid (ZrO2) In 

PVdF-co-HFP Based Gel 

Polymer Electrolytes 

M.Sivakumar*, 

R.Subadevi and 

R.Muthupradeepa 

AIP Conference 

Proceedings, 1536 

(2013) 857-858. 

--- 

5 Role of pH on synthesis 

and characterization of 

cerium oxide (CeO2) nano 

particles by modified co-

precipitation method 

M. Ramachandran, R. 

Subadevi, M. 

Sivakumar* 

Vacuum, 161 

(2019) 220-224. 

2.906 

6.  Facile synthesis and 

characterization of ZrO2 

nanoparticles via modified 

co-precipitation method 

M. Ramachandran, R. 

Subadevi, Wei-Ren Liu 

and M. Sivakumar* 

Journal of 

Nanoscience and 

Nanotechnology, 

18 (2018) 368-373. 

1.134 

7 Structural, morphology M.Ramachandran, International --- 



51 
 

and ionic conductivity 

studies on composite PS-

MMA –ZrO= polymer 

electrolyte for lithium 

polymer battery 

R.Subadevi, Fu-Ming 

Wang, Wei-Ren Liu, 

M.Sivakumar 

Journal of 

ChemTech 

Research 6 (2014) 

1687-1689. 

 

 

 

 

(PRINCIPAL INVESTIGATOR) (REGISTRAR/PRINCIPAL) 

 

 

(Seal) 

 

 

(CO-INVESTIGATOR) 

 



 

 

 

 



Physical and electrochemical chattels of phosphonium

ionic liquid-based solid and gel-polymer electrolyte

for lithium secondary batteries

R. Muthupradeepa1,2, M. Sivakumar1,* , R. Subadevi1, V. Suriyanarayanan3,
M. Ramachandran1,4, P. Rajkumar1, and R. Yuvakkumar1

1#120, Energy Materials Lab, Department of Physics, Alagappa University, Science Block, Karaikudi, Tamil Nadu 630003, India
2Sree Sastha Institute of Engineering and Technology, Chennai, Tamil Nadu 600123, India
3Electro-Organic Division, Central Electrochemical Research Institute, Karaikudi, Tamil Nadu 630 006, India
4Department of Physics, Arumugam Pillai Seethai Ammal College, Tiruppathur, Tamil Nadu 630211, India

Received: 25 July 2020

Accepted: 3 November 2020

� Springer Science+Business

Media, LLC, part of Springer

Nature 2020

ABSTRACT

In this work, a methodical study on the influence of ionic conductivity on

polymer electrolyte with different weight percentages of ionic liquid and plas-

ticizers had been investigated in detail. Solution casting method has been

employed for preparing polymer electrolyte (PE) blend having poly(vinyli-

denefluoride-co-hexafluoropropylene) P(VdF-co-HFP) as polymer, trihexylte-

tradecylphosphonium bis(trifluoromethylsulfonyl) amide [P14,6,6,6][Tf2N] as

ionic liquid and ethylene carbonate (EC) as well as propylene carbonate (PC) in

1: 1 ratio as plasticizers. The polymer electrolyte has been found out stable up to

450 �C, as measured from Thermal gravimetric analysis (TGA). Impedance

spectral analysis reveals that the ionic conductivity of SPEs is 3.209 9 10–6 S/cm

at 303 K with 25 wt% of ionic liquid. The addition of plasticizers (EC ? PC (60

wt%)) results in two orders of magnitude of higher ionic conductivity

(3.40 9 10–4 S/cm at 303 K), than that of SPEs. X-ray diffraction (XRD), Fourier

transform infrared spectroscopy (FTIR) and scanning electron microscope (SEM)

are performed to study the physico-chemical characteristics of polymer elec-

trolytes. Electrochemical stability, potential window and discharge characteris-

tics of the coin cell containing the electrolytes and LiFePO4 electrode were

investigated using linear and cyclic voltammetry.
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1 Introduction

The lithium batteries are the utmost choice for high

energy consuming devices because of their properties

which relate to their high working voltage, high

energy density, long cycle life, better mechanical

property and size effective [1–3]. Electrolytes with

electro active properties such as ionic conductivity,

electro chemical window, cyclic shall play a vital role

in electrochemical devices. Electrolytes belonging to

polymer electrolytes have higher conductivity, high

thermal and mechanical stability, wide electro

chemical window and so on [4–6]. Whereas Organic

electrolytes as well as solid polymer electrolytes fails

in these properties such as flammability, volatility,

lithium dendrites, leakage, hazards to nature and

poor contact between electrodes, [7]. On the other

hand, ionic liquid incorporated polymer electrolyte

matrix provides mechanical support, whereas ionic

liquid itself gives the anion and cation for ionic

conductivity [8]. However, selection of suitable poly-

mer host and an ionic liquid is very important. High

chemical stability and strong electron withdrawing

functional groups are the most desirable property of

a polymer. One of the polymer widely investigated is

poly(vinylidenefluoride-co-hexafluoropropylene)

P(VdF-co-HFP) for its high dielectric constant

(e = 8.4) and facilitation of high number of charge

carriers. The crystallinity present in the semi-crys-

talline polymer retains adequate mechanical stability

to activate as a separator for the electrodes, while the

amorphous phase provides sufficient conducting

nature [9–12]. On the other hand, P(VdF-co-HFP)

retains more electrolyte solutions due to its low

crystallinity associated with excellent chemical resis-

tance, mechanical and thermal properties, etc.,

[13, 14].

Molten salts have the appearance of liquid at room

temperature are called as ionic liquid. Ionic liquids

have received great attention from researchers due to

their potential applications with excellent physical

and chemical properties. Ionic liquids have very

interesting property such as low vapor pressure, non-

volatility, high thermal stability, high electro chemi-

cal window [15, 16]. With the prevailing properties,

ionic liquids are considered as one of the best choice

of materials for lithium battery fabrication in modern

world technology [17, 18]. Organic or inorganic

anions and organic cations which are poorly bonded

are known as ionic liquids. This asymmetric structure

makes them hard to crystallize; hence they have liq-

uid nature with wide temperature range [19]. In the

first generation of ionic liquids, attention is being

paid in imidazolium-based cation for its high con-

ductivity and low viscosity. But in the view of its low

electrochemical window due to its acidic proton, it

has limited applications. Phosphonium ionic liquids

have particular strong property of negligible vapor

pressure, high thermal capacity, and wide liquid

range [20]. Phosphonium architecture-based ionic

liquids have particular property compared to

ammonium, pyridinium and imidazolium cationic

counter parts, as it does not have acidic proton

[21, 22]. Phosphonium cation has four different sub-

stituents and good chance to bonding with large

number of anions [23]. Phosphonium-based ionic

liquids exhibit high thermal stability and high elec-

trochemical stability window. Due to its high vis-

cosity (295.91 mPa s at 25 �C), it restricts the ionic

mobility and offers low ionic conductivity (0.89 mS/

cm) compared to other ionic liquids. Columbic

interaction between anion and cation results in high

viscosity and highly delocalized cation compose the

ionic liquid as liquid at room temperature [24]. Ionic

liquids with Tf2N exhibit low viscosity and wide

electrochemical stability due to the delocalized

charge in Tf2N, which leads to flexible structure and

weak interaction with other charges [25].

Ethylene and propylene carbonate (EC and PC)

plasticizer in 1:1 ratio was added to the IL to improve

its poor ionic conductivity caused by high viscosity of

phosphonium cation. The gel polymer electrolyte

formed with organic carbonate provides necessary

viscosity to the cationic phosphonium leads to

swamped viscosity. Organic carbonates (EC and PC)

dissociate the columbic interaction in ionic liquids

because of their high dielectric constant such as

e = 89.78 at 40 �C and 64.93 at 25 �C, respectively

[26].

In this framework, solid and gel polymer elec-

trolytes (SPEs and GPE) were prepared using solu-

tion casting method; P(VdF-co-HFP) polymer has

been modified using of trihexyltetradecylphospho-

nium bis(trifluoromethylsulfonyl) amide [P14,6,6,6]

[Tf2N] ionic liquid. For energy storage applications,

the optimized electrolyte has been elucidated

respectively from different ratios of polymer to ionic

liquid such as (95–5 wt%, 90–10 wt%, 85–15 wt%,

80–20 wt% and 75–25 wt%). The GPE has been pre-

pared by adding EC and PC in SPE. The maximum
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conductivity and the physical as well as electro-

chemical properties of the polymer matrix have been

found out from their optimum ratio for lithium bat-

tery application. The effect of ionic liquid and plas-

ticizer in PE has been studied by subjecting them for

different characterizations. The physical property has

been studied using X-ray diffraction measurements

(XRD), Fourier transform infrared spectrometer

(FTIR), thermo gravimetric and differential thermal

analysis (TG/DTA), and scanning electron micro-

scopy (SEM), while the electrochemical properties

have been analyzed using AC impedance, linear

sweep voltammetry (LSV), cyclic voltammetry (CV)

and charge- discharge (C/D) analyses.

2 Experimental

Poly(vinylidene fluoride-co-hexafluoropropylene)

P(VdF-co-HFP) as polymer matrix, trihexyltetrade-

cylphosphonium bis(trifluoromethylsulfonyl) amide

[P14,6,6,6] [Tf2N] ionic liquid, ethylene carbonate

(Merck, India) and propylene carbonate are the basic

chemicals used in this work. Solution casting method

has been employed to prepare the polymer elec-

trolytes in the ratios mentioned in Table 1. The

polymer PVdF-co-HFP and ionic liquid

[P14,6,6,6][Tf2N] both were received from Sigma

Aldrich USA and used without further purification.

Tetrahydrofuran (THF) was used as a solvent to

dissolve the polymer and to prepare the polymer

matrix. Organic solvents were purchased from SRL

India and used as received. As mentioned in Table 1,

the calculated amount of polymer was dried in vac-

uum under 1 9 10–3 Torr pressure in a temperature-

controlled vacuum oven at 100 �C for 10 h. The

moisture and impurity present in the polymer was

removed by the vacuum heating process. An efficient

amount of solvent THF was poured in the polymer to

make polymer solution by stirring. The calculated

amount of ionic liquid or ionic liquid with EC and PC

was added to the above polymer solution, which was

stirred continuously to obtain homogeneity. A flat

bottom petri plate has been used to cast the mixture

of polymer ionic liquid solution to obtain thin elec-

trolyte film. Finally, freestanding films were dried at

60 �C under vacuum for 5 h.

The PANalytical X’Pert PRO powder X-ray

diffractometer using Cu-Ka radiation as source and

operated at 40 kV had been used to study the varia-

tion of crystalline nature as the function of ionic liq-

uid ratio. The FTIR Thermo Nicolet 380 spectrometer

was used to study the interactions of different fun-

damental vibrational groups in the range of 4000 to

400 cm-1. Thermal analysis was performed using

STA 409 PL Luxxat a heat rate of 10 �C/min within

the temperature range from room temperature to

900 �C under Nitrogen atmosphere. The surface nat-

ure has been studied with SEM Model JEOL-JSM-

6500F at an accelerating voltage of 5 kV and 15 kV

after sputtering platinum over the samples.

AC impedance technique has been performed to

find out the conductivity of the ionic liquid polymer

electrolytes sandwiched between stainless steel (SS)

blocking electrodes. A computer-controlled micro

Autolab III Potentiostat/Galvanostat with frequency

range from 1 Hz to 500 kHz with a signal amplitude

of 10 mV, were used to study the conducting

behavior at different temperature ranging from 303 to

353 K. The bulk resistance obtained from the complex

impedance plot has been employed for ionic con-

ductivity calculation. For other electrochemical

Table 1 The calculated weight percentage, ionic conductivity and activation energy values of solid and gel polymer electrolytes PVdF-co-

HFP, [P14,6,6,6][Tf2N], EC ? PC

PVdF-co-

HFP ? [P14,6,6,6][Tf2N]

(wt%)

EC ? PC

(wt%)

Sample code/

temperature

Conductivity 9 10-6 S/cm Ea values

(eV)
303 K 313 K 323 K 333 K 343 K 353 K

95 ? 5 0 K1 0.0470 0.0581 0.1303 0.1740 0.1942 0.2525 0.429

90 ? 10 0 K2 0.0974 0.2429 0.4507 0.7026 1.1541 2.4014 0.390

85 ? 15 0 K3 1.1506 1.5145 2.4737 4.4781 12.143 22.463 0.334

80 ? 20 0 K4 1.7375 2.2175 3.6032 6.9046 25.502 40.345 0.321

75 ? 25 0 K5 3.2090 4.1876 6.8012 19.249 31.483 58.813 0.305

75 ? 25 60 K6 340.23 388.32 484.87 676.36 1205.36 1579.76 0.197
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analysis, coin cells have been fabricated for high ionic

conducting electrolyte sample. Li has been used as

reference and counter electrode. Working electrode

has been fabricated with 80:10:10 ratios of LiFePO4:-

PVdF:Super P carbon. The above combination was

prepared as slurry using NMP solvent and coated on

Alumina foil and then dried at 80 �C for 6 h. Then the

coil cells (CR 2032) have been fabricated for electro-

chemical characterization. The electrochemical stud-

ies were carried out using Autolab electrochemical

workstation (GPES, PGSTAT 302N).

3 Results and discussion

3.1 X-ray diffraction

Figure 1 shows X- ray diffraction pattern of pure

P(VdF-co-HFP) and mixed SPEs and GPE in the ratio

as mentioned in Table 1. It is clearly visible that the

pure polymer P(VdF-co-HFP) has semi-crystalline

nature, where the crystalline peaks with 2h angle at

18.44�, 20.13� and 39.04� reflect the a phase of crys-

talline plane [27]. The representation of these peaks

makes the atoms to arrange in lattice and remaining

amorphous nature is responsible for ionic conduc-

tivity [28]. However, in SPEs and GPE, the appeared

peaks corresponding to P(VdF-co-HFP) are wider and

reduce the crystalline domains and try to form an

amorphous system. Here, intensity of the resultant

peaks for P(VdF-co-HFP) polymer matrix blended

with [P14,6,6,6][Tf2N] as well as [P14,6,6,6][Tf2-
N] ? EC ? PC decreases drastically, which shows

weak peaks with wide nature in all cases. From the

patterns, it is noted that intensities of the peak

decreases upon increasing IL content. When com-

pared to the SPEs, the diffraction pattern of elec-

trolyte with EC ? PC shows nearly a flat pattern.

This peak is representing high amorphous nature,

which is responsible for high ionic conductivity.

3.2 FTIR analysis

Figure 2 represents the FTIR spectra in the region of

4000 to 400 cm-1 of pure P(VdF-co-HFP) and IL

imported PEs. The wavenumber between 1000 and

400 cm-1 have been magnified to view the spectrum

more clearly. A crystalline phase of P(VdF-co-HFP)

obtained at 490 cm-1, 512 cm-1, 531 cm-1, 614 cm-1,

761 cm-1, 796 cm-1, 976 cm-1 represent the presence

of the P(VdF-co-HFP) in the complex system. The

vibrations at 490 cm-1 and 512 cm-1 represent the

bending and wagging modes of CF2 group, whereas

the wave number at 531 cm-1 and 976 cm-1 ascribe

to nonpolar TGTG trans gauche conformation [29].

