Int. J. Electrochem. Sci., 8 (2013) 10932 - 10945

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Potential of UV-Curable Poly(Glycidyl Methacrylate-co-Ethyl
Methacrylate)- Based Solid Polymer Electrolyte For Lithium
lon Battery Application

M. Imperiyka®, A. Ahmad*?”, S. A. Hanifah'?, M.Y.A. Rahman®"

'School of Chemical Sciences and Food Technology, Faculty of Science and Technology,

*Polymer Research Center, Faculty of Science and Technology, Universiti Kebangsaan Malaysia,
43600, Bangi, Selangor Malaysia,

3Institute of Microengineering and Nanoelectronics (IMEN), Universiti Kebangsaan Malaysia, 43600,
Bangi, Selangor, Malaysia

“E-mail: Yusri@uniten.edu.my

Received: 5 March 2013 / Accepted: 16 April 2013 / Published: 20 August 2013

Lithium ion conducting solid polymer electrolytes (SPE) based on P(GMA-co-EMA)(80/20) doped
LiClIO,4 as charge carrier was prepared by solution casting method. P(GMA-co-EMA) has been
synthesized by photopolymerisation technique. Interactions between the polymer and salt were studied
using fourier transforms infrared (FTIR). lonic conductivity, electrochemical stability window, thermal
and crystallinity behavior of polymer complexes were studied by AC impedance, cyclic voltammetry,
and x-ray diffraction (XRD), respectively. Based on FTIR result, it was observed that the Li* ions
interacted with carbonyl group, the ether group and the epoxy oxygen of the GMA and EMA. The
highest ionic conductivity of the electrolyte obtained at 2.8x10> S cm™" at 25°C and 1.75x107* S cm™
at 100 °C. These solid polymer electrolytes showed electrochemical stability window up to 3.8V.
Furthermore, the thermal stability of the electrolyte increases with an increase in the salt content.
These conductivity results were supported by XRD analysis which depicted that the semi-crystalline
nature of P(GMA-co-EMA) was reduced to amorphous state due to an increase of LiCIO4 content. The
above results indicate that this material, namely PGMA- has potential for lithium ion application
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1. INTRODUCTION

Lithium-ion conducting polymer electrolyte which is the main focus of this research is noted
for its high-energy density and is applied in lithium-polymer batteries [1]. Amongst the different types


http://www.electrochemsci.org/
mailto:Yusri@uniten.edu.my

Int. J. Electrochem. Sci., Vol. 8, 2013 10933

of polymer electrolytes system, solid polymer electrolytes (SPEs) have many advantages such as high
ionic conductivity, high-energy density, leak proof, better safety, easy processability, light weight,
high in mechanical strength, thermal stability and wide electrochemical stability [2, 3]. Basically, solid
polymer electrolytes are formed by dissolving salt in macromolecules and is used as both electrolyte
and separator between the electrodes [4]. Earlier studies of poly (ethylene oxide) (PEO)-based
electrolytes exhibits very low ionic conductivity of 10~ S cm™' mainly because of high crystallinity
and poor motion performance of the PEO backbones. However, attempts to improve the low ionic
conductivity and decrease the crystallinity of the materials includes the use of blends and copolymers
of the PEO with other polymers [5]. Organic methacrylate -based polymers are potential materials
because of their low toxicity in both monomers and polymer form. The functional group of polymer
can interact with ion species and this forms a coordinated bond. The flexibility of local polymer chains
promotes ion mobility and hence contributes to conductivity [6].

