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Abstract: This paper deals with preparation of gel polymer electrolytes modified by flame retard-

ants based on methyl methacrylate. The aim of this work was to investigate the effect of thermal 

polymerization method on electrochemical properties such as ionic conductivity and potential win-

dow of gel polymer electrolytes. For measuring electrochemical properties, impedance spectro-

scopic techniques and linear voltammetry were used. Results indicate the dependence of ionic con-

ductivity on the amount of flame retardant. 
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1 INTRODUCTION 

Rechargeable lithium ion batteries, which are one of the most important technologies for energy 

storage, play a vital role in the modern world and have become an integral part of our everyday life. 

They are now used in many portable devices such as mobile phones, laptops, digital cameras and 

more. Li batteries have a long life cycle, but many aspects like improvement in safety, energy den-

sity, cost reduction, flammability and other are required [3,4].  

Gel polymer electrolytes attract the attention of many researchers worldwide for their application in 

different electrochemical devices. The use of polymeric electrolytes is widely regarded as a promis-

ing approach for lithium ion batteries due to their high ionic conductivity at ambient temperature 

and a reduction in the risk of leakage of the electrolyte solution. Research focuses on the develop-

ment of new gel polymer electrolytes with high ionic conductivity, good mechanical properties and 

thermal stability [2,6,7,8]. 

Polymer methacrylate based systems have the advantage of wide availability, low toxicity and good 

electrochemical stability. These polymer gels, which are based on conductive salt, have a number 

of advantages over the previous liquid electrolytes. The most important advantages are elimination 

of the risk of electrolyte spillage, high safety, high shape flexibility, low reactivity due to solid 

component of gel, low density, resistance to mechanical stress, high temperatures, pressures, and 

vibrations [2,7]. 

Flame retardants are chemical compounds that are added to materials or otherwise incorporated to 

plastic compounds to provide varying degrees of flammability protection. These chemicals increase 

fire resistance, especially by reducing the ease with which a polymer burns [1].  

There are many different types of flame retardants with distinct properties. For the preparation of 

gel electrolytes based on MMA, different phosphorous-based flame retardants were chosen. This 

type of flame retardants shows to some extent a high flame retardancy. They facilitate the for-

mation of a carbonized layer by burning, and this charred layer blocks oxygen and radiation heat, 

whereby it is considered that burning is suppressed [1]. 

628



This article will concentrate on improving gel electrolyte parameters like increasing ionic conduc-

tivity, expanding the potential window and improving the long-term chemical and electrochemical 

stability. First section of this work presents materials, which were used for chemical composition of 

gel electrolyte, preparation process of gel and measurement techniques, which were used in this 

work. The following section includes all graphs and tables with results, which were obtained during 

the measurement process. Photographs of gel polymer electrolyte were presented as well. The final 

section presents some conclusions, which were made on the basis of the measurements. 

2 EXPERIMENTAL 

2.1 MATERIALS 

The starting materials used for the preparation of gel polymer electrolyte are salt lithium hexafluor-

ophosphate – 98% (LiPF6), monomer methyl methacrylate (MMA), cross-linking agent ethylene 

glycol dimethacrylate (EDMA), initiator azobis isobutyronitrile (AIBN) for thermal polymeriza-

tion. Ethylene carbonate (EC) and diethylene carbonate (DEC) were used as solvents. Triethylene 

phosphate (TEP) and tributyl phosphate (TBP) were selected as flame retardants. All materials ob-

tained from Sigma Aldrich and their chemical structures are shown in Figure 1. 

 
 

a) b) 

 

Figure1: The structural formulas of used modifiers: a) TEP; b) TBP [5] 

2.2 MEASUREMENT TECHNIQUES 

Electrochemical properties such as ionic conductivity and potential window were measured during 

this work with electrochemical test cell EL-CELL using potentiostat Eco AutoLab. The thin gel 

samples were prepared about 0,9 mm in thickness and 0,64 cm2 in area [7]. 

The ionic conductivity of the gels was measured by impedance spectroscopy with a frequency 

range from 1 MHz to 0,1 Hz. There were 6 steps per decade and the amplitude sinusoidal signal 

was 10mV. 

Potential window measurement was performed using linear sweep voltammetry in the range of 0,1 

V to 5,1 V with sweep speed of 0,5 mV/s. Values were calculated for 5 µA and 10 µA [7]. 

2.3 PREPARATION OF GEL POLYMER ELECTROLYTE FILM 

The preparation procedure of gel polymer film included two steps. The first step was the prepara-

tion of liquid electrolyte. Liquid electrolyte was obtained by dissolving LiPF6 into the solvent 

EC:DEC (in weight 1:1), where the lithium salt (0,5 mol/l), EDMA (3,5 mol% in monomer), MMA 

(20 mol%), AIBN (1 mol% in monomer) were added into the solution. The second step was the 

production of gel sample by thermal polymerization. After being stirred for 20 minutes, the liquid 

electrolyte solution was put into a glass form. The glass form consists of several layers: a glass lay-

er, a Teflon layer, a silicone layer, a transparent foil and a second glass layer [7].  