The CF2 bending and CCC skeletal vibration are

noted from the wave number at 614 cm-1. The

vibrational peak at 796 cm-1 stands for CF3 stretch-

ing for polymer. Here, peaks 839 cm-1 and 879 cm-1

represent the b amorphous phase of polymer (rep-

resented by * in Fig. 2), where, the mixed mode of

CH2 rocking and CF2 asymmetric stretching appears

at 839 cm-1 and 879 cm-1 corresponding to CF2 and

CC symmetric stretching vibrations. The appearance

of peaks at 2960 cm-1 and 3024 cm-1 represent the

C-H stretching polymer [11]. The Tf2N anion has

been confirmed from the obtained peaks at

1348 cm-1, 1196 cm-1, 1136 cm-1 and 1055 cm-1,

and the peaks in the complexes are shifted to

1344 cm-1, 1055 cm-1. The remaining peaks combine

together and form may be due to more thickness of

the film a single band. A band existing at 1150 cm-1

represent the P = O group in [P14,6,6,6] of IL. The

appearance of peaks at 2855 cm-1 and 2950 cm-1

represent the CH2 bonds of the aliphatic chains pre-

sented in phosphonium cation [30]. The shifting and

disappearance of peaks confirms the formation of

complexation between the polymer and ionic liquid.

While increasing the ionic liquid content, most of the

Fig. 1 X-ray diffraction pattern of pure P(VdF-co-HFP), different

SPE K1-(95:5), K2- (90:10), K3- (85:15), K4- (80:20), K5-

(75:25) of P(VdF-co-HFP) ? [P14,6,6,6][Tf2N] and GPE K6-

PVdF-co-HFP ? [P14,6,6,6][Tf2N] (75:25) ? EC ? PC (60) wt%
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crystalline peaks become weaker and amorphous

peak becomes broader. This shows that the high

content of ionic liquid tries to form an amorphous

phase.

3.3 Ionic conductivity

The ionic conductivity values of the electrolytes have

been estimated through AC impedance studies by

observing real and imaginary parts for plotting CI

plot. Figure 3a displays the complex impedance (CI)

plot of P(VdF-co-HFP) polymer electrolyte with dif-

ferent [P14,6,6,6][Tf2N] contents and GPE at room

temperature. It is noted that the CI plots of SPEs

reflects the general of ionic solids with a typical

semicircle and a spike behavior, whereas, only spike

is appeared in GPE [30, 31]. The intercept of the

semicircle or the spike with higher frequency in Z0

real axis gives the information about bulk resistance

(Rb) of the polymer electrolyte [32, 33]. The conduc-

tivity values were calculated using the following

equation:

r ¼ l

ARb

ð1Þ

where r is the ionic conductivity value, l is thickness

of the electrolyte, A is the area of the film and Rb is

the bulk resistance. It is observed that from Fig. 3a the

size of semicircle portion of CI plot at room temper-

ature decreases upon the addition of IL; at one stage,

the semicircle has been disappeared. Also it is noted

that the incorporation of the plasticizer causes a

complete elimination of the semicircle [34]. The ionic

conductivity values are proportional to

[P14,6,6,6][Tf2N] content (Table 1). The higher content

of [P14,6,6,6][Tf2N] suggests more amount of liquid

electrolyte with maximum ionic conductivity of

3.209 9 10–6 S/cm at 303 K with 25 wt% of IL. These

can be simply explained as follows: high content of

[P14,6,6,6][Tf2N] in electrolyte has more number of free

ions and these ions have very weak interaction with

the polymer compared to the metallic salts [35]. These

free ions found in polymer electrolyte have migrated

easily through their free volume and results in higher

conductivity. The addition of high amount of ionic

liquid (beyond 25 wt%) produces higher conductivity

among the polymer electrolyte studied. It is compa-

rable with the earlier reports that the 100% of

[P14,6,6,6][Tf2N] has ionic conductivity of the order of

8.9 9 10–4 S/cm at 303 K [24] and 1.34 9 10–4 S/cm

at 303 K as reported by Battez et al. [30]. The major

disadvantage with ionic liquid limits their use in

industrial application due to its high cost. Because of

this, the content of ionic liquid is restricted to 25% in

SPEs. The concept of GPE has been introduced to

reduce the viscosity of IL in polymer electrolytes.

However, the plasticizer selection is made with

EC ? PC plasticizer with 60 wt%. The inclusion of

plasticizer in SPE has found to increase the ionic

conductivity up to two orders of magnitude. The

prepared gel polymer electrolyte has ionic conduc-

tivity of 3.40 9 10–4 S/cm at 303 K. Hence, it is con-

cluded that, the inclusion of plasticizer induces the

conductivity in ILPE.

Fig. 2 FTIR spectra of pure P(VdF-co-HFP), different SPE K1-(95:5), K2- (90:10), K3- (85:15), K4- (80:20), K5- (75:25) of P(VdF-co-

HFP) ? [P14,6,6,6][Tf2N] and GPE K6-PVdF-co-HFP ? [P14,6,6,6][Tf2N] (75:25) ? EC ? PC (60) wt% system
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In order to understand ionic conducting behavior

at different temperatures, the ionic conductivity of

K1–K6 has been studied between 303 and 353 K and

Fig. 3b shows the CI plot of K5 at various tempera-

tures. In phosphonium-based ionic liquids, the higher

viscosity with huge number of ions does not form a

completely amorphous system leading to poor ionic

conductivity, than sulphonium IL-based system.

The temperature-dependent ionic conductivity plot

of all electrolytes in the variation of ionic conductiv-

ity values as a function of temperature has been

plotted and shown in Fig. 4. The ion conducting

behavior of the prepared electrolytes, (K1–K6) obeys

the Arrhenius behavior and satisfies the Arrhenius

relation given below:

r ¼ r0 exp Ea=kTð Þ ð2Þ

where r is the conductivity, r0 is the pre exponential

factor, Ea activation energy, k is the Boltzmann con-

stant and T is the absolute temperature. From the

slope of the straight line, the activation energy values

have been calculated and listed in Table 1. The acti-

vation energies of SPE (K5) and GPE (K6) with and

without plasticizers are 0.305 eV and 0.197 eV,

respectively. The maximum conducting sample in

SPE category, it requires minimum activation energy.

Still the requirement of energy is reduced upon

adding plasticizer 60 wt%.

The conductivity of 5 wt% of IL has lower value of

conductivity, which is almost non-conducting due to

the lesser number of charge carriers and due to the

semi-crystalline nature of P(VdF-co-HFP). With the

increase of the temperature, the polymer chains are

more flexible and produce larger number of free

volumes, which helps for easy ionic migration lead-

ing to higher ionic conductivity. The increase of

Fig. 3 a Complex impedance plot for SPE K1-(95:5), K2-

(90:10), K3- (85:15), K4- (80:20), K5- (75:25) of P(VdF-co-

HFP) ? [P14,6,6,6][Tf2N] and GPE K6 P(VdF-co-

HFP) ? [P14,6,6,6][Tf2N] (75:25) ? EC ? PC (60) wt% in the

SS/GPE/SS cell at room temperature, b Complex impedance plot

of K5 P(VdF-co-HFP) ? [P14,6,6,6][Tf2N] (75:25) at different

temperatures

Fig. 4 Arrhenius plot of samples SPE K1-(95:5), K2- (90:10),

K3- (85:15), K4- (80:20), K5- (75:25) of P(VdF-co-

HFP) ? [P14,6,6,6][Tf2N] and GPE K6 P(VdF-co-

HFP) ? [P14,6,6,6][Tf2N] (75:25) ? EC ? PC (60) wt% between

the temperature 303 K to 353 K
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temperature also lowers the crystalline nature. At

high ionic liquid and plasticizer content, the numbers

of charge carriers are more and produce simply more

pathways for cation and anions.

3.4 Scanning electron microscope (SEM)
studies

The surface morphology of the prepared P(VdF-co-

HFP) ? [P14,6,6,6][Tf2N] electrolytes was studied

using SEM. Figure 5 represents the surface structure

of pure P(VdF-co-HFP) as well as P(VdF-co-

HFP) ? [P14,6,6,6][Tf2N] or P(VdF-co-

HFP) ? [P14,6,6,6][Tf2N] ? EC ? PC electrolytes with

the magnification of 1 K. The pure P(VdF-co-HFP)

electrolyte shows many spherical balls like structure

and they are uniformly distributed though out the

matrix. These balls are responsible for the crystalline

nature of the polymer matrix [27]. The addition of

[P14,6,6,6][Tf2N] reduces the size of the spherical balls

and produces flat surface with lesser number of

pores. Adding 25 wt% of [P14,6,6,6][Tf2N] produces

maximum pores in prepared SPEs, while GPE has

more number of pores than that. These pores were

responsible for ionic conduction and reduced spher-

ical balls forms more amorphous network which

results in high ionic conductivity, as discussed in

XRD and ionic conductivity studies.

3.5 Thermal studies

The thermo gravimetric and differential thermal

analysis (TGDTA) was used to study the thermal

stability of the prepared electrolyte samples. Gener-

ally, the pure [P14,6,6,6][Tf2N] ionic liquid has the

thermal stability of 350 �C as reported by Battez et al.

[29], whereas the ionic liquid incorporated polymer

electrolyte has maintained the maximum thermal

stability of 300 �C with 22% weight loss. The thermal

stability of prepared electrolytes was measured from

32 to 900 �C having two weight loss regions. The first

degradation temperature has been found nearly at

320 �C corresponding to the decomposition of the

ionic liquid medium with the weight loss of 20 wt%.

The complete decomposition temperature of polymer

electrolyte has appeared around 500 �C showing the

melting of the polymer electrolyte in nitrogen con-

trolled atmosphere. The deep weight loss of about

60% is also noted indicating the decomposition tem-

perature of polymer electrolyte. Among the samples

studied, the electrolyte with higher ionic conductivity

has maximum thermal stability of 260 �C. Compared

to SPEs, the GPE has less stability around 260 �C, due
to the evaporation of molecular solvents. The maxi-

mized region in Fig. 6 clearly shows the weight loss

region of the individual polymer electrolytes. The

remaining weight percentage may be due to the

presence of residual carbon in the polymer elec-

trolytes. A typical DTA curve for the polymer

Fig. 5 SEM image of pure P(VdF-co-HFP), SPE K1-(95:5), K2- (90:10), K3- (85:15), K4- (80:20), K5- (75:25) of P(VdF-co-

HFP) ? [P14,6,6,6][Tf2N] and GPE K6-PVdF-co-HFP ? [P14,6,6,6][Tf2N] (75:25) ? EC ? PC (60) wt% magnification of 1 K
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electrolytes (SPE) has also been displayed. Corre-

sponding exothermic curves also noted around

300 �C, 470 �C and 720 �C shows the inline behavior

of the TG and DTA. The higher ionic conducting

sample has been found as a suitable electrolyte for

further electrochemical studies.

3.6 Linear sweep voltammetry

The linear sweep voltammetry technique (LSV) was

used to find the electrochemical stability of polymer

electrolyte and presented in Fig. 7. It is noted that the

present polymer electrolyte samples shows no

observable current through the working electrode

from open circuit 4.8 V. Gradually increasing elec-

trode potential above 4.8 V shows the electrochemical

stability of polymer electrolyte. A significant electro-

chemical stability upto 4.8 V (K5) and 5 V (K6) were

noted with a scanning rate of 5 mV/s. This stability is

higher than the commercially available electrolytes

for lithium batteries with the working voltage of

4.2 V. Also the electrolytes with plasticizer (GPE)

have electrochemical stability slightly higher than the

SPE. The anodic current is stable upto 4.8 V and after

that, a sharp increase in anodic current is noted and

the current that is related to the decomposition of the

polymer electrolyte. This represents the electro-

chemical reaction of the electrode with the polymer

electrolyte [34].

3.7 Cyclic voltammetry

Cyclic voltammetry of coin cell with P(VdF-co-HFP)

(75 wt%) ? [P14,6,6,6][Tf2N] (25 wt%) and (75:25) of

P(VdF-co-HFP): [P14,6,6,6][Tf2N] (40 wt%) ? EC ? PC

(60 wt%) as electrolytes with LiFePO4 cathode taken

at room temperature for the first three consecutive

cycles at a scan rate of 5 mV s-1 is shown in Fig. 8a, b.

The first scan starts with an oxidation peak (3.42 for

K5 and 3.57 for K6) followed by a reduction peak

(3.2 V). The appearance of oxidation and reduction

peaks suggests the strong reversible behavior of

electrolyte material. Repeated scan for the consecu-

tive cycles shows the overlapping of the curves, and

this is mainly related with the reversibility. The

increasing oxidation peak indicates the decomposi-

tions of the polymer electrolyte. The formation of

solid electrolyte interface (SEI) on the electrode sur-

face are identified by the decreasing the current in the

second and third cycles. The SEI formation prevents

further reaction of ionic liquid with lithium electrode.

It is also noted that the oxidation happens within

clear and high current conduction for the phospho-

nium-based sample. However, a feeble current

Fig. 6 TGDTA graph of SPE K1-(95:5), K2- (90:10), K3-

(85:15), K4- (80:20), K5- (75:25) of P(VdF-co-

HFP) ? [P14,6,6,6][Tf2N] and GPE K6 P(VdF-co-

HFP) ? [P14,6,6,6][Tf2N] (75:25) ? EC ? PC (60) wt% and

typical DTA plot of SPE

Fig. 7 LSV of SPE K5 P(VdF-co-HFP) ? [P14,6,6,6][Tf2N]

(75:25) and GPE K6 P(VdF-co-HFP) ? [P14,6,6,6][Tf2N]

(75:25) ? EC ? PC (60) wt% at a scan rate of 5 mV/s
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conduction was observed for sulfonium-based elec-

trolytes which is due to the lesser corrosive nature of

phosphonium IL with the electrode in the cell.

3.8 Charge discharge studies

Coin cells have been assembled with Li metal/

LiFePO4 electrodes containing P(VdF-co-HFP) (75

wt%) ? [P14,6,6,6][Tf2N] (25 wt%) and (75:25) ratio of

P(VdF-co-HFP) ? [P14,6,6,6][Tf2N] (40 wt%) - EC ?

PC (60 wt%) electrolyte to investigate the charge/

discharge performance. Figure 9a, b show the cyclic

voltage profile of first, fifth and tenth cycles. A flat

voltage plateau has been obtained with voltage range

of 3.4 V. A columbic efficiency of above 85% has been

obtained in the first cycle for both samples. The coin

cell fabricated with K5 sample delivers a discharge

value of about 137 mAh/g, whereas, the plasticizer

embedded system delivers 146 mAh/g [36]. The

discharge capacity in the multiple cycles decreases

with the increase of cycle numbers. The decrease in

discharge capacity is mainly due to the formation of

passive layer on the cathode material. Finally, in the

tenth cycle, the capacity values of charge/discharge

reached to 142/131 mAh/g (K5) and 157/136 mAh/g

(K6) respectively. Comparing with the previous lit-

erature reports [37–39], the present work revealed a

better discharge capacity due to the phosphonium-

based ionic liquids. From the above studies, it is

concluded that the plasticizer embedded system has

more discharge capacity and it is suitable as elec-

trolyte for lithium secondary batteries.