Poly(methyl methacrylate) was first used in electrochemistry by lijima et al.[7]. Nowadays,
many electrolytes are prepared using methacrylate polymers such as methyl methacrylate (MMA) [8],
ethyl methacrylate (EMA) [9] and butyl methacrylate (BMA) [10]. PMMA is frequently used in Li
battery because of its compatible nature with other polymers, high chemical resistance, non-tracking
characteristics, surface resistance, optical properties and electrical properties [11]. Despite this,
PMMA-based electrolytes exhibit lower mechanical strength. The mechanical stability of PEMA in
methacrylate family is found to be higher [12]. The initial researches on poly (ethyl methacrylate)
based polymer electrolytes was reported by Fhamy et al. [13] and Han et al. [14]. To compare with
other methacrylate compounds poly (glycidyl methacrylate) was used because it offers good thermal
properties and forms film easily compared to polymers obtained from methacrylate compounds.
Besides that, it can effectively coordinate with cations to form homogenous solutions [5].
Photopolymerization is one of the simple polymerization techniques that is used to prepare polymer
with high molecular weight. The advantages of this preparation technique are faster curing process,
reduced energy consumption and easy processing [15]. Kaya et al. research involved a detailed study
of thermodynamic properties and characterization of poly (glycidyl methacrylate-co-ethyl
methacrylate) obtained by a-a’azobisisobutyronitrile (AIBN) [16]. Moreover, Nasirtabrizi et al. [17]
reported that free radical polymerization of glycidyl methacrylate and ethyl methacrylate is initiated by
(AIBN). However, to the best of our knowledge, copolymer of glycidyl methacrylate and ethyl
methacrylate as polymer host for solid polymer electrolyte have not been reported.

Nevertheless, the choice salt in SPEs plays a significant role in ionic conductivity. Salts that
have low lattice energy (below 720 Jmol™) with larger anions is expected to promote greater
dissociation by providing higher concentration of ions [18-20]. In this study, lithium salt was used
because of its light property and high gravimetric coulombic density irrespective of low transition
number of one electron per lithium atom [21]. The smaller cation size of the lithium ion could
contribute to ion dissociation as a result of coulombic interaction forces between two opposite charged
ions [22]. In addition, it allows a range of intercalation cathode materials, which gives some design
freedom for storage systems to suit different applications [23, 24]. Therefore, the selection of suitable
metal salts with regards to cation and anion size needs to be studied prior to the design of an
electrolytic system. Lithium salts, like LiCIO, is utilized as dopants in polymer electrolyte systems
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mainly because of its low lattice energy. Moreover, it can behave as a lewis acid [25]. Thereby, it can
interact with electron donor and enhance the ionic conductivity. Jingyu et al. found that lithium ion
battery using PEO- SBA-15 (mesoporous silica) with LiClIO, gives excellent performance such as high
mechanical stability, good compatibility with lithium metal electrode, and broad electrochemical
stability window [26].

In this research, poly (glycidyl methacrylate-co-ethyl methacrylate)- with a ratio of 80:20 was
doped with different percentages of lithium perchlorate (LiClO,). Fourier transforms infrared (FTIR),
AC impedance spectroscopy (IS), cyclic voltammetry, and x-ray diffraction (XRD) were studied in this
system.

2. MATERIALS AND METHODS

2.1. Materials

Glycidyl methacrylate (GMA), ethyl methacrylate (EMA), 2, 2-dimethoxy- 2-
phenylacetophenone (DMPP), lithium perchlorate (LiClIO,) and methanol were purchased from
Aldrich. Tetrahydrofuran (THF) was supplied from J. T. Baker. All materials were used without
further purification.

2.2. Preparation of P(GMA-co-EMA)

The copolymer of P(GMA-co-EMA) (80/20) was synthesized by photopolymerization
comprising of 80 wt.% GMA and 20 wt. % EMA. Appropriate amounts of 2, 2-dimethoxy-2 -
phenylacetophenone (DMPP) is used as photo-initiator. The mixture was exposed to UV radiation
under continuous flow of nitrogen gas for 5 minutes [27]. 2, 2-dimethoxy-2-phenylacetophenone
(DMPP) photoinitiator decomposes to free benzoyl and methyl radical under UV radiation and
propagates into bimolecular on addition of monomers [28]. The synthesis of P(GMA-co-EMA) is as
illustrated in Fig. 1.
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Figurel. Synthesis of (GMA-co-EMA)
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2.3 Preparation of solid polymer electrolyte

