Li-ion Conduction and Structural Studies of Gel Polymer Electrolytes Based on Poly (methylmethacrylate)
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Abstract
 The gel polymer electrolytes (GPEs) composed of PMMA and LiClO4 salt dissolved in the mixture of EC and PC have been prepared by solution casting technique. The GPE samples are prepared by varying the salt concentrations from 5 wt.% to 30 wt.%. AC impedance spectroscopy measurement has been carried out to determine the ionic conductivity of the samples. The sample containing 20 wt.% of LiClO4 salt exhibits the highest room temperature ionic conductivity of 3.34 x10-3 S cm-1. The amorphous nature and structural changes between LiClO4 salt, EC and PC in the PMMA based GPEs have been validated using XRD and FESEM analysis. 
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Introduction

Since the recognition of potential applications of polymer electrolyte in lithium batteries and electrochemical devices (Ahmad 2009; Selvasekarapandian et al. 2005; Kumar et al. 2008), a remarkable research effort has been dedicated to find the optimal combination of host polymer and dopant salt for fast ionic transport. Primary work on polymer electrolytes was solid polymer electrolytes (SPEs) which are mainly based on complexes of PEO with various lithium salts. These systems failed to show enviable ionic conductivity due to their high degree of crystallization (Meneghetti et al. 2004; Ahmad et al. 2005)   . There have been various attempts to prepare polymer electrolytes with properties similar to those liquid electrolytes (Kumar et al. 2010). One of the successful approaches that can achieve this requirement is by adding polymer matrix into the system to form “gel-type” polymer such as poly methylmethacrylate (PMMA) (Vondrak et al. 2004; Stephan et al. 1999). The gel polymer electrolytes (GPEs) have many advantages compared to solid polymer electrolytes because they inherited the important properties of liquid electrolyte including enhancement on ionic conduction, electromechanical stability on anode and other metal oxide cathode materials, safety against electrical and mechanical abuse (Ahmad et al. 2005; Vondrak et al. 2004; Stephan et al. 1999). Chandra et al. 2000 has been reported that polymer only act as a stiffener and not taking part in conduction process. Among lithium salts used in GPEs, lithium perchlorate (LiClO4) is more favorable due to its highly soluble in organic and even water, less hygroscopic and does not undergo oxidation on the anode (Silva 2002; Deepa 2002). In order to increase the amorphous phase and the conductivity value, different plasticizers like ethylene carbonate (EC) and propylene carbonate (PC) were added to these polymer electrolytes.

In this work, the samples of gel polymer electrolyte using poly (methylmethacrylate), PMMA mixed with fixed amount of the mixture of EC and PC as plasticizing solvent with varied amounts of lithium perchlorate, LiClO4 have been prepared. Ionic conductivities of these samples have been measured by complex impedance spectroscopy. XRD and FESEM have been carried out to investigate the structural and complexation features of the GPE samples. 

Experimental Methods

Gel polymer electrolyte (GPE) samples ware prepared using high purity lithium perchlorate, LiClO4 salt that obtained from Aldrich ranging from 5 wt.% to 30 wt.% was dissolved in a plasticizing solvent of ethylene carbonate (EC) and propylene carbonate (PC). The mixture of 
EC: PC is fixed at 2: 1. The amount of the polymer host, PMMA with an average molecular weight of 9.96 x10-1 gmol-1 was then added accordingly into the electrolyte solution. The mixture was continuously stirred for several hours with magnetic stirrer at 60°C until clear and transparent mixture was obtained. The solutions were then cast onto glass petri dishes and continue heating for additional 24 hours at 80 °C. To prevent contact with air and moisture, the samples were kept in desiccator until characterizations were carried out. AC impedance spectroscopy for the samples was conducted by using a computer controlled HIOKI 3532 LCR operating in the frequency range of 50 Hz to 1 MHz. In order to study the structural properties of GPE samples, XRD patterns of the samples were recorded using D500 diffractometer which employed Cu-Kα X-radiation. FESEM is used to study the surface morphology of GPE samples. The FESEM model used is FEI Quanta 200 with a magnification of 12000 X.