4 Conclusion

This study reports the physical and electrochemical

properties of polymer electrolytes composed of

phosphonium ionic liquid incorporated with P(VdF-

co-HFP) solid and gel polymer electrolytes. All the

electrolytes were characterized using XRD, FTIR, TG–

DTA and SEM. It is concluded that the 75:25 wt% of

P(VdF-co-HFP): Phosphonium IL electrolytes exhibit

maximum conductivity and this drives the properties

too. Also using this ratio of polymer and IL the effect

of addition of plasticizer has been tested and con-

cluded with the appreciable properties in all aspects.

The addition of plasticizer would result in higher

ionic conductivity and wide working voltage, how-

ever affects the thermal stability. From the experi-

mental studies, it is observed that all the electrolytes

follow Arrhenius behavior, where the best ionic

conductivity of 3.40 9 10–4 S/cm at 303 K has been

achieved for the GPE with minimal activation energy

value of 0.197 eV. Samples containing maximum

ionic conductivity have necessary porosity with

Fig. 8 Cyclic voltammetry of a SPE K5 P(VdF-co-HFP) ? [P14,6,6,6][Tf2N] (75:25) and b GPE K6 P(VdF-co-HFP) ? [P14,6,6,6][Tf2N]

(75:25) ? EC ? PC (60) wt% at a scan rate of 5 mV/s
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network structure, which is revealed by SEM images.

The sample K6 is found to have thermal stability upto

260 �C with a wide electrochemical window of 5 V

and discharge capacity of 146 mAh/g in lithium

battery. Further, phosphonium ionic liquid-based

polymer electrolyte incorporated with inorganic filler

will be studied to improve the performance of com-

posite gel polymer electrolyte.
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The present study emphases on the effect of toting of TiO2 filler on the electrochemical enactment of
polymer electrolyte containing PVdF-co-HFP(30)+SEt3TFSI(10)+EC/PC(60)+TiO2(x) wt% (Poly
(vinylidene fluoride-co-hexafluoropropylene + Triethylsulfoniumbis(trifluoromethylsulfonyl)imide +
Ethylene carbonate/Propylene carbonate (1:1 ratio)+ Titanium dioxide) for lithium battery appli-
cations. Composite electrolytes with different weight percentages of TiO2 were prepared and
characterized by different surface analytical, thermal and electrochemical techniques. With gradual
increase of the amount of TiO2 upto 6 wt%, broadening of the prominent peak has been noted,
suggesting a decrease in the degree of crystallinity upon the addition of TiO2, as revealed by X-ray
diffraction (XRD). Raman and FT-IR studies confirm the presence of various functional groups,
present in the matrix. The electrolyte with TiO2 (6 wt%) has maximum stability of 460 �C, as
confirmed by thermal analysis. Conductivity of the composite polymer electrolytes increases upto
6 wt% of TiO2 (3.42×10−3 S/cm at 303 K) and further addition, causes a dip down in conductivity,
indicating an improvement in the ionic conductivity and thermal stability with the incorporation of
TiO2 filler. Surface morphologic images show the presence of surface and cavity in the polymer
matrix, filled with the filler uniformly. Voltammetric studies confirm the electrochemical stability
of films upto 4.62 V. Coin cell containing Li anode and LiFePO4 cathode along with polymer
electrolyte/6 wt% TiO2 filler, delivers a first discharge capacity of 145 mAh/g with the working
voltage of 3.4 V.

Keywords: Ionic Liquid, Polymer Electrolyte, Cyclic Voltammetry, Linear Voltammetry, Discharge
Capacity.

1. INTRODUCTION
Polymeric, organic materials have significant advantages
over inorganic materials in their easily scalable dimen-
sions, processability with shapes and possibility for molec-
ular design through synthesis.1�2 Recently, many studies
performed on the oxide polymer electrolyte attracts great
attention in the field of energy device owing to its high
ionic conductivity, as well as enormous thermal, mechan-
ical and electrochemical stabilities.3–5 Polymer materials
are preferable and alternative to liquid electrolytes on
account of their high ionic conductivity, ease of forma-
tion of thin film along the electrode-electrolyte interface,
compact and no leakage characteristics etc. With these
above backgrounds, they have become ideal candidates

∗Authors to whom correspondence should be addressed.

as electrolytes for various electrochemical devices such
as batteries,6–8 fuel cells9�10 and super capacitors.11 The
ionic conductivity of polymer electrolytes have been
improved in several ways like polymer blending, addition
of plasticizers as well as ionic liquids and incorporation
of fillers. Among those methods, dispersion of inor-
ganic fillers in polymer electrolytes is one of the best
approaches and have been extensively studied.12–14 Weston
and Steele firstly developed the composite polymer elec-
trolytes comprising of a polymer host, doping salt and
inorganic/ceramic fillers in 1982.15 Typically, the compos-
ite polymer electrolytes are prepared by incorporation of
inorganic fillers or metal oxides in polymer matrix, result-
ing in enhanced chemical and electrochemical properties.16

Dispersion of fillers such as TiO2, SiO2, Al2O3 etc., shows
positive effects in polymer electrolytes. The inorganic
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fillers in polymer electrolytes have no contribution in
enhancing their conductivity, but do improve the interfa-
cial property and help to retain large amount of liquid
electrolytes in their pores.17 Liu et al. has found that the
introduction of nano SiO2 in PP13TFSI and PEO18LiTFSI
ionic liquid electrolytes helps to suppress the forma-
tion of dendrite enhances the electrical conductivity and
decreases the interface resistance between Li and the poly-
mer electrolyte.18

It is important to note that most of the studies have
focused on composite polymer electrolytes incorporated
with salts and a little attention is paid to study the filler
effect in ionic liquid based polymer electrolytes. It is gen-
erally accepted that the ionic liquid has excellent prop-
erties such as high ionic conduction, non-volatility, good
thermal stability for high temperature application.19–21 As
noted in the literature, Wei et al.22 has reported that triethyl
sulfonium bis(trifluoro methylsulfonyl) imide(SEt3TFSI)
ionic liquid has very high specific capacitance value with
large electro chemical widow, when compared to the imi-
dazolium and ammonium analogues.
In our previous work, it has been established that

the electrolyte composed of poly(vinylidene fluoride-
co-hexafluoro propylene) P(VdF-co-HFP), triethyl sul-
fonium bis(trifluoro methylsulfonyl) imide(SEt3TFSI)
and ethylene carbonate and propylene carbonate(EC+
PC) (1:1 ratio) (PVdF-co-HFP(30) + SEt3TFSI(10) +
EC/PC(60) wt% composition) provides excellent conduc-
tivity and high thermal stability [un published results]. The
plasticizers added in above system reduce the mechanical
properties of the polymer electrolyte.23 Inclusion of inor-
ganic fillers in such polymer electrolytes induces amor-
phous nature with better mechanical strength. The main
objective of this work is to harvest the combined effect of
ionic liquid/polymer electrolytes and fillers in improving
the performance of lithium battery containing those elec-
trolytes. The composite polymer electrolytes are obtained
by dispersing various amounts of TiO2 (X = 3, 6, 9, 12,
15 wt%) in PVdF-co-HFP+ SEt3TFSI+ EC/PC. Signifi-
cant improvement in terms of ionic conductivity, thermal
and electrochemical stability of the polymer electrolytes
has been reported and discussed in the present work.

2. MATERIAL AND METHOD
Poly(vinylidene fluoride-co-hexafluoro propylene) (PVdF-
co-HFP), triethyl sulfonium bis(trifluoro methyl sulfonyl)
imide SEt3TFSI (Aldrich USA), ethylene carbonate
(EC) (Merck Germany), propylene carbonate (PC) (SRL
India) was purchased and used as such. The PVdF-
co-HFP(30):SEt3TFSI(10)+EC/PC(60) wt% composition
was obtained as per the procedure, reported in the previous
literature, which shows higher ionic conductivity than the
other compositions. Titanium dioxide (with different wt.%
such as 3, 6, 9, 12 and 15) incorporated composite poly-
mer electrolytes were prepared by solution casting method.

Table I. Ionic conductivity values and activation energy values of the
CPE F1–F5 in the temperature range of 303–353 K.

PVdF-co-
HFP(30)+
SEt3TFSI(10)+ Conductivity ×10−3S/cm
EC/PC(60)+ Ea values
TiO2(X) wt% 303 K 313 K 323 K 333 K 343 K 353 K (eV)

F1 (X = 3) 2.29 2.79 2.89 3.20 4.52 5.98 0�165
F2 (X = 6) 3.42 3.51 4.07 4.52 5.62 6.70 0�127
F3 (X = 9) 1.05 1.25 1.75 2.64 3.32 5.43 0�173
F4 (X = 12) 0.85 0.95 1.14 1.26 1.51 2.12 0�194
F5 (X = 15) 0.46 0.57 0.59 0.68 0.93 1.32 0�2043

Appropriate amount of polymer composite was dissolved
in tetrahydrofuran (THF) (SRL India). The above mixture
was stirred continually for a day to obtain a homogeneous
solution. Finally, predetermined amount of TiO2 was dis-
persed in the homogeneous solution under a magnetic stir-
rer. This viscous solution was casted on flat bottom petri
plates and kept at room temperature for overnight. In order
to remove the excess solvent present in the electrolytes,
the films were dried under vacuum at 60 �C for 5 h. The
compositions for each sample are listed in Table I. The
crystalline structure of the pure PVdF-co-HFP, TiO2 and
prepared electrolyte samples was verified by X-ray diffrac-
tion analysis using the PANalytical X’Pert PRO powder
X-ray Diffractometer using Cu-K� radiation as source and
operated at 40 kV. Laser Raman Spectra was studied with
STR500 Laser Raman spectrometer, SEKI, Japan. The
chemical composition and vibrational groups have been
studied through the FTIR Thermo Nicolet 380 spectrome-
ter within the range of 400 to 4000 cm−1. Thermal studies
of the prepared electrolytes had been carried out with STA
409 PL Luxx at a heat rate of 10 k/min within the temper-
ature range from room temperature to 900 �C under nitro-
gen atmosphere. The scanning electron microscope images
were obtained from JEOL-JSM-6500F at an accelerating
voltage of 5 and 15 kV after sputtering platinum over the
samples.
Blocking stainless steel SS electrodes were used to per-

form the conductivity measurements of composite poly-
mer electrolytes. The electrolytes are sandwiched between
stainless steel electrodes, and the sample analysed using
micro Autolab III Potentiostat/Galvanostat instrument with
a frequency range from 1 Hz–500 kHz in the temperature
ranges of 303–353 K. A CR2032 coin cell was fabricated
for voltammetric studies. The charge/discharge life cycle
was carried out using WonAtech (WBCS3000S) automatic
charge/discharge testing system. The electrode composi-
tion of 80:10:10(LiFePO4: PVdF: Super p carbon) were
used for the coin cell fabrication. The slurry was made
using NMP solvent and was coated on Alumina foil. After
coating, the electrodes were dried at 80 �C for about 6 h.
The mass of the active substance was nearly 1 mg. All
the electrochemical studies had been done with quasi-
equilibrated coin cell.
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3. RESULTS AND DISCUSSION
X-ray diffraction pattern of composite polymer electrolyte
(CPE) with different amounts of TiO2 are shown in
Figure 1. The pure PVdF-co-HFP with a crystalline peak
at 20.1� shows its semi-crystalline nature. Moreover the
XRD patterns of TiO2 shows several crystalline peaks at
2� = 25.27�, 36.9�, 37.7�, 38.5�, 48�, 53.8�, 55�, 62.6�,
68.7�, 70.2�, 75� with the �h� k� l� values of (101), (103),
(004), (112), (200), (105), (211), (204), (116), (220), (215)
matches with JCPDS No. 894203. The reproduced peaks
in prepared electrolyte samples confirm the presence of
anatase TiO2. From this pattern, it is clearly seen that
with an increase of TiO2 concentration, the intensity of
the peaks corresponding to TiO2 increases. It is noted that
in sample with gradual increase of the amount of TiO2,
broadening of the prominent peak and a decrease in the
intensity of a 2� value at 20.1� has been noted, which
suggests a decrease in the degree of crystallinity of the
polymer matrix upon the addition of TiO2.

24�25 High con-
tent of TiO2 leads low degree of crystallinity of polymer
matrix. The high intensity crystalline region restricts the
cation motion for ionic conduction. From Figure 1, it was
concluded that the sample F2 with TiO2 (6 wt%) pos-
sesses maximum amorphous and high ionic conductivity
characteristics.26

Raman analysis can provide key information of chem-
ical composition, structure, vibrational, rotational in a
system. Figure 2 shows Raman spectra of titanium diox-
ide incorporated polymer electrolytes at room tempera-
ture. According to the group theory analysis, the lattice
dynamics of the anatase TiO2 has normal modes of A1g +
2B1g +3Eg +A2u+B2u+2Eu where the A1g, B1g and 3Eg
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Figure 1. XRD diagram for F1:PVdF-co-HFP(75) + SEt3TFSI(25)+
EC/PC(60) wt%+TiO2 (3 wt%), F2:PVdF-co-HFP(75)+SEt3TFSI(25)+
EC/PC(60) wt% + TiO2 (6 wt%), F3:PVdF-co-HFP (75) + SEt3TFSI
(25) + EC/PC(60) wt% + TiO2 (9 wt%), F4:PVdF-co-HFP(75) +
SEt3TFSI(25) + EC/PC(60) wt% + TiO2 (12 wt%), F5 = PVdF-co-
HFP(75)+SEt3TFSI(25)+EC/PC(60) wt%+TiO2 (15 wt%).
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Figure 2. Raman spectra of CPE F1, F2, F3, F4, F5, the CPE compo-
sition are same as in Figure 1.

are Raman active modes.27 The observed Raman peaks at
142 cm−1 (Eg�, 393 cm−1 (B1g�, 514 cm−1 (A1g +B1g�,
and 636 cm−1 (Eg� confirms the presence of tetragonal
anatase phase. The presence of these peaks indicates that
the TiO2 does not involve in any chemical bonding in
the prepared polymer electrolytes. Eg mode at 142 cm−1

and 636 cm−1 is a characteristic peak of anatase mode.28

There are two Eg modes observed at around 142 cm−1 and
636 cm−1, B1g modes at 393 cm−1 and 514 cm−1, which
are referred as A1g +B1g mode. The symmetric stretch-
ing vibration (Eg�, symmetric bending vibration (B1g� and
antisymmetric bending vibration (A1g� stands for O–Ti–O
respectively.29–31

The peak assignment for TFSI anion was discussed
in many literatures. The bis(trifluoro methane sulfonyl)
imide anion, N(SO2CF3�2 (TFSI

−� present in the SEt3TFSI
has two conformational stage C1 and C2 theoretically.
The C1(transiod) and C2 (cisoid) have symmetry with the
CH3 (�sCH3� on the same and opposite sides of S–N–S
plane. But experimentally, it is difficult to assign these
modes. The most prominent vibration of TFSI is found
around 740 cm−1, which is the complex assignment of
TFSI expanded and cataract mode. Most of the Raman
modes of polymer and liquid plasticizers are vanished due
to the high intensity TiO2 Raman peaks. The single peak
at 740 cm−1 confirms the free ions, whereas shifting of
high frequency denotes the ionic pairs. The 1137 cm−1

of free imide ion has been shifted to lower wavenum-
ber of 1123 cm−1 due to polymer complexes attributed to
the symmetric out-of-phase stretching mode of the 	sSO2

group.32�33 The peak represented in 1407 cm−1 assigned to
rocking mode of PVDF-co-HFP.34