Solid polymer electrolyte samples comprising different amounts of lithium salts were prepared
by solution casting method. Tetrahydrofuran (THF) was used as a solvent. The mixture of copolymer,
lithium salt and solvent were mixed and stirred for 24 hrs until a homogeneous solution was obtained.
Then, the solution was poured into a Teflon and left to dry at ambient temperature until electrolyte
films were formed. Finally, the films were dried in a vacuum oven at 40°C for 2 hrs and kept inside a
desiccator for characterization. Fig.2 illustrates the flexible and highly translucent nature of P(GMA-
co-EMA) (80/20)- 30% LiCIO, and this is representative of all the electrolytes prepared.

30 wt.% LiC104

Figure 2. Appearance of the P(GMA-co-EMA) (80/20)- 30%LiCIO4 prepared by using casting
solution, representative for all the SPEs.

2.3 Characterization of solid polymer electrolyte

Fourier transforms infrared (ATR-FTIR) test was conducted using Perkin-Elmer spotlight 400
imaging system in the frequency range 3100 to 800 cm™. FTIR was performed to identify. The type of
bonding of copolymer with ion pairs of complexation samples at room temperature. On the other hand,
to measure the impedance of the electrolyte films, the samples were cut into round shapes of 16 mm in
diameter to fit in with the size of electrodes. The samples were then sandwiched between stainless steel
electrodes which has a surface contact area of 2.0 cm? and these were then mounted onto the sample
holder. The conductivity was then determined by impedance spectroscopy under condition of 1 MHz
to 10 Hz. The bulk resistance, (Rp) of the electrolyte was determined from the interception of the real
impedance axis (Z-axis) by using Z-View software. The thickness of film was determined by using a
micrometer. The conductivity was calculated using the formula ¢ = | / Ry, A where | is the film
thickness (cm) and A(cm?), the effective contact area of the electrolyte and electrode. The ionic
temperature dependence conductivity was measured at temperatures ranging from 25 to 100°C. The
electrochemical stability was examined by cyclic voltammetry. Evaluation of the electrochemical
stability of solid polymer electrolyte was carried out using a two (stainless steel) - electrode cell
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configuration. cyclic voltammetry using an ZIVE MP2 multichannel electrochemical workstation. The
electrochemical stability of SPEs were obtained from +5 to +5V at a scanning rate of 50 mv s™ at room
temperature. X-ray diffraction (XRD) was performed using D-5000 Siemen model to study
crystallinity and structural behavior of the polymer electrolyte. The results were taken at the diffraction
angle 20 from 10" to 55" at the scanning rate of 0.025°s™.

3. RESULTS AND DISCUSSION

3.2 Fourier Transforms Infrared (FTIR) spectroscopy

Fig. 3 (a, b, c) represents the FTIR spectra of the solid polymer electrolyte samples. In this
system, more attention is paid to oxygen atoms acting as electron donor atoms in the structure of the
polymer host. In polymer host, the vibrational peaks at 2993 and 2933 cm™ corresponded to saturated
aliphatic stretching C-H of the methyl and methylene group as illustrated in Figure 3(a). These peaks
become broader when the concentration of salt was increased. Similar findings were reported by Frech
& Huang [29] and Noor et al. [5]. The saturated polymeric ester C=0 symmetrical stretching
frequency (Fig. 3b) gave rise to an intense, strong and sharp peak at 1720 cm™. With the addition of
lithium salt in the system, the intensity of the v(C = O) peaks belong to the GMA and EMA were
reduced. In addition, symmetric stretching of C-O-C belongs to ester and ether group observed at the
band around 1238, 1254 and 1145 cm™.
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Figure 3a. FTIR spectra for C-H of the methyl and methylene groups of P(GMA-co-EMA)(80/20)-
LiClO4 (0 wt.%, 10 wt.%, 20 wt.% and 30 wt.% )
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Figure 3b. FTIR spectra for C=0 group of P(GMA-co-EMA) (80/20) -LiClO4 (0 wt.%, 10 wt.%, 20
wt.% and 30 wt.% )

o

>

|_

N

>

=

w

e

]