Results and Discussion

 Ionic Conductivity measurements

It is observed that conductivity has increased when salt concentrations increase from 5 wt.% to 20 wt.% as shown in Fig. 1. From the Cole-Cole plot obtained, the bulk resistance, Rb of each sample was determined and hence the conductivity (σ) of the samples was then calculated using:

σ = t /RbA

           (1)





    
where t is the sample thickness (cm), A the effective contact area of the electrode and the sample (cm2), and Rb is the bulk resistance (Ω). The highest conductivity at room temperature obtained was 3.34 x 10-3 S cm-1 from the sample containing 20 wt.% of LiClO4 salt. The conductivity decreased as concentrations of salt were added more than 20 wt.%. This is most likely due to aggregation of the ions, leading to formation of ion cluster which reduces the number of mobile charge carriers as reported by MacCallum et al. 1987 and Subba Reddy et al 2006. The addition of the mixture of EC and PC into the electrolyte solution also helps to increase the ionic conductivity of gel polymer electrolyte. This reflects that the synergistic effect of the physicochemical properties of solvent with high dielectric constant (ε25= 95.3) and low viscosity (η40= 1.87 kg(s.m)-1) of EC and low freezing point of PC (-40 °C) along with good plasticizing characteristic greatly enhance the conductivity performance as reported by Selvasekarapandian et al. 2005. 
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Fig. 1: The variation of conductivity with LiClO4 salt for the gel polymer electrolytes films.

X-ray Diffraction (XRD) studies

Fig. 2 illustrates the x-ray diffractogram of pure LiClO4 and GPE samples with and without salt. The intensity of salted GPE samples is significantly lower than the sample without salt. According to Jingyu et al. 2005, the characteristic diffraction peaks of semi-crystalline sample of pure PMMA become weaker and broader when Li salt is introduced in PMMA based polymer electrolyte, suggesting that the coordination interactions between the C=O groups of PMMA, the plasticizing solvent and Li+ can decrease the crystallinity of pure polymer sample. The sample containing 20 wt.% of LiClO4 has the highest conductivity at room temperature. It can be observed that this film is more amorphous compared to the other films. The disappearances of sharp peaks correspond to LiClO4 salt which leads to the dominant presence of an amorphous phase confirm that the complexation between PMMA and the salt has occurred. This also indicates that the complete dissolution of excess salt in the PMMA complexes as reported by Stephan et al. 1999. 
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Fig. 2: X-ray diffractogram of  (a) PMMA-EC-PC  (b) LiClO4   (c) PMMA+EC+PC+5 wt.% LiClO4  (d) PMMA+EC+PC+20 wt.% LiClO4   (e) PMMA +EC+PC+ 30 wt.% LiClO4.
Field Emission Scanning Electron Microscopy (FESEM)

The FESEM micrographs for PMMA-EC-PC samples with and without salt are depicted in Fig. 3.  The surface morphology of the film without salt is clear and smooth indicates an excellent dissolution and the complexation between PMMA and the plasticizing solvent EC and PC has occurred. Fig. 3(b) shows white spherulites from the doping of liquid electrolytes have been observed. According to Ramesh 2011, these white spherulites are formed mainly due to the entrapments of liquid electrolyte which are being retained in the polymer matrix. The surface morphology for the highest conducting film appeared to be smoother and homogenous reveals that the complexation between the PMMA polymer, plasticizing solvent and LiClO4 salt has occurred. The amorphous phase of the film can be observed in accordance with XRD patterns as shown in Fig. 3. The LiClO4 salt is distributed more evenly inhibits the ionic transportation among the polymer electrolyte, thus enhance the conductivity of the GPE sample. In Fig. 3(d), it can be seen the agglomerate of salt, EC and PC in the PMMA based GPE due to saturate of LiClO4 salt concentration compared to sample containing 20 wt.% LiClO4 salt. As a result, the conductivity of GPE sample is decreased as well as the amorphous phase.
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Fig. 3: The FESEM micrographs of (a) PMMA-EC-PC (b) PMMA+EC+PC+5 wt.% LiClO4
(c)PMMA+EC+PC+20wt.%LiClO4  (d) PMMA+EC+PC+30wt.%LiClO4.
This study has demonstrated that the addition of an optimum content of inorganic lithium salt mixed with EC+PC solvent in PMMA based gel polymer electrolyte produced highly conductive gel polymer electrolyte. The highest room temperature conductivity obtained from the sample containing 20 wt.% of LiClO4 salt is 3.34 x10-3 S cm-1. Increasing the concentration of salt will result in increasing of the numbers ion charge carrier, thus the ionic conductivity. XRD studies showed that the conductivity is increased when crystalinity of the film is reduced. The FESEM studies showed that LiClO4 salt is distributed more evenly for the highest conductive sample, hence lithium ions can traverse through the sample easily and thus enhance the conductivity of the GPEs sample.
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