The FTIR spectra of polymer electrolyte shows the
complexation and interaction between their compo-
nents. The typical FTIR spectra of composite polymer
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Figure 3. (a) FTIR spectrum of F2 sample; (b) FTIR spectra of F1, F2,
F3, F4 and F5.

electrolytes PVdF-co-HFP+SEt3TFSI+TiO2 in the range
of 4000–400 cm−1 are shown in Figures 3(a) and (b). The
� phase of PVdF-co-HFP occurring at 489, 534, 614, 762,
796 and 976 cm−1 has been shifted over to lower numbers
such as 482, 523, 614, 762, 785, 974 cm−1 respectively
due to complex formation, where, 482 cm−1 belongs to
bending and wagging vibration of CF2, 613 cm−1 corre-
sponds to the CF2 bending mode, 762 cm−1 associates with
CH2 rocking vibration, 785 cm−1 relates to CF3 stretching
vibration, 976 cm−1 leads to CF stretching mode. Observed
peaks at 836 cm−1 (CH2 rocking) and 880 cm−1 (CF2 sym-
metric stretching vibration) represent the amorphous phase
of polymer. The PVdF-co-HFP symmetrical and asymmet-
rical stretching modes of CH2 groups at 2980 cm−1 and
3022 cm−1 has been shifted to 2947 cm−1, 2990 cm−1

in the complexes.35�36 It is noted that the band positions
of C O stretching, symmetric ring deformation and ring
deformation of PC molecule are located at 1791 cm−1,
712 cm−1 and 777 cm−1, respectively.37 The doublet peak
of ethylene carbonate at 1774 cm−1 and 1803 cm−1 are
merged and appeared as a single band between 1747 to
1844 cm−1 representing the C O bending.38�39 The peaks
at 667 cm−1, 505 cm−1 and 447 cm−1 are attributed to
Ti–O bond. The peak at 667 cm−1 refers to symmetric

O–Ti–O stretch, while peak at 446 cm−1 and 505 cm−1

are due to the vibration of Ti–O bond.40 A characteris-
tic peak appeared around 1060 cm−1 represents 	a S–N–S
of TFSI anion.41 Other peaks at 1335 cm−1represents
C–SO2–N bonding mode, whereas 574 cm−1 belongs to
the CF3 asymmetric bending mode, band between 601 and
625 cm−1stands for deformation mode of SO2. Frequen-
cies at 740, 785 cm−1 correspond to S–N stretching vibra-
tion of SEt3TFSI.

36 The band appears between 3400 and
3600 cm−1 represents the OH stretching mode at the time
of sample loading.
The ionic conducting performance of the samples at dif-

ferent temperatures had been studied using AC impedance.
The ionic conductivity of the ionic liquid/polymer elec-
trolyte containing different amounts of TiO2 was analyzed
using SS/CPE/SS cell at various temperatures ranging
from 303 K to 353 K. The bulk resistance was evaluated
from the complex impedance plot, obtained by the inter-
cept of the real axis at high frequency region. Figure 4(a)
represents the complex impedance plot of the prepared
electrolyte samples with Z′
 in X axis and Z′′
 in Y
axis. The room temperature ionic conductivity value and
the activation energy values for five different compositions
are reported in Table I. Ionic conductivity value for pre-
pared composite polymer electrolytes are measured using
the formula given below

� = l

ARb

(1)

where, � is the ionic conductivity, l—thickness of the
electrolyte sample, A—area of the prepared electrolyte,
Rb—bulk resistance.
It is found that, the ionic conductivity of the composite

polymer electrolyte increases upto a maximum and there
is a dip down in the conductivity at a high content of TiO2.
The influence of filler material in the ionic liquid contain-
ing polymer electrolyte has a positive effect in terms of
ionic conductivity. The best result with high value of ionic
conductivity had been obtained for the sample containing
6 wt% of TiO2. The dispersion of TiO2 filler in ionic liquid
polymer electrolyte not only increases the ionic conduc-
tivity, but also enhances the thermal and electrochemical
stability of the electrolyte.
The ionic conductivity (�� of sample F2 (X = 6 wt%)

is 3.42×10−3 S/cm at room temperature which increases
with the increase of temperature, as recorded in Table I.
This increase in ionic conductivity with temperature results
in the decreases in viscosity, leading to enhanced ionic
mobility, as reported by Shalu et al.36 As expected, the
ionic conductivity initially increases with the addition of
TiO2, attains maximum, and starts to decrease with fur-
ther incorporation of TiO2 fillers. The addition of inor-
ganic filler reduces the degree of crystallization in semi
crystalline CPE and also improves the polymer inorganic
interface.3 As observed in the XRD analysis, sample with
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Figure 4. (a) The room temperature complex impedance plot CPE F1,
F2, F3, F4, F5; (b) Arrhenius plot CPE F1, F2, F3, F4, F5; (c) Activation
energy (Ea� versus room temperature ionic conductivity plot the CPE
composition are same as in Figure 1.

6 wt% of TiO2 is highly amorphous in nature. Sohaimy
et al. observed that the amorphous nature provided better
ionic diffusion and reduced the energy barrier for segmen-
tal motion in polymer.42 The above study shows that the
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Figure 5. TGA curves of CPE F1, F2, F3, F4, F5, the CPE composition
are same as in Figure 1.

XRD results correlates well with the ionic conductivity,
where the composite polymer electrolyte F2 (X = 6 wt%)
has high ionic conductivity and is amorphous in nature,
when compared to other samples prepared.

� = �o exp�−Ea/kT � (2)

Equation (2) express the Arrhenius relation where �0 is
the pre exponential factor, Ea the activation energy, k is
the Boltzmann constant and T is the absolute temperature.
Figure 4(b) shows the Arrhenius behavior of the prepared
CPE. The ionic conductivity of the composite polymer
electrolyte depends on temperature and can be explained
by the free volume model. According to free volume the-
ory, ionic conductivity increases with temperature due to
the lattice vibration which in turn increases the ions mobil-
ity, inter and intra chain hopping, resulting in an enhanced
value at high temperatures.
The diagram in Figure 4(c) depicts the activation energy

(Ea� as well as the room temperature ionic conductiv-
ity values as a function of various compositions of TiO2.
The analysis of these results shows that the sample with
maximum ionic conductivity possesses minimum activa-
tion energy. The activation energy initially decreases with
the addition of TiO2 and reaches a minimum value at 6
wt.%, beyond that it gradually increases. This investigation
shows that activation energy Ea (in eV) is inversely pro-
portional to the ionic conductivity, as noted from the graph
obtained between activation energy and room temperature
ionic conductivity.
The thermal behavior of ionic liquid polymer electrolyte

containing different contents of filler is shown in Figure 5.
The prepared electrolytes have decomposition behavior in
two steps. The first step is the weight loss occurred around
250 �C for every sample, corresponding to the thermal sta-
bility of ionic liquid.43 It is remarkably noted that there
is no mass loss for the samples upto 250 �C, confirming
no thermal degradation. The second step weight loss has
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Figure 6. SEM images of CPE F1, F2, F3, F4, F5, the CPE composition are same as in Figure 1. Last image Less than 1% of TiO2 (trial sample
image).

various values according to the filler content. At low filler
content, the electrolytes behave thermally active medium,
especially, the sample with 6 wt% of TiO2 follows the
best thermal behavior upto 460 �C. Significant weight loss
at 460 �C illustrates the decomposition of the polymer
electrolytes. The recorded thermal behavior of the poly-
mer electrolyte suggests that the operating thermal range
is suitable for stable working of lithium battery.44

Figure 6 shows the SEM images of the composite poly-
mer electrolyte containing TiO2 at 1 K. It is evidently
seen that the surface textures of the polymer matrix crams
with TiO2 particles.45 The dispersed TiO2 filler has been
distributed uniformly throughout the electrolyte in every
sample. It is evident that as the amount of filler increases,
the polymer matrix becomes more amorphous. The size
of the cavity reduces in more amorphous system and the
distributed pores are varied between 200 �m to 600 nm.
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Figure 7. LSV of the coin cell containing F2 and Li anode as well as
Li cathode recorded at a scan rate of 5 mV/s.

The large number of nano size pores is responsible to store
higher quantity of liquid electrolyte. The fillers occupied
the surface and cavity which can enhance the ionic con-
ductivity. However, excess amount of filler agglomerates
on the surface of the polymer matrix, which almost fills
the formed cavity and restricts the motion of the cations.
The scanned image of polymer electrolyte containing less
than 1% of TiO2 is displayed. Empty cavity, fillers occu-
pied cavity and dispersed fillers are also clearly visible on
the surface of the polymer matrix.46�47

The electrochemical stability window of polymer matrix
with TiO2 (6) wt% has been studied using LSV. From
Figure 7, it is observed that anodic current has negligible
value below 4 V. Above 4.0 V, the anodic current increases
gradually to high values. The current onset detected at
4.62 V versus Li, corresponds to the decomposition of the
composite electrolyte.48�49
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Figure 8. CV of the coin cell containing F2 and Li anode as well as Li
cathode recorded at a scan rate of 5 mV/s.
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Figure 9. Charge–discharge characteristics of the coin cell containing
F2 and LiFePO4 as the cathode and Li as the anode.

Figure 8 shows the first, second and third cycles of
the CV of the coin cell containing composite polymer
electrolyte with TiO2 (6%) at a scan rate of 5 mV/s
between the voltage range of 2.2 to 4.6 V versus Li. Redox
behaviour with an anodic and cathodic potential at 3.5 V
and 3.2 V versus Li is noted.50 Magnified anodic peak is
put as an inset in CV graph. The anodic peak corresponds
to the decomposition process of electrolyte resulting in the
formation of the solid electrolyte interface film (SEI passi-
vation film) on the electrode surface and the cathodic peak
belongs to Li deposition. With subsequent cycles, the oxi-
dation and reduction peaks shifted towards the lower value
and the peak current increases further.

Figure 9 displays the first ten charge–discharge cycles of
the fabricated coin cell containing with Li/CPE+TiO2 (6
wt%)/LiFePO4 within the potential range of 2.4 to 3.6 V.
The CPE based coin cell maintains above 90% of the
initial discharge capacity upto 10 cycles. The cell deliv-
ers initial discharge capacity of 145 mAh/g. The cycling
efficiency is more than 88% and after 10th, cycles, the
cell retains a discharge capacity of 145 mAh/g, reveals
the suitability of this polymer electrolyte for Li battery
applications.

4. CONCLUSIONS
The ionic liquid based polymer electrolyte PVdF-co-
HFP+ SEt3TFSI+ EC/PC (30/10/60) wt% with various
compositions of TiO2 such as 3, 6, 9, 12 and 15% as a filler
had been prepared and characterized by different surface
analytical techniques. XRD analysis shows that sample
with gradual increase of the amount of TiO2, broadening
of the prominent peak and a decrease in the intensity of
2� value at 20.1� has been noted, suggesting a decrease
in the degree of crystallinity of the polymer matrix upon
the addition of TiO2. Raman and FT-IR studies confirm
the presence of various functional groups, present in the

matrix. Thermal analysis reveal that the electrolyte with
TiO2 (6 wt%) has maximum stability of 460 �C. Com-
plex impedance plot proclaim that the conductivity of the
composite polymer electrolytes increases upto 6 wt% of
TiO2 (3.42× 10−3 S/cm at 303 K) and further addition,
causes a dip down in conductivity, indicating an improve-
ment in the ionic conductivity and thermal stability with
the incorporation of TiO2 filler in the polymer matrix. The
Arrhenius behaviour study reveals that minimum activation
energy for ionic conduction is found to be 0.2 eV. Fur-
thermore, the SEM images show the surface and cavity in
the polymer matrix, filled with the filler uniformly. Cyclic
and linear voltammetry reveal that the films are electro-
chemically stable upto about 4.62 V. The first discharge
capacity of 145 mAh/g with the working voltage of 3.4 V
had been achieved for the coin cell containing Li as anode
and LiFePO4 as cathode along with polymer electrolyte
6% TiO2 filler as the electrolyte, where the cell delivers
good reversibility with discharge capacity of 145 mAh/g
at 10th cycle.
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Abstract Polymer electrolyte (PE) composed of poly(vinylidene fluoride-co-hexaflu-

oropropylene) P(VdF-co-HFP) and triethylsulfonium bis(trifluoromethylsulfonyl)imide

(SEt3TFSI) ionic liquid (IL) had been evaluated in lithium ion battery for the first time in

order to improve its performance and cycle life. X-ray diffraction analysis (XRD) reveals

that incorporation of the IL (20 and 25 wt%) into the polymer matrix results in the

change of state of the material from semi-crystalline to amorphous nature. Thermo-

gravimetric and differential thermal analysis (TG/DTA) of the PE sample with 25 wt%

of the IL shows high thermal stability. The nature of functional groups present in the PE

was investigated by Raman spectrum. Surface morphological characteristics indicate that

increase in the loading of the IL into the polymer matrix leads to maximum number of

pores with good interconnected network. Polymer/IL electrolyte (wt. ratio of 75:25)

having a maximum ionic conductivity of 6.93 9 10-5 S/cm at 303 K with an activation

energy of 0.23 eV shows excellent electrochemical potential stability of 4.4 V vs Li, as

revealed by cyclic voltammetry (CV). Charge–discharge characteristics of the coin cell

containing the above optimized ratio of PE with LiFePO4 cathode and Li anode shows a

discharge capacity of 133 mAh/g, which is stable up to ten cycles.
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Graphical abstract
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Introduction

Employment of polymer electrolytes in lithium ion battery has been widely

investigated as an alternative to liquid combustible systems for their particular

properties such as high mechanical stability, non-inflammability and non-leakage

[1–5] and their usage avoids the evolution of gaseous materials during solvent

decomposition. Further, Li ion battery can be made very compact, lightweight and

highly reliable with the incorporation of thin film electrolytes. It is important to note

that lithium ion polymer batteries had been proposed since early 1980s as being a

potential solution to the safety issues. On the other hand, these polymer electrolyte

materials have very poor ionic conductivities at room temperature (i.e.\10-5 S/

cm), resulting in the limitations on their viability by significantly lowering the

amount of current that can be drawn from a battery. In order to improve their room

temperature ionic conductivity, alternative approaches have been developed by the

incorporation of liquid plasticizers or low molecular weight polymers [6, 7], black

copolymers [8], high conductivity inorganic nanofillers [9] and room temperature

ionic liquids (RTILs) [10–12]. Among these, RTILs offer a promising approach for

overcoming these drawbacks, which can act both as solvent and electrolyte, into the

polymer electrolytes.

The RTILs have recently been considered as alternative electrolytes to carbonate

based systems because they possess high oxidation potential, non-flammability, a

low vapor pressure, good thermal stability, low toxicity and affordable boiling

points [13–15]. Additionally, ionic liquids play dual character as electrolyte salts

and organic liquids and are eco friendly in nature [16]. The absence of volatility is

one of the most important benefits of ionic liquids, offering less toxicity, when

compared to low boiling solvents. Hence, these salts are indeed extraordinary safety

assets and the replacement of the conventional, flammable and volatile organic

solvents by ionic liquid based electrolytes may greatly reduce the risk of thermal

runaways. Imidazolium [17–20], piperidinium [21–24] and pyrrolidinium cation

[25–28] based ILs are highly conducting and used as electrolytes for Li ion battery.