In this work, thermal polymerization was chosen. In this case the liquid solution in glass form was 

placed to the furnace and polymerization was during 2 hours with temperature 70 °C.  
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3 RESULTS AND DISCUSSION 

During this work, three series of gel polymer electrolytes with selected flame retardants were pre-

pared. Every series consists of five samples which differ from each other by concentration of se-

lected flame retardant. The concentrations of 10%, 15%, 25%, 50% and 75% were chosen for mod-

ifier. Gel samples were prepared in glove box with argon atmosphere JACOMEX. Sample resp. gel 

polymer electrolyte is circular gel with a diameter 16 mm and defined thickness 0,9 mm, which is 

cut out from the total area of formed polymerized gel. The electrochemical properties of gel sam-

ples (ionic conductivity, potential window) were measured with electrochemical test cell EL-CELL 

using potentiostat Eco AutoLab.  

In Figure 3, gel electrolytes with TEP after gelling are shown. In Figure 4, samples with TBP after 

gelling are shown. All gel samples were elastic, flexible, clear, non-adhesive and have a good ma-

nipulation. 

 

Figure 3: Photographs of the gel polymer electrolytes with different concentration of TEP after 

gelling 

 

Figure 4: Photographs of the gel polymer electrolytes with different concentration of TBP after 

gelling 

The measured results of gel polymer electrolytes are shown in Table 1 and Table 2. The compari-

son of ionic conductivity with TEP and TBP is shown in Figure 5. In Figure 6, graphs of potential 

windows for gel samples with TEP and TBP are shown. 

TEP 

VFR [%] 10 15 25 50 75 

γ [mS/cm] 2,88 1,99 3,27 3,23 4,87 

TBP 

VFR [%] 10 15 25 50 75 

γ [mS/cm] 3,54 3,54 3,06 5,15 3,97 

Table 1: Ionic conductivity of gel polymer electrolytes with flame retardants 
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TEP 

VFR [%] 10 15 25 50 75 

5 µA [V] - 2,75 - 3,29 3,34 

10 µA [V] - 4,53 - 3,73 3,82 

TBP 

VFR [%] 10 15 25 50 75 

5 µA [V]  4,49 2,12 4,35 3,42 

10 µA [V]  4,99 3,75 4,92 4,20 

Table 2: Potential window of gel polymer electrolytes with flame retardants 

 

Figure 5: Comparison of ionic conductivity with selected flame retardants 

  

a) b) 

Figure 6: Potential windows of gel polymer electrolytes with selected retardands: a) TEP; b) TBP 

4 CONCLUSION 

Experimental measurements in this work served as the initial studies on the gel polymer electro-

lytes with flame retardants. The paper has shown that different concentration of flame retardant in 

chemical composition of gel polymer electrolyte has a considerable influence on electrochemical 
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and mechanical properties. The best electrochemical and mechanical properties have gel electro-

lytes with flame retardant TBP, the value of ionic conductivity of these samples were more than 3 

mS/cm. The highest ionic conductivity was 5,15 mS/cm (gel polymer electrolyte with 50% TBP). 

The potential window of this sample was high. Further research will be focused on thermal proper-

ties and use of Li-ion cells. 

ACKNOWLEDGEMENTS 

This work was supported by the grant FEKT-S-17-4595 "Materiály a technologie pro elektrotech-

niku III" and also sponsored by the NATO Science for Peace and Security Programme under grant 

985148. 

REFERENCES  

[1] Gracheva, I.; Jahn, M.; Sedlaříkova, M.; Vondrák, J. Gel polymer electrolytes with fire re-

tardants. In 38. Nekonvenční zdroje elektrické energie. 1. Hustopeče: Česká elektrotechnická 

společnost, 2017. s. 145-148. ISBN: 978-80-02-02725-6. 

[2] Jahn, M.; Peterová, S.; Sedlaříková, M.; Vondrák, J.; Veselkova, I. Gel polymer electrolytes 

for lithium cells based on various methacrylates. In ECS Transaction. ECS Transactions. 1. 

Pennington, New Jersey 08534-2839, USA: The electrochemical society, 2018. s. 123-129. 

ISBN: 978-1-60768-864-8. ISSN: 1938-5862. 

[3] Masoud E. M.: Citrated porous gel copolymer electrolyte composite for lithium ion batteries 

application: An investigation of ionic conduction in an optimized crystalline and porous 

structure. Journal of Alloys and Compounds,  

[4] Shalu, Singh V. K. and Singh R. K., Development of ion conducting polymer gel electrolyte 

membranes based on polymer PVdF-HFP, BMIMTFSI ionic liquid and the Li-salt with im-

proved electrical, thermal and structural properties. Journal of Materials Chemistry C 

[5] Sigma-Aldrich, A part of Merck [online], http://www.sigmaaldrich.com, 2019. 

[6] Stephan, A. Manuel. Review on gel polymer electrolytes for lithium batteries. European Po-

lymer Journal [online]. Science Direct, 2006(42), 21-42 [cit. 2017-03-05]. Dostupné z: 

http://krc.cecri.res.in/ro_2006/034-2006.pdf  

[7] Veselkova I., Jahn M., Sedlaříková M., Vondrák J.: Electrochemical properties of gel poly-

mer electrolyte with flame retardant using as solvent, In ECS Transaction. ECS Transacti-

ons. 1. Pennington, New Jersey 08534-2839, USA: The Electrochemical Society, 2018. s. 

15-21. ISBN: 978-1-60768-864-8. ISSN: 1938-5862. 

[8] Veselkova, I.; Jahn, M.; Sedlaříková, M.; Vondrák, J. Effect of cross-linking agents and fla-

me retardants on gel polymer electrolyte properties. ECS Transaction, 2017, roč. 81, č. 1, s. 

41-46. ISSN: 1938-6737. 

 

632