= 0% LiClO,
7 10% LiCIO,
7 20% LiCIO,
b 30% LiClO,

1400 1300 1200 1100 1000 900 800

Wavenumber(cm'l)

Figure 3c. FTIR spectra for epoxy and ether groups of P(GMA-co-EMA) (80/20) -LiClO4 (0 wt.%, 10
wt.%, 20 wt.% and 30 wt.% )

From Fig. 3 (c), the vibration frequency of polymer- salt complexes at 1238 cm ™ and 1145
cm * shifted and reduced when salt was introduced. This vibration frequency shifted to lower wave
number by about 15-50 cm™* compared to the polymer hosts. As can be seen from Figure 3(b) and (c),
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the change in position and intensity of peaks confirms the interaction between the lithium ions from
the doping salt and the oxygen atoms (Li*«—O) in the structure of the polymer host [27, 29-34].
Furthermore, Figure 4c shows significant changes in epoxy group peak (904 and 845 cm™?) as the
intensity broadens when the concentration of lithium salt was increased. The peak shifted
approximately 10 cm™* from its original position at 845 cm™ [6, 34]. Mechanism of dissociation in
lithium salt and complexation in polymer host has been suggested by Ahmad et al. [35].

LiClO4— Li*+ CIO,
Li*+ ClOs + [-GMA-co-EMA-], — Li* [[GMA-c0-EMA-],- ClO,

3.3 lonic Conductivity

The impedance spectra for P(GMA-co-EMA) with LiCIO, are shown in Fig. 4(a,b). These
graphs show that the complex impedance plots depicted two well-defined regions; an arc and a linear
region. The arc is related to the conduction process and the linear region is due to the blocking
electrode effect. The bulk resistance of the film was determined by extrapolation of the arc to Z axis
[35]. It was found that the semicircle depression decreases as LiClO,4 content increases (Fig.4). This
result is in agreement with a previous study by Baskaran et al. [36] Ramesh et al. reported that, the
low resistance (R) obtained is due to the amorphous nature of the polymer electrolytes that facilitates
fast Li* ions motion in the polymer network [37].
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Figure 4 (a, b). Typical Cole-Cole of (a) P (GMA-co-EMA) (80/20) - (0-10 wt. %) LiCIO, (b) P
(GMA-co-EMA) (80/20) - (15-35 wt. %) LiClO,at 25°C.

Fig.6 shows the relationship between [O/Li"] ratio and ionic conductivity. The [O/Li"] ratio for
the polymer electrolyte was calculated by the following equation.

Where, My, = mass of the copolymer (g), Mw sar = the molecular weight of salt (g mol ™), Mgy =
the mass of salt (g), Mw oma, Mw ema = the molecular weight of monomer of GMA (g mol™) and EMA
(g mol™), respectively. nut = ( Ngwa +Nema )the total number of oxygen atoms per repeated unit of
monomer P(GMA-co-EMA).