However, problems associated with these ILs are their instability at low voltages

and intercalation into the graphite anode resulting in exfoliation as well as rapid

capacity fade. Moreover, pyrrolidinium cation based ILs are poor solvents for

1678 Polym. Bull. (2017) 74:1677–1691

123

Author's personal copy



lithium and show limited lithium conductivity values. Hence, a different strategy

has been adopted by the incorporation of IL into polymer matrix, thereby enhancing

their ionic conductivity and electrochemical stability and this can meet performance

standards of a battery electrolyte with good capacity and cycle life. Among the

different polymers employed so far, fluorinated polymer namely PVDF-co-HFP

[poly(vinylidene fluoride-co-hexafluoropropylene)] has been widely employed as an

excellent polymer matrix, on account of their good thermal and oxidative stability.

Moreover, it has good mechanical stability and film formation ability and

concomitant low surface energy, due to presence of fluorine network, justifying it

is choice for IL-based polymer electrolyte (PE). Recently, Hwang et al. have

reviewed the employment of PVDF-co-HFP PE matrices incorporated with different

imidazolium cations based ILs on their synthetic pathways, ion sources, IL contents

and proton conductivities [29]. The mechanical and dimensionally stable solid

electrolyte containing ionic liquid has comparable conductivity and electrochemical

stability with that of liquid electrolytes [30–32]. Literature studies clearly reveal that

most of the research work involving ILs incorporated into PVDF–HFP matrix are

restricted to nitrogen based structures and recent investigations demonstrate that

sulfur and phosphorous based systems have showed superior electrochemical

stability and conductivity values, when compared to latter [33, 34]. In particular,

sulfonium based ionic liquids received great attention owing to their low viscosity,

high conductivity and electrochemical stability [35, 36]. Zhang et al. [31] reported

that the ethyl based sulfonium ionic liquid possessed higher conductivity, when

compared to methyl and butyl alkyl groups. Further, the nature of the anion

influences the viscosity of the ionic liquid. For example, TFSI anion exhibits high

charge delocalization within the S–N–S backbone, resulting in low viscosity

[37, 38]. Moreover, ionic liquid containing TFSI anion is highly hydrophobic in

nature and has low moisture sensitive and exhibits high thermal stability, molar

conductivity and electrochemical stability with low viscosity, and much safer than

the conventional organic electrolytes [39, 40].

In the present work, PE containing PVdF-co-HFP incorporated with triethylsul-

fonium bis(trifluoromethylsulfonyl) imide (SEt3TFSI) ionic liquid, which has not

been reported previously for Li battery application, has been tried as the electrolyte

for improving its performance. The physico-chemical properties and electrochem-

ical characteristics of the thin film are presented. The optimal ratio of PVDF-co-

HFP and ILs are carefully investigated which facilitates the improvement of the

interphase stability between the electrolyte and anode material.

Experimental

Preparation of IL incorporated polymer electrolyte (PE)

All the electrolytes have been prepared using the solution casting technique. PVdF-

co-HFP and ionic liquid SEt3TFSI were purchased from Aldrich USA. Tetrahy-

drofuran (THF) and N-methyl 2 pyrrolidone (NMP) was purchased from SRL India

and used without further purification. Required quantity of polymer was dried under
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vacuum (1 9 10-3 Torr) at 100 �C for 10 h in order to remove the moisture. It was

completely dissolved in THF and calculated amount of ionic liquid was mixed with

the polymer solution, which was stirred continuously in order to obtain

homogeneity. The homogeneous solution was casted onto flat bottom petri plates.

Then the solution was dried to form film at 30 �C in the vacuum oven for overnight.

Further, the films were dried at 60 �C under vacuum for 5 h in order to get

the flexible freestanding film. Table 1 shows the different wt% of IL incorporated

PE.

Characterizations of thin film PE

The film was characterized for its crystal structure by X-ray diffraction analysis

using the PANalytical X’Pert PRO powder X-ray Diffractometer using Cu-Ka
radiation as source and operated at 40 kV. Laser Raman spectra were done with

STR 500 Laser Raman spectrometer, SEKI, Japan. Thermo-gravimetric analysis of

the gel electrolyte was performed using STA 409 PL Luxx at a heat rate of 10 K/

min within the temperature range from room temperature to 900 �C under nitrogen

atmosphere. The surface morphology of the electrolytes was characterized by SEM

Model JEOL-JSM-6500F scanning electron microscope at an accelerating voltage

of 5 and 15 kV after sputtering platinum over the samples and AFM with Agilent

Technology Inc., (A100SGS).

Electrochemical studies

Two stainless electrodes (2 cm 9 2 cm) were used for conductivity measurement,

where the electrolyte was sandwiched between the parallel blocking electrodes. The

impedance spectra were measured in the frequency and the temperature ranges from

1 Hz to 500 kHz and 303 to 353 K, respectively, using a computer-controlled micro

Autolab III Potentiostat/Galvanostat. The evaluated ohmic resistance value was

converted into conductivity. The electrochemical studies were carried out using

Autolab electrochemical workstation (GPES, PGSTAT 302 N) and the charge/

discharge life cycle was carried out using WonAtech (WBCS3000S) automatic

charge/discharge testing system. For linear voltammetric studies, a CR-2032 coin

cell was fabricated with Li metal as counter as well as reference electrodes and

Table 1 Ionic conductivity values of the PE (PE-IL1 to PE-IL5) in the temperature range of 303–353 K

Sample PVdF-co-

HFP (wt%)

SEt3TFSI

(wt%)

Conductivity 910-5 S/cm Ea

values

(eV)303 K 313 K 323 K 333 K 343 K 353 K

PE-IL1 95 5 0.005 0.009 0.023 0.037 0.155 0.345 0.40

PE-IL2 90 10 0.010 0.019 0.055 0.176 0.276 0.668 0.37

PE-IL3 85 15 0.732 1.110 1.779 2.833 3.123 4.365 0.29

PE-IL4 80 20 3.371 5.743 6.877 7.556 9.825 13.87 0.25

PE-IL5 75 25 6.938 7.362 9.578 14.57 24.33 45.35 0.23
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stainless steel as working with the IL-incorporated PE. The coin cell for the

electrochemical characterization had been assembled with the electrode composed

of 80:10:10(LiFePO4: PVdF: Super p carbon). The slurry was made using NMP and

was coated on alumina foil. After coating, the electrodes were dried at 80 �C for

about 6 h. The mass of the active substance was nearly 1 mg.

Results and discussion

X-ray diffraction (XRD)

The crystalline peak properties of IL incorporated PVDF-co-HFP were character-

ized by XRD. Figure 1 shows the XRD diffraction pattern of the prepared polymer

electrolyte (PE) samples containing different wt% of IL such as 5, 10, 15, 20, 25,

denoted as PE-IL1, PE-IL2, PE-IL3, PE-IL4 and PE-IL5. The pure PVdF-co-HFP is

a semi-crystalline polymer and there are two broad peaks at 20.4� and 39.4�
corresponding to its crystalline planes [41]. With the incorporation of IL into the

polymer matrix, the peak intensity of both the peaks decreases (sample IL1). Further

addition of IL makes the peak weak and wide (PE-IL2 and PE-IL3). For both PE-

IL4 and PE-IL5 samples, the high-intensity region peak disappears and the peak

noted at a 2h value of 20.4 becomes low, which reveals that the high amount of

Fig. 1 X-ray diffraction patterns of pure P(VdF-co-HFP), PE-IL1—PVdF-co-
HFP(95 %) ? SEt3TFSI(5 %), PE-IL2—PVdF-co-HFP(90 %) ? SEt3TFSI(10 %), PE-IL3—PVdF-co-
HFP(85 %) ? SEt3TFSI(15 %), PE-IL4—PVdF-co-HFP(80 %) ? SEt3TFSI(20 %), PE-IL5—PVdF-co-
HFP(75 %) ? SEt3TFSI(25 %)
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ionic liquid plasticizers the electrolyte and produces more amorphous phase in the

polymer network [42, 43].

Raman spectroscopy

Raman spectroscopy is particularly appropriate to characterize PE and the bond

present in the spectrum corresponds to vibrational frequency of the molecules.

Figure 2 represents such spectra for different PE samples. Pure polymer PVdF-co-

HFP shows the major Raman peak at 795 cm-1 assigned to CH2 m rocking and the

rocking mode of CF2 and CH2 at 413 cm-1 disappears in all the electrolyte samples,

as a result of the effect of addition of the SEt3TFSI [44]. Another major peak of

877 cm-1 corresponds to the combination of symmetric C–C and CCCd skeletal

bending of C(F)–C(H)–C(F) of the host polymer PVdF-co-HFP is shifted to high

frequency value of 886 cm-1 reflecting the major change in the bare polymer. A

peak at 600 cm-1 indicates the CF scissoring CCCd skeletal bending of C(H)–

C(H)–C(F) [40]. The CH2 m rocking (832 cm-1), ms symmetric stretching (1424,

2976 cm-1) and ms anti-symmetric stretching (3011) are also noted in the Raman

spectrum. The most intense band of the anion appearing at 741 cm-1 was attributed

to the CF3 bending of the SCF3 group of TFSI [45]. The SO2 band of NSO2CF3 is

out of phase anti-symmetric stretching, located at 1335 cm-1. Bands specifically

associated with TFSI- are still observed at 1125 cm-1 with ms symmetric stretching.

The peak at 1046 cm-1 has been noted as ma SNS anti-symmetric stretching

vibration of triflate anion [46].

Fig. 2 Raman spectra of pure PVdF-co-HFP, the PEs namely PE-IL1, PE-IL2, PE-IL3, PE-IL4 and PE-
IL5. The PE compositions are the same as in Fig. 1
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Surface morphologic studies using scanning electron microscope (SEM)
and atomic force microscope (AFM)

Figure 3 shows the SEM images obtained for different PE samples containing

various IL contents. The micropores noted in the SEM images are directly related to

its conductivity values. The scanning images of the PE samples differ from their

number of pores, pore size and uniform distribution of micropores. The appearance

of pores corresponds to the process associated with the evaporation of the THF

solvent during vacuum oven drying. The increased number of pores enhances the

absorption of non-volatile liquid electrolyte, leading to high conductivity of PE

[12, 47]. The sample PE-IL1 [PVDF-co-HFP:SEt3TFSI (95:5 wt%)] shows granular

shape indicating the semiconducting nature of the polymer. Further incorporation of

the IL content into the polymer results in the decrease of the pore size as well

increase of number of pores with interconnected network and increase of amorphous

nature of the PE [48]. Highly amorphous nature leads to high conductivity and large

amount of absorbed IL. From the SEM pictures, it is observed that the PE-IL5

(PVDF-co-HFP:SEt3TFSI (75:25 wt%) provides a well closed interconnected

network with maximum number of pores.

Based on the SEM analysis, surface topography of the sample PE-IL5 was

characterized by AFM and is shown in Fig. 4. From the figure, it appears that

homogeneous nature of the PE had been found to be enhanced with the addition of

IL electrolyte [49], where this can increase the contact between the electrolyte and

electrode. The topographical image shows large number of pores, which is

responsible for the ion migration.

Fig. 3 SEM images of the PEs namely PE-IL1, PE-IL2, PE-IL3, PE-IL4 and PE-IL5 with the
magnification of 1 K. The PE compositions are the same as in Fig. 1
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Conductivity studies

Impedance measurement was performed for finding out the ionic conductivity of the

polymer electrolytes starting from PE-IL1 to PE-IL5 films at different temperatures

starting from 303 to 353 K with an increment of 10 K and the spectra are shown in

Fig. 5. For both PE-IL1 and PE-IL2, the impedance spectra shows a semicircle,

which is due to the effect of bulk resistance [50]. It is noted that for the PE with low

ionic liquid content (5 and 10 wt%) follows a solid polymer electrolyte (SPE)

behavior. The increase of the ionic liquid (15 and 20 wt%) results in a depressed

semicircle with a spike. This is due to the effect of electrolyte/blocking electrode

interface. Further increase of the ionic liquid content (25 wt%) results in a complex

impedance plot with a spike. Low-frequency straight line towards the real axis is

caused by the effect of the capacitive electrode behavior. The disappearance of

Fig. 4 AFM image of PE-IL5

Fig. 5 Room temperature complex impedance plot of PEs namely PE-IL1, PE-IL2, PE-IL3, PE-IL4 and
PE-IL5. The PE compositions are the same as in Fig. 1

1684 Polym. Bull. (2017) 74:1677–1691

123

Author's personal copy



semicircle in high content of ionic liquid is due to the decrease of ionic resistance of

the electrolyte. This causes high degree of disorder in the polymer electrolyte,

favoring high ionic transport. The semicircle in the high-frequency range is related

to the conduction process in the bulk of the complex and the linearity in the low-

frequency region is due to the effect of blocking electrode.

Conductivity values of the different contents IL incorporated polymer had been

measured from the following equation:

r ¼ l

ARb

ð1Þ

where r is the ionic conductivity, l is the thickness of the electrolyte sample, A is the

area of the prepared electrolyte, Rb is the bulk resistance. The conductivity values

for the samples from PE-IL1 to PE-IL5 at different temperatures are shown in

Table 1. From the table, it is noted that with the increase of ionic liquid content, the

conductivity of the PE increases linearly and the polymer electrolyte with 25 wt%

ionic liquid (PE-IL5) has the maximum ionic conductivity of 6.93 9 10-5 S/cm.

Further the conductivity also increases with the increase of temperature from 303 to

353 K, as revealed from the plot of log conductivity versus inverse temperature

(1000/T) for different contents of IL (Fig. 6) and this may be correlated with the

influence of internal activation of molecules [48]. The activation energy (Ea) values

were calculated from the slop of the straight line. A low activation energy

(Ea = 0.23 eV) had been obtained for the sample having maximum ionic conduc-

tivity. Decrease in the Ea value suggests more amorphous nature of the polymer

electrolyte, as shown in Table 1. A similar trend in the increase of conductivity

value with temperature is also noted for the IL incorporated polymers [29].

Fig. 6 Temperature dependent ionic conductivity plot

Polym. Bull. (2017) 74:1677–1691 1685

123

Author's personal copy



Typically, the addition of polymers to liquid electrolytes containing lithium salts to

form gels results in a significant drop in the ionic conductivity [51, 52]. It is noted

that the increase in the electrolyte conductivity is due to the addition of a liquid salt

with ions possessing plasticizing nature that have only a weak interaction with the

polymer, leading to easy migration of ions. Further, the enhanced conductivity may

also be associated with large number of charge carriers for the ionic transport, where

the large size of imide anion discourages the ion pair formation [53]. Ionic transport

is caused by the diffusion of carrier ions through the free volume of polymer matrix

so that the large size of the imide disperses the carrier ions in the polymer domain at

the molecular level, inducing high conductivity.

Thermal analysis

Thermo-gravimetric and differential thermal analysis (TG/DTA) of the samples of

pure PVdF-co-HFP, Pure IL, PE-IL4 and PE-IL5, having higher conductivity then

the others, are shown in Fig. 7. Thermal analysis shows three types of response in

the temperature range between room temperature and 900 �C. At first stage, a small

weight loss around 70 �C is responsible for the evaporation of the moisture at the

time of loading of the sample. It is well known from the literature that the IL is

stable up to 240 �C. The TG graph of the polymer electrolyte confirms its stability

up to 440 �C. Significant decomposition at 240 �C represents the thermal stability of

IL with the mass change of 19 wt%. After 500 �C, a gradual decrease of weight is

observed and at 900 �C, a residual mass of 19 wt% remains due to the presence of

carbon in the polymer electrolyte. When compared to PE-IL4 electrolyte, PE-IL5

however, shows better thermal stability. The results noted in the DTA results are in

good agreement with the TG [54]. In the temperature regions of 250, 450 and

600 �C, the exothermic curve shows the decomposition of the PE. The TGA and

DTA results infer that PE containing PVdF-co-HFP:SEt3TFSI (75:25, PE-IL5)

possess high thermal stability [55] and this composition had been investigated for

further characterization related to voltammetry and charge–discharge studies.

Fig. 7 TG/DTA plot for the PEs namely PE-IL4 and PE-IL5. The PE compositions are the same as in
Fig. 1
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Electrochemical characterization

Linear sweep voltammetry

The electrochemical stability window of the PE (PE-IL5) was studied using linear

sweep voltammetry (LSV) and the voltammogram recorded at a scan rate of 5 mV/s

is shown in Fig. 8. From the figure, it can be seen that until 4.5 V vs Li, the current

flow is found to be negligible and after that it increases sharply with applied voltage,

indicating the decomposition of the PE. [56]. This shows that the PE is stable up to

the potential region of 4.4 V vs Li.

Cyclic voltammetry (CV)

The electrochemical characteristics of the coin cell containing LiFePO4 and the PE

(PE-IL5) were studied using CV. Figure 9 shows the first, second and third cycle of

the CV for the polymer electrolyte at a scan rate of 5 m/Vs within a voltage range of

2.4–4.4 V vs Li. An anodic and a cathodic peak appear at a potential of 3.55 and

3.3 V vs Li [57], respectively, indicating the strong reversible behavior of the

electrochemical system. The insert shows the magnified view of anodic peak.

Multiple scan for the three cycles shows the overlapping of the curves, which may

be associated with the reversibility [58]. Beyond 4.5 V, the anodic current rises due

to the decompositions of the polymer electrolyte and further decrease in the current

for the second and third cycle indicates the formation of solid electrolyte interface

(SEI) on the electrode surface [59]. The SEI formation prevents further reaction of

SEt3TFSI with the lithium electrode.

Fig. 8 LSV of the coin cell containing PE-IL5 and Li anode as well as Li cathode recorded at a scan rate
of 5 mV/s
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Charge–discharge profile

The charge–discharge characteristics of the coin cell containing LiFePO4 cathode

and the PE (PE-IL5) were investigated and capacity vs voltage curves recorded for

ten cycles for such cell is shown in Fig. 10. The cell gives excellent initial discharge

Fig. 9 CV of the coin cell containing PE-IL5 and Li anode as well as Li cathode recorded at a scan rate
of 5 mV/s

Fig. 10 Charge–discharge characteristics of the coin cell containing PE-IL5 and LiFePO4 as the cathode
and Li as the anode
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capacity of 133 mAh/g with the working voltage of 3.40 V. The charge–discharge

profile shows very flat voltage range of 3.39 V in the first cycle and a similar pattern

is followed for other cycles, reflecting good electrochemical properties. The

discharge capacity in the subsequent cycles slowly decreases with the increase of

cycle numbers. The capacity decrease is mainly attributed to the formation of

passive layer on the cathode material. The cell delivers good reversibility with

discharge capacity of 122 mAh/g at 10th cycle.

Conclusions

The PVdF-co-HFP containing different weight percentages of IL, SEt3TFSI had

been prepared and characterized. The XRD results confirm the appearance of

amorphous nature of the substance with the addition of IL (20 and 25 wt %) to the

polymer matrix and the PE is stable up to 450 �C, as revealed by TG/DTA analysis.

The nature of different functional groups present PE had been identified using

Raman spectroscopy. The maximum number of pores with good interconnected

network leads to high ionic conductivity, as evidenced by SEM and AFM images.

Polymer/IL electrolyte (wt. ratio of 75:25, PE-IL5) with a maximum ionic

conductivity of 6.93 9 10-5 S/cm and activation energy of 0.23 eV shows an

excellent electrochemical potential stability of 4.4 V vs Li, as revealed from LSV

and CV. A discharge capacity of 133 mAh/g was obtained for the coin cell

containing PE-IL5 electrolyte and LiFePO4 as the cathode, which is stable up to ten

cycles.
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Abstract.Gel polymer electrolytes containing poly(vinylidenefluoride-co-hexafluoropropylene) (P(VdF-co-HFP)) / 
Lithium bis(trifluoromethane sulfon)imide (LiTFSI) / mixture of ethylene carbonate and propylene carbonate (EC+PC) 
with different concendration of ZrO2 has been prepared using the solution casting technique. The conductivity of the 
prepared electrolyte sample has been determined by AC impedance technique in the range 303-353K. The temperature 
dependent ionic conductivity plot seems to obey VTF relation. The maximum ionic conductivity value of 4.46 X 10-

3S/cm has been obtained forPVdF-co-HFP(32%) - LiTFSI(8%) - EC+PC (60%) + ZrO2( 6wt%) based polymer 
electrolyte. The surface morphology of the prepared electrolyte sample has been studied using SEM. 

Keywords: PVdF-co-HFP, LiTFSI, ZrO2, Impedance studies, SEM. 
PACS: 84 

INTRODUCTION 

Polymer electrolytes are generally prepared with 
the incorporation of salt solution in high molecular 
weight polymer.The ionic conductivity of solid 
polymer electrolyte is very poor of the order of 10-

8S/cm.  In order to improve the ionic conductivity, 
various methods have been adopted such as using 
plasticizer, blending, incorporation of fillers, etc.[1]. 

In the present study, the effect of different 
concentration of dispersoid (ZrO2=0, 3, 6, 9, 12wt %) 
in the gel polymer electrolyte has been studied in the 
view point of its ionic conductivity and complexation. 
The gel polymer electrolyte comprises Poly 
(vinylidenefluoride-co-Hexafluoropropylene) P(VdF-
co-HFP), a semi crystalline polymer, the Lithium- 
bis(trifluoromethansulfon)imde (LiTFSI) and Ethylene 
carbonate (EC) and Proplyene carbonate (PC) liquid 
electrolyte inan optimized ratio. The prepared 
electrolyte films have been subjected to various 
characterization techniques and the results are 
discussed. 

EXPERIMENTAL 

The PVdF-co-HFP, LiTFSI are purchased from 
Aldrich USA and separately preheatednear to their 
respective melting point for 10h in a vaccum 
controlled oven under10-3Torr pressure to remove the 
impurities. The solvents PCand THF (tetrahydrofuran) 
are purchased from SRL India and EC purchased from 
Merck, Germany were used without any further 
purification. The appropriate amount(as shown in table 
1) of polymer and salt are weight up separately. The 

predried polymer and salt are separately dissolved in 
THF;then it is stirreduntil the solution becomes 
homogeneous. The solution was casted on a flat 
bottom petri plate and the solvent was allowed to 
evaporate in the room temperature for 24h.  Finally, 
the film has been dried at 60 °C for 12h in order to 
remove the residual solvent. The conductivity of the 
prepared electrolyte has been measured using  a micro 
auto lab type III Potentiostat/Galvanostat of frequency 
range 40Hz–300kHz in the temperature range of 303–
353 K stainless steel (SS) was used as a blocking 
electrode. The surface morphology has been studied 
usingHitachi 3000-N with the magnification of 250. 

REULTS AND DISCUSSION 

Conductivity Studies 

The impedance spectroscopy is a powerful tool to 
analyze the electrical impedance of an electrolyte 
material. The complex impedance obtained through 
AC impedance, gives the complete electrical behavior 
of the electrolyte and the electrolyte-electrode 
interface as a function of frequency.  In general, there 
are two semicircles appear in a complex 
impedance(CI) plot. The higher frequency semicircle 
gives the bulk resistance of the electrolyte and other at 
lower frequency gives the interfacial impedance [2]. 
Theionic conductivity has been measured using the 
following formula  

 

where���– Ionic conductivity, Rb– Bulk resistance 
A - Area of the film, l – Thickness of the film 
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The calculated conductivity values are shown in 
Table 1. From CI plot, the disappearance of semicircle 
follows many of the plasticized based system [3]. It is 
observed that the conductivity increases with the 
increase of temperature which is in agreement with the 
free volume theory [4]. The bare electrolyte without 
filler owns the ionic conductivity of 9.72X10-4 S/cm at 
303K, while adding ZrO2into it, the conductivity has 
been enhanced by one order of magnitude.  The 
conductivity has increased with the increase of ZrO2 
content up to 6wt% ������	� 
��-3 S/cm at 303K) in 
barePVdF-co-HFP(32%) + LiTFSI(8%) + EC+PC 
(60%) system.  The incorporation of fillers enhances 
the free volume because of the interaction of the 
polymers and ceramic fillers. The introduction of 
fillers causes more amorphous phases in the polymer 
electrolyte. Further increase of ZrO2 content causes the 
conductivity dips down. This is because of the 
crystalline region of the fillers restricted the movement 
of ions within the electrolyte system. 

Fig 1 shows the temperature dependent ionic 
conductivity plot for the prepared electrolyte sample in 
the temperature range of 303-353K. The plot seems to 
obey Arrhenius relation, which generally describes the 
electrical conductivity versus temperature behavior in 
polymer electrolytes using the relation 

�����0 exp (Ea/KT) 
w�����0 constant,Ea – activation energy, 
 K-Boltzmann constant,T-absolute temperature (K).  
The activation energy (Ea)of the electrolyte sample 

has been measured from the slope of the plot and listed 
in Table1. The minimum activation energy of 0.213eV 
has been obtained for the sample possessed maximum 
ionic conductivity.  
TABLE 1. Conductivity values and activation energy of the 
prepared electrolyte samples PVdF-co-HFP(32%) + 
LiTFSI(8%) + EC+PC (60%) + ZrO2(0%, 3%, 6%, 9%, 
12%) 

Sampl
e code 

Conductivity value X10-3 S/cm Eavalu
eeV 303K 313K 323K 333K 343K 353K 

K 0.97 1.11 1.43 1.62 1.95 2.23 0.235 
K1 2.55 2.59 2.77 3.03 3.4 3.73 0.219 
K2 4.46 4.61 4.95 5.22 5.71 6.21 0.213 
K3 3.55 3.74 3.85 4.06 4.52 5.29 0.223 
K4 3.31 3.4 3.51 3.72 3.82 3.97 0.228 

SEM 

Fig 2 shows the SEM image of sampleK2-6wt % of 
ZrO2 contained GPEwith the magnification ×250.The 
micro pores present in the system have the ability to 
retain the liquid electrolytes and the ionic conductivity 
of the electrolyte also high. The ZrO2particles are 
distributed uniformly throughout the matrix and form a 
very good network. 

 
FIGURE 1. Temperature depended conductivity plot of 
PVdF-co-HFP(32%) + LiTFSI(8%) + EC+PC (60%) + 
ZrO2(0%, 3%, 6%, 9%, 12% ) 

 
FIGURE 2 SEM image of K2 at X 250 

CONCLUSION  

The composite polymer electrolyte system has been 
prepared with different compositions of ZrO2filler 
usingsolution casting technique. The maximum ionic 
conductivity value of 4.46 X 10-3 S/cm has been 
obtained for (K2)PVdF-co-HFP(32%) -LiTFSI(8%) - 
EC+PC (60%) - ZrO2( 6%) based electrolyte system. 
Also, the ionic conductivity increases upon adding 
ZrO2 in the bare gel polymer system up to 6 wt%, 
further addition of ZrO2 dips down the conductivity 
which is due to higher crystalline region present in the 
matrix which restricts the mobility of charge 
carriers.The temperature dependent ionic conductivity 
plots seem to obey the Arrhenius relation.The pores 
have been created while adding ZrO2; it causes good 
network and it results high ionic conductivity which 
has been studied using SEM. 
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A B S T R A C T

A facile synthesis has been made to prepare cerium oxide (CeO2) nano particles via modified co-precipitation
method using different pH values viz, 9 to 12 in steps of 1. The as prepared powders have been systematically
studied to analyze their structure, morphology and photoluminescence properties. The representative samples
have been analyzed through TEM and XPS analyses. The crystallite size has been decreased upon increasing the
pH of the environment. When pH of the solute reached 12, the particle size is reached to 27 nm, which is
ascertained through TEM analysis.

1. Introduction

Cerium is the most excessive among rare earth elements, occupying
at about 66 parts per million of the earth crust, and also presently a
subject of great care due to its multiple applications, which include
materials for catalysis, gas sensors, solid oxide fuel cells, ceramics, and
oxygen storage [1,2]. Nowadays, nano materials are playing vital role
in many applications due to its outstanding physical and chemical
properties, which are significantly different from those bulk materials.
Rigorous studies have revealed that the extensive applications of Ceria
are associated to its relative abundance, unique acid-base surface
properties with the dynamically reversible Ce3+/Ce4+ redox pair.
These properties also provide ceria with remarkable catalytic perfor-
mance [3]. Numerous methods, including precipitation from solution
[4], microwave assisted method [5], hydrothermal synthesis [6], sol-gel
[7], solvo thermal method [8] and polyol method [9] have been used to
prepare ceria nano particles with different morphologies and size such
as nano belts, nano spheres, nano fibres and nano flower etc.

Among these, modified co-precipitation method has been an ex-
tensively proficient assembly of homogeneous high-purity and crystal-
line oxide at low cost, also simple procedure allows scaling up for mass
production [10]. Zaravkovic et al. [11], synthesized CeO2 nano particle
with irregular morphology and soft agglomeration via chemical route.
Guangyu et al. [12]. reported yeast adopted CeO2 with hollow micro-
sphere morphology via bio-template chemical route. However, it is still
a challenge to develop the efficient route for fabricating the CeO2 na-
noparticles with preferred morphology. With the specific curiosity to

overrule this issue, an attempt is made to synthesize CeO2 using cerium
nitrate as source material, PVP as surfactant by using modified co-
precipitation method by varying the pH as 9, 10, 11 and 12. The as
prepared powders were analyzed for their structure, morphology and
photoluminescence properties.

2. Materials and methods

The CeO2 nano particles were synthesized by the modified co-pre-
cipitation method. Cerium nitrate hexa hydrate (Ce(NO3)3.6H2O)
(434.8 g/mole; 99%, Alpha Aeser), sodium hydroxide (NaOH);
(39.99 g/mole, SRL), polyvinyl pyrrolidone (PVP) (Mol.wt.40,000
Merck, Germany) were used as starting materials without further pur-
ification. To obtain different morphology, 2.5 wt% of PVP [13] was
added separately to 0.01M of aqueous Ce(NO3)3.6H2O. The resulting
aqueous mixture was stirred further for 10min at room temperature
and then the pH value has been varied to the desired value (viz, 9
(CP1), 10 (CP2), 11 (CP3), and 12 (CP4)) by adding the NaOH drop
wise into the mixture. The whole mixture was further stirred for 90min
to obtain pale yellow precipitate. The precipitate has centrifuged at
200 rpm and splashed with deionized water and acetone several times
to get rid of the residual surfactant. Then the precipitate was dried in
vacuum oven at 110 °C for 4 h, milled the sample for 30m and subse-
quently calcined in air at 600 °C for 2 h to get CeO2 powder.

The crystalline structure of the material has been analyzed through
X-ray diffraction analysis (XRD) using X-ray diffractometer (Philips
X'Pert PRO) with CuKα (45 KV, 50mA) radiation at room temperature
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in the range of 20°≤2θ≤ 80°. Fourier Transform Infrared (FTIR) study
was performed using Thermo Nicolet 380 spectrophotometer in the
region 4000-400 cm−1. The surface morphology and size of the as-
prepared samples have been observed using scanning electron micro-
scopy (SEM) (Quanta FEG 200 Instrument with EDX) and high resolu-
tion transmission electron microscopy (HRTEM, FEI Techno F30 ST
equipped with a field emission gun at 300 KV) techniques. The elec-
tronic state of the elements has been analyzed by X-ray photon electron
spectroscopy (XPS, PHI model 5802). Photoluminescence spectroscopy
has been performed using Bruin omega-10 spectrometer.

3. XRD analysis

The purity and crystallinity of the as-synthesized CeO2 samples have
been studied using X-ray powder analysis and Fig. 1 illustrates the X-ray
diffraction patterns of CeO2 particles prepared by varying pH such as 9
(CP1), 10 (CP2), 11 (CP3) and 12 (CP4) respectively. It can be seen
from Fig. 1, the diffraction peaks at 2θ=28.5, 33.1, 47, 56.3, 59.1,
69.5, 76.7, and 79.1°, which are indexed to (111), (200), (220), (311),
(222), (400), (331) and (420) lattice planes of cubic phase of cerium
oxide with space group Fm-3m and JCPDS(81–0792). The sharp and
strong diffraction peaks in Fig. 1 reveals that the as-prepared samples
are well crystallized; also, the diffraction peaks from other species could
not be identified. This elucidates the purity of the obtained samples.
According to the X-ray diffraction patterns, the crystallite diameters of
samples CP1, CP2, CP3 and CP4 have been respectively calculated as
33, 30, 23 and 19 nm using Debye Scherrer equation [14]. The dif-
fraction patterns reveal that the crystallite size has been decreased upon
increasing pH. The OH− ions are highly involved in the aggregation
process which would strongly affect the supersaturation degree of in-
itial precipitate [15,16]. Henceforth, the particle size decreased upon
increasing pH during the synthesis.

4. FTIR analysis

Fig. 2 shows the FT-IR spectra of the as-synthesized CeO2 nano
particles (CP1-CP4). The absorption bands at 1554, 1409 and 730 cm−1

are ascribed to the stretching vibration of O-H absorption and non-
bridging of OH groups and characteristic of cubic CeO2 respectively.
This indicates the presence of physisorbed water molecules linked to
CeO2 nanoparticles. Moreover, the lattice vibrational modes appearing
at 434 and 853 cm−1 are recognized to the Ce-O stretching vibration,

which are the characteristic bonds of cubic CeO2 [17]. The vibrational
peak appeared at 2348 cm−1 is corresponding to the C]O stretching
vibration of CeO2, which appears weakly when the pH is 9 and 10 and
disappears when the pH is > 10. All the vibrational peaks assigned in
the spectra are in agreement with the pure material that has been used
in the present study.

5. SEM analysis

The surface morphology of all the samples has been analyzed using
SEM analysis and the SEM images are shown in Fig. 3(a–d) along with
the EDX spectrum (Fig. 3(inset)) of the sample CP4. It is obviously
noticed from Fig. 3(a–d), that the solute environment (pH) plays a vital
role in its surface morphology during the preparation of CeO2 nano-
particles. Fig. 3 displays that the samples CP1 and CP2 are composed of
small crystallites and shows the irregular particles with soft agglom-
eration. When the environment of the solute is highly basic i.e.,
(pH > 10), the small nano particles of CeO2 aggregate and gradually
evolved into spherical assembly, in which a minimum energy is re-
quired to form the ceria particle. It may be due to the nucleation effect
of nano particles. It is described that the pH of the medium used in co-
precipitation method has an acute and significant impact in the final
product. The inset of Fig. 3(d) exhibits the typical EDX spectrum, which
reveals the several well defined bands of Ce and O in the as-synthesized
CeO2 nanoparticles.

6. TEM analysis

To further examine the morphology and size of the as-synthesized
sample, it has been subjected to the transmission electron microscopic
(TEM) investigation with the selected area electron diffraction analysis
(SAED). The TEM overview of the optimized sample (CP4) is shown in
Fig. 4(a). This clearly displays the uniform distribution of the particle
along with its size and shape. The particle size has been measured using
Measure IT software (Olympus soft imaging solution GMBH product) to
ensure a reliable representation of the actual size distribution and the
estimated particle size is about 27 nm. From Fig. 4 (b), it is clearly seen
that the high crystallinity of the powder leads to its respective well-
pronounced diffraction rings in the SAED pattern [18,19]. Fig. 4(b) can
be assigned to the reflection (111), (400), (311), and (200) planes of
cubic CeO2. There are no additional rings in the SAED pattern due to
any other crystalline impurities. These entire outcomes are in ac-
cordance with the XRD results. Therefore, it can be used as suitable
filler in the fabrication of composite electrolytes in Lithium secondary

Fig. 1. XRD patterns of CeO2 nano particles prepared by varying pH as 9(CP1),
10(CP2), 11(CP3), and 12 (CP4).

Fig. 2. FTIR spectra of CeO2 nano particles prepared by varying pH as 9(CP1),
10(CP2), 11(CP3) and 12 (CP4).
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batteries.

7. XPS analysis

The chemical valence state of the prepared CeO2 (CP4) has been
examined by XPS analysis and the high resolution XPS spectra of wide,
Ce 3d, O1s of CeO2 are shown in Fig. 5(a–c). Fig. 5(a) shows the wide
range scanning XPS spectrum and it reveals that the sample consists of
Ce, O and C elements on the surface of the sample. Fig. 5(b) demon-
strates the Ce 3d core level peak of ceria. The symmetric peaks of Ce4+

3d3/2 and Ce4+3d5/2 have been observed at binding energies 874.42
and 880.86 eV respectively. The spin-orbit split energy is about 6.44 eV
for the sample. These values are in good agreement with Ce4+ ion in the
sample [20,21]. The binding energy of oxygen O1s is superposed
around 530.24 eV with two more peaks in higher and lower sides,

which is shown in Fig. 5(c). The high binding energy is recognized to
chemisorbed oxygen that is known to be the oxidation activity. The
lower binding energy is analogous to the lattice oxygen in CeO2 [12].
All perceived binding energy values are in agreement with the litera-
ture, which reveals the chemical stability of the sample.

8. PL analysis

The photoluminescence spectroscopic analysis has been performed
with an excitation wavelength of 270 nm for all the samples (CP1-CP4)
and the spectra are given in Fig. 6. It is noticed from the typical
fluorescence spectrum of all samples (CP1-CP4) that a UV band has
been occurred around 363 nm (3.4 eV). The peaks at 434 and 523 nm
corresponds to energies 2.86 and 2.37 eV respectively are evidently
lower than the deduced band gap. This is likely to be related with band

Fig. 3. SEM images of CeO2 nano particles prepared by varying pH as a) 9(CP1), b)10(CP2), c) 11(CP3) and d) 12(CP4) (Inset: EDX spectra of CP4).

Fig. 4. a) TEM image b) SAED pattern of CP4.
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to band emission which is probably involving the localized or free ex-
citons. It reveals the mid-gap trap states such as oxygen vacancies or
defect states.

9. Conclusion

The CeO2 nano particles have been synthesized using co-precipita-
tion method by varying pH values such as 9, 10, 11 and 12 (CP1-CP4).
The cubic structure with crystallite size between 33 and 19 nm of CeO2

has been ascertained using XRD. The functional group vibrations have
been confirmed through FT-IR analysis. The aggregated spherical nano

particles are evolved when pH approaches 12. The spherical mor-
phology with particle size 27 nm has also been confirmed through TEM
analysis. The chemical stability has been affirmed using XPS analysis.
The band to band transition has been observed at 3.57 eV from pho-
toluminescence study, which is related to the mid band transition. From
the above analyses, the optimized sample is believed to serve as suitable
filler in the Lithium polymer electrolyte in the Li-secondary battery
fabrication.
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The crystalline Zirconium oxide (ZrO2� nano particles were synthesized using optimized content
of Zirconium nitrate (Zr(NO3�2 · 3H2O) with varying KOH concentration (0.5, 1 and 1.5 M) by
co-precipitation method. The thermal history of the precursor was carefully analyzed through Ther-
mogravimetric (TG/DTA) measurement. The as prepared samples were characterized to ensure
structural, functional, morphological, compositional, chemical composition and band gap by X-ray
diffractometer (XRD), Fourier transform infrared spectroscopy (FTIR), Laser Raman, scanning elec-
tron microscopy (SEM), High resolution Transverse Electron Microscopy (HR-TEM), X-ray photo
electron spectroscopy (XPS), EDX, Photo luminescence spectroscopy (PL). The monoclinic struc-
ture with space group P21/c has been confirmed from XRD (JCPDS 89-9066). The Zr–O stretching
vibration and Zr–O2–Zr bending vibrations were confirmed through FTIR analysis. The well dis-
persed particles with spherical morphology were confirmed through SEM and TEM analysis. The
oxidation states of Zr, O and C were confirmed through XPS analysis. The oxygen vacancies and
band gap of the particles were investigated through PL analysis.

Keywords: ZrO2, Co-Precipitation Method, Luminescence.

1. INTRODUCTION
Nano materials are considered as intermediate between
classical molecular scale and micron sized entities. The
synthesis of nano materials with structural stability are
great importance with unique physical and chemical prop-
erties in comparison with those of their bulk counterparts,
and their properties based on quantum size effect and high
surface area.1–3 Recently, many studies performed on the
oxide material such as TiO2, Al2O3, ZnO and ZrO2 etc.,
among these, Zirconia is very fascinating material in cur-
rent technology. It has been renowned as a high-eminence
in energy storage due to its thermal, chemical stability and
outstanding mechanical properties such as high strength
and crack robustness, high melting point, low thermal con-
ductivity, high coefficient of thermal expansion, wide band
gap (5.0–5.5 eV), high resistance to rust and high fracture
toughness. ZrO2 is always a very significant ceramic mate-
rial due to its extensive range of application as structural

∗Authors to whom correspondence should be addressed.

materials, solid-state electrolytes, thermal barrier coatings,
electro-optical materials, gas-sensing, corrosion-resistant,
automobile parts, metal components and catalysts etc.,4

Stabilized Zirconia is used in oxygen sensors and fuel
cell membranes, because it had the competence to allow
oxygen ions to move freely through the crystal structure
at high temperature. The amorphous nature of the poly-
mer electrolyte was enhanced when the addition of ZrO2,
because it had high dielectric constant.5

There are three polymorphic modifications of Zirconia:
monoclinic (m), tetragonal (t) and cubic (f ).6�7 Various
method of synthesis of ZrO2 nano crystalline have been
established and inspected including sol–gel,8 combustion,9

Microwave assisted,10 hydrothermal11 and co-precipitation
method12 etc., co-precipitation methods have been a widely
practiced for production of homogenous, high-purity and
crystalline oxide powders at low cost and simplicity of
the method allows the mass production.13 Furthermore, the
ceramic particles with preferred shape and size can be pro-
duced if solvent pH, solute concentration, reaction temper-
ature, reaction time, seed material and the type of solvent
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conditions are optimized.14 Drazin et al.,15 were reported
monoclinic ZrO2 phase was prepared via modified reverse-
strike co-precipitation synthesis route at calcination tem-
perature 1100 �C for 12 h using organic additive. Huazhou
et al.,16 reported monoclinic ZrO2 phase with average grain
size of 110 nm using surfactant by two-step sintering by
hydrothermal corrosion method.

However, Zirconia metal oxide with pure monoclinic
phase attained is still difficult. Of particular interest of this
issue, motivation towards facile synthesis and character-
ize the pure monoclinic ZrO2 nanoparticles using aqueous
solution in the absence of surfactant with controlled mor-
phology and crystalline nature in the present study using
modified co-precipitation method.

2. MATERIAL AND METHOD
Zirconium nitrate hexahydrate [Zr(NO3�2 · 6H2O], Potas-
sium hydroxide [KOH] and double distilled deionized
water were purchased from Alfa Aesar with analytical
grade. All the chemicals were used without further purifi-
cation. In a typical reaction, 0.2 M of Zirconium nitrate
(Zr(NO3�2 · 6H2O) was dissolved in three beakers using
deionized water under stirring at 500 rpm at room tem-
perature. Potassium hydroxide (KOH) with 0.5, 1.0 and
1.5 M (B1, B2 and B3) was slowly added in the respective
three beakers until pH > 10 were attained; the products
were filtered and repeatedly washed with deionized water
and acetone simultaneously. The Zirconia precursor was
dried in vacuum oven for 4 h followed by milling it for
30 minutes. Then, the sample was calcined at 900 �C for
4 h in the muffle furnace. Finally, ZrO2 nanoparticles were
obtained.

The samples B1, B2 and B3 obtained by a
co-precipitation method were characterized by high res-
olution electron microscopy (HRTEM, FEI Techno F30
ST equipped with a field emission gun at 300 KV). The
morphology of the B1, B2 and B3 samples was analyzed
by scanning electron microscopy (SEM, Hitachi S-4700
Type II) operated at an accelerating voltage of 25 KV. The
phase and crystalline size of the three samples were esti-
mated through X-ray Diffraction measurements (XPERT-
PRO with Cuk� radiation). FTIR study was made using
Thermo Nicolet 380 Instrument Corporation and KBr in
the 4000–400 cm−1 region. TG/DTA was measured on
thermal analyzer (SHI-MADZU DTG-60AH). The operat-
ing temperature was increased from 30 to 1000 �C at heat
rate of 10 �C min−1 in nitrogen atmosphere. The presence
of a monoclinic structure was confirmed through Micro
Raman spectroscopy (STR-500 Laser Raman spectrometer,
SEKI, Japan), chemical valence state of the elements was
analyzed by X-ray photon electron spectroscopy (XPS,
PHI model 5802). Optical properties of the products
were carried out by photo luminescence (PL, Fluoromax-
4 spectra fluorometer with Xe lamp excitation light
source).

3. RESULTS AND DISCUSSION
TG/DTA analysis was carried out to study the transfor-
mation process of the precursors throughout calcination
process. Figure 1(a) showed the profile of weight loss of
precursor as function of temperature as measured in TGA.
The precursor showed gradual weight loss between 30 and
200 �C, followed by feeble weight loss between 200 and
700 �C; Also, a rapid weight loss has been occurred in the
range 700–800 �C. The uppermost rate was attributed to
the loss of moisture. The second weight loss was attributed
to exclusion of potassium nitrate from the mixture. The
DTA curve also exhibited that broad endothermic curve
around 400 �C, which is in accordance with TGA curve.
The third weight loss was attributed to transform the pre-
cursor hydroxide in to Zirconium oxide particles. There
was an exothermic peak at 820 �C in the DTA curve cor-
related to the transition in TGA data. The total weight loss
(23%) observed from TGA study is well in agreement with
that of theoretical weight loss;17 also, these results were
good agreement with the previous literatures.17–20

The phase purity and crystalline nature of the
as-synthesized ZrO2 samples were analyzed by X-ray
Diffraction (XRD). Figure 1(b) depicted that XRD pattern
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Figure 1. (a) TG/DTA profile for the precursor; (b) XRD pattern of
ZrO2 prepared using 0.5 (B1), 1.0 (B2) and 1.5 (B3) M of KOH as
precipitating agent.
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of the as prepared sample using solutions of varying KOH
concentration. All the diffraction peaks have been indexed
to the monoclinic ZrO2 (JCPDS: 89-9066). The peak at
(1̄11) orientation have high intensity than the other peaks,
which was attributed to the high crystalline nature the par-
ticular orientation of the samples. The average crystallite
size was estimated as 58.6, 49.7, 60.3 nm for the sam-
ples B1, B2 and B3 respectively using Debye-Scherrer
formula21 and the values are comparable with the previous
studies.22–25

Further, the fundamental vibrational group analysis of
nanoparticles was studied by the FTIR and is shown
in Figure 2(a). The strong bands at 1635, 1382 and
757 cm−1 are attributed to the stretching vibration of O–H,
absorption of non-bridging OH groups and the character-
istic of m-ZrO2 respectively. These peaks are shifted to
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Figure 2. (a) FTIR spectrum, (b) Laser Raman spectra of ZrO2 pre-
pared using 0.5 (B1), 1.0 (B2) and 1.5 (B3) M of KOH as precipitating
agent.

(1637, 1635, 1640 cm−1�, (1384, 1382, 1388 cm−1� and
(769, 757, 756 cm−1� in the complexes. The peaks partic-
ularly at 757 and 407 cm−1 ascribed to Zr–O2–Zr asym-
metric and Zr–O stretching modes, respectively, which are
the characteristic bonds of monoclinic phase of ZrO2. The
FTIR studies were in good agreement with the XRD pat-
tern of the ZrO2 phase.

26–28

The Raman spectra of prepared samples were given
away in Figure 2(b). The active peaks were observed at

Figure 3. SEM images (a–c) of ZrO2 prepared using 0.5 (B1), 1.0 (B2)
and 1.5 (B3) M of KOH as precipitating agent and EDX image (d) of
0.2 M Zr(NO3�2 ·6H2O and 1 M of KOH.
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Figure 4. (a) TEM image and (b) SAED pattern of ZrO2 prepared using
1.0 (B2) M of KOH as precipitating agent.

179, 337, 381, 472, 554 and 631 cm−1 in Raman spectra,
which belong to the monoclinic phase of zirconium. The
peaks at 337 and 631 cm−1 are assigned to Ag mode.
The peaks at 381 and 608 cm−1 could be corresponding
to the Bg mode. The remaining peak at 179 cm−1 could
be identified as the Ag + Bg mode of monoclinic ZrO2

phase. Based on the present results, we could identify
the Raman active optical phonons through co-precipitation
method. Raman active optical phonons were substantiated
with other findings using precipitation method,29 phase
transition method,30 sol–gel method31 and hydrothermal
method.32

Figures 3(a)–(d) display the SEM micrographs and EDX
spectrum of ZrO2 samples prepared using co-precipitation

route with the magnification of 15 K. Two kinds of par-
ticle morphologies such as primary particles with spher-
ical shape (size approximately 340 nm) and secondary
particles with rod like morphology (0.38 �m× 0.24 �m)
were observed (Fig. 3(a)). In Figure 3(b), spherical like
shape (size approximately 184 nm) and in Figure 3(c),
the two kinds of particle morphologies viz., small spheri-
cal shape morphologies (size approximately 192 nm) and
secondary particles hexagonal rod like morphology (size
approximately 0�21× 0�42 �m) were observed (using IT-
measure software). It can be concluded that the catalyst
has played a pivotal role in the surface morphology of
the powder. Further, the EDX spectrum of ZrO2 powder
for 1 M of KOH is showed in Figure 3(d). The result
clearly exhibits the presence of Zr and O2. The Cu species
indicate that Cu plate was used while EDX analysis was
performed.
Figures 4(a)–(b) explained TEM images and SAED pat-

tern for the sample B2. Figure 4(a) can be perceived
that ZrO2 particles were almost agglomerated with a nat-
ural sensation. In the case of nanoparticles, agglomera-
tion happens very easily, because the surface forces such
as Van-der-walls forces, capillary forces and electrostatic
forces can overwhelmed only against gravitational and iner-
tial forces for particular in size assortment.33 The average
diameter of the particles was estimated around 190 nm. The
spherical particles distribution might be mainly fabricated
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Figure 6. Photo luminescence spectra (a–c) of ZrO2 prepared using
0.5 (B1), 1.0 (B2) and 1.5 (B3) M of KOH as precipitating agent.

by an Oswald ripening mechanism, i.e., the dissolving of
fine particles and the depositing of components on larger
particles. The size and shape of the ZrO2 nanoparticles
observed from TEM images were found to coincide with
the previous literature.34 From Figure 4(b), it is revealed
that the orientation along (332), (111), (002) and (202)
directions are in accordance with the d-spacing values
3.457, 2.8860, 2.6261 and 1.6958 Å in the XRD pattern.
The chemical valence state of the zirconia nanoparti-

cle was investigated by XPS analysis. The high resolution
XPS spectra of wide, Zr 3d, O1s and C1s core levels of
ZrO2 were exemplified in Figures 5(a)–(d). Figure 5(a)
shows the wide range scanning XPS spectrum and it can be
seen that the sample consists of Zr, O and C elements on
the surface of the sample. The doublet of binding energy
at 180.9 and satellite peak at 183.2 eV of Zr 3d spec-
tra (Fig. 5(b)) correspond to Zr 3d5/2 and Zr3d3/2 with
spin orbit splitting of 2.3 eV. The binding energy of O1s
and C1s peak in Zirconia is located at 528.23 eV and
284.64 eV respectively. The peak positions and their rela-
tive intensities were in line with earlier literatures.35–39

The photoluminescence spectra Figures 6(a)–(c) has
observed a representative fluorescence spectrum with an
excitation wavelength of 270 nm, whereas a high intense
broad fluorescence band was also seen around 369 nm
with corresponding energy of 3.36 eV is called the near
band edge emission. This is likely to be associated with
band-to-band emission possibly involving localized or free
excitions.40–42 The weak peaks at 416 and 485 nm respec-
tively with corresponding energies of 2.96 and 2.56 eV,
are obviously lower than the deduced band gap, which can
be attributed to the presence of oxygen vacancies.

4. CONCLUSION
The ZrO2 nano particles were successfully synthesized
via the co-precipitation method using three different KOH

(precipitating agent) compositions viz., 0.5, 1 and 1.5 M.
The monoclinic structure with Fm-3m space group was
confirmed through (JCPDS: 89-9066) using XRD analy-
sis. Further, the presence of Zr, O species was inveterate
via FT-IR, RAMAN, EDX and XPS analyses. The mor-
phology of ZrO2 nano particles was highly dependent on
the concentration of the precipitation agent. The well dis-
persed spherical morphology with particle size of 193 nm
in TEM analysis was observed. Also, it has a band gap of
3.36 eV, which was lower than bulk. Based on these anal-
yses, one can accomplish that this material can eventually
be used as filler for Lithium polymer battery electrolyte
fabrication.
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Abstract: In the present study, the composite material ZrO2 has been prepared using NH3 and Na2CO3 as 
precipitation agents, via co-precipitation technique. The as prepared ZrO2 has been characterized using XRD, 
FE-SEM, FTIR analyses. The ZrO2composites were used as filler in the parent polymer electrolytes based on 
P(S-MMA)-LiClO4by solution casting techniques. Electrical, structural and functional analyses of P(S-MMA) 
based polymer electrolytes comprising ZrO2 were studied and the results are reported. The incorporationZrO2 
filler greatly enhanced the ionic conductivity and other electrochemical properties of P(S-MMA) based polymer 
electrolytes. 
Key words- P(S-MMA); ZrO2; LiClO4. 
 

Introduction and Experimental 

       The rapid development of new technologies such as cell phone, notebook PC, and electric vehicle (EV) has 
promoted research aimed at improving battery performance with special effort devoted to Lithium batteries [1]. 
Numerous methods have been reported for improving characteristics of polymer electrolytes such as cross-
linking, incorporation of organic solvents and fillers, etc., An attempt has been made to study the effect of 
addition of ZrO2 in PS-MMA based SPEs for various compositions using conventional solution casting 
technique. Towards attaining good properties of filler, ZrO2 was prepared laboriously by co-precipitation 
method using NH3 and Na2CO3 as precipitating agents.  Based on the properties of as-prepared optimized filler, 
the various compositions of composite polymer electrolytes were prepared.  

The ZrO2fillers were synthesized by co-precipitation method using 0.2M Zr (NO3)2.3H2O and Na2CO3 or NH3 as 
precipitation agent [2]. The prepared composites of different weight ratio were added into the optimized P(S-
MMA)-LiClO 4 as dopant salt by solution casting technique. 
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Results and discussion 

In order to determine the thermal property of the ZrO2precursors, the calcinations temperatures were fixed as 
700 and 900 °C for NH3 and Na2CO3 as a Precipitation agent respectively. Fig 3.1.A shows the TG curves of 
the precursors of ZrO2 whose precipitation agents are NH3 and Na2CO3. X-ray diffraction pattern and IR 
Spectra of the as prepared ZrO2 filler using NH3 and Na2CO3 as precipitation agents are represented in Fig.3.1 
(B & C). 

 

 

 

 

 

 

 
 
 

 

Fig.3.1 (A)TG curves (B) XRD patterns and (C) FT-IR spectra of ZrO2 precursors when NH3 and Na2CO3 are 
used as precipitation agents. D) SEM image of ZrO2 Precursors when Na2CO3 as precipitation agent. 
 
 

From the XRD pattern it is confirmed that the as-prepared samples are ZrO2 with the monoclinic 
structure which is in agreement with the JCPDS 781807.  However, all the peaks are in very good agreement 
with the standard for the sample prepared while using Na2CO3 as precipitation agent than the other one. Using 
the Scherer’s relation the crystalline domain size was determined as 110 nm. The IR spectra of ZrO2 crystalline 
samples show various stretching frequencies around 740 and 500 cm-1[3], which are attributed to Zr-O2-Zr 
asymmetric Zr-O stretching vibrations. These peaks are shifted to 780 and 499 cm-1respectively confirms the 
formation of ZrO2inNa2CO3 based ZrO2 samples. Fig. 3.1 Dshowed that the SEM image of Na2CO3based ZrO2 
particles; most of the particles are found to have hexagonal structure with needle shape. The particle size is 
estimated as 294nm for Na2CO3based ZrO2 and has uniform morphology. It reveals that ZrO2 filler aiding in the 
formation of amorphous phase into the parent polymer matrix.The XRD pattern, (Fig.3.2 (a)) shows few intense 
peaks like 2θ=28.3, 31.6° which shows the monoclinicstructure of ZrO2 filler. [JCPDS:78-1807]. Also two 
intense peaks at 2θ=13.1 and 22.9° which reveal the hexagonal structure forLiClO4 [JCPDS: 30-0751]; these 
intensity are comparatively low while incorporating ZrO2 in the parent polymer electrolyte. Actually, the 
intensity of bare electrolytes is reduced while incorporating the ceramic fillers as contradict one.  This may be 
caused the complete dissociation of inorganic salt (which is acting as a dissociating agent) in to the polymer 
matrix which leads to the amorphous nature. The OH stretching vibration of PS-PMMA around 3500cm-1 is 
shifted in between 3533-3650 cm-1 in the complexes (Fig.3.2). The vibration peaks at 2990 and 2940cm-1 are 
ascribed to the asymmetric and C-H stretching of the absorption peak of PS-MMA. The characteristic vibration 
peak appearing at940cm-1is assigned to per chlorate anion that is shifted to 960 cm-1in the complexes. The 
characteristic peaks of Zr-Ostretching and Zr-O2-Zr asymmetric modes are appeared at 500and 740 cm-1

.The 
addition of new peaks, shifting of peaks and absence of peaks in the complexes ensures the complexation had 
taken place between PS-MMA and LiClO4 and ZrO2 filler composites polymer electrolytes. In the present work, 
ZrO2 concentration has been varied as (3, 6, 9 and12)wt% on the bare P(S-MMA)-LiClO4electrolyte. The parent 
electrolyte exhibits the conductivity of 6.8×10-7Scm-1 at 303 K. While incorporating the ZrO2 filler, 
conductivity enhances two orders of magnitude at 303 K. The temperature dependent ionic conductivity plots 
are shown in Fig 3.3 in the temperature range 303-353K. The conductivity of the electrolyte increases with the 
increase of temperature. Also it is clear that the conductivity increases upon the addition of ceramic filler up to 
9 wt%; further addition of ZrO2 makes the conductivity dips down.The same trend was obtained for our 
previous studies on PVdF-PEMA based composite gel polymer electrolyte and for PEO based composite 
polymer electrolyte [4]. For all complexes, the conductivity increases with increase of temperature and this can 
be rationalized by free volume model. The curvature of the plots indicates that ionic conductivity seems to obey 
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Arrhenius relation, which describes that ion transport in polymer electrolytes is dependent on polymer 
segmental motion. The activation energy of the system varies within the range 0.14 to 0.37 eV. It reveals that 
highly conducting sample possesses lesser activation energy. 

 

 
 
 
 
 
 
 
 
 
 

Fig.3.2 (a) XRD patterns and (b) IR spectra of bare PS-MMA-LiClO4 and 3 (RA1), 6 (RA2), 9 (RA3) and 12 
wt% (RA4) of ZrO2 based polymer electrolytes. 

 
 

 

 

 

 

 

Fig.3.3 Temperature dependent ionic conductivity plots of P(S-MMA) (80)-LiClO4 (20) + ZrO2 (bare, 3, 6, 9, 
12) wt% based electrolytes in the temperature range 303-353K. 

 

 

Conclusion 

The ZrO2 filler were synthesized by co-precipitation method using Na2CO3 and NH3 as precipitation agents. 
The as-prepared samples were ZrO2 with the monoclinic structure which is in agreement with the JCPDS 
781807. The 3, 6, 9 and 12 wt% of ZrO2 was dispersed in to P(S-MMA) (80)-LiClO4(20) polymer matrix by 
solution casting method. P(S-MMA) (80)-LiClO4 (20)-9wt% ZrO2 exhibits maximum ionic conductivity 2.2 
×10-4 Scm-1at 303K. The ionic conductivity of composite polymer electrolytes increases in two orders of 
magnitude on the bare polymer electrolyte. The activation energy varies between .14 to .37 eV.  
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