Fig. 5 illustrates the relationship between lonic conductivity and [O/Li] ratio. The ionic
conductivity increased as the addition of salt increased to its optimum level in the polymer host. As
mentioned by Rajendran et al. [38] the increase in ionic conductivity with the addition of LiClO4 was
due to an increment in free ions concentration. The highest conductivity was obtained at 2.8x107
Scm ! at 30 wt. % LiClO,. The maximum and an effective interaction between oxygen atoms and
lithium ions [O/Li’] in the electrolyte system was in the proportion of 13/1 for oxygen atoms and
lithium ions on addition of 30 wt. % LiClO,. Further increase in the ratio of LiClO4 [~11/1] caused the
conductivity to decrease. The decrease in conductivity was due to the increase in the number of ion
pairs, ion triplets or ion aggregations. Wu and co-worker suggested that Li* ions can act as transient
crosslinkers in which can and would reduce the overall mobility and degree of freedom. This could
lead to a rapid fall in its conductivity [39]. In general, the conductivity of the single-ionic conducting
polymer electrolyte is influenced by several factors including the number of charge carriers, charge
migration of ions between the coordinate sites of the polymer host, the polymeric chain segmental
motions and the morphological structure of polymer [40]. Complex impedance plot of a P (GMA-co-
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EMA)-30wt. % LICIO, in the temperature range from 30—100 °C is given in the Fig. 6. It was noted
that the increase in temperature in the polymer system has led to the reduction of bulk resistance, as
shown in Fig. 6. The conductivity of the electrolyte has been increased by one order of magnitude
upon heating the system.
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Figure 5. Variation of ionic conductivity with [O/Li*] of P(GMA-co-EMA) (80/20) -LiClO,
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Figure 6. Typical Cole-Cole of P(GMA-co-EMA)- 30 wt. % LICIO, at different range of
temperature (30-100°C).
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It has been reported that changes in ionic conductivity with temperature can be explained by
the increases of the free volume of the system and the diminution of their viscosity which facilitates
the migration of ions [41, 42]. As the temperature rises, the polymer can easily expand and this
increases the free volume. Thus, ions or polymer segments can move into the free volume. The
resulting conductivity was presented by the overall mobility of ion and polymer that was determined
by the free volume around the polymer chains [43]. Thus, the conduction in polymer electrolyte takes
place through charge migration between coordinated sites of the polymer along with the segmental
relaxation of polymer [44, 45].

In spite of this effect at low temperatures, the presence of lithium salt leads to salt—polymer or
cation—dipole interactions which increase the cohesive energy of polymer networks. As the free
volume decreases, polymer segmental motion and ionic mobility are restricted by reduction in the ionic
conductivity. Bhatt and Bhat found that the crystalline part of polymer hinders the migration of Li* ion
[46].

3.4 Electrochemical Stability
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Figure 7. Cyclic voltammogram of the P(GMA-co-EMA)(80/20)- 30%LiCIO,.

High conductivity is not good enough to make the polymer electrolyte suitable for practical
battery application. In order to be applied in lithium primary and secondary cells, the solid polymer
electrolytes must also be chemically stable in order to enable these devices to attain an extended shelf
life and to have a higher voltage Based on this reason, electrochemical stability of P(GMA-co-EMA) -
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LiClO4 was performed. Figure 7 represents the cyclic voltammorgrams of P(GMA-co-EMA)(80/20)-
30%LiClO,4 complex. The cyclic voltmmetry has been performed for the SS/polymer electrolyte/SS
cell couple in the potential range of 5 V with a scan rate of 50m Vs . The stability of PGMA-co-
EMA(80/20)-30%LiCIO, at interface with stainless steel as electrode is limited by the potentials of
+3.8V at anodic side and of -3.8V at the cathode side, which gives the window of about 7.6 V. From
CV data, it was found that the cathodic and anodic peaks of the cell are not observed in this range. This
related to non- interaction of lithium in the polymer electrolyte with the SS electrode [41, 47, 48]. The
potential window of this resulting polymer electrolyte was sufficient to be applied in the lithium
polymer battery.

3.6 X-ray diffraction XRD

The XRD analysis was investigated to study the structure and crystallization of the polymer—
salt complexes by observing the appearance and disappearance of the crystalline or the amorphous
region. The appearance of the amorphous region or the reduction of the crystalline region would give a
high ionic conductivity in comparison to the crystalline region, as reported elsewhere [49, 50].

1 0 wt. %
20 wt. %

10 wt. %

Intensity(a.u)

10 20 30 40 50

2theta
Figure 8. XRD pattern of LiClIO, (a), P(GMA-co-EMA) (80/20) (b), P(GMA-co-EMA)(80/20) -10 wit.
% LiClO, (c), P(GMA-co-EMA)(80/20)-20 wt.% LiClO4 (d), P(GMA-co-EMA)(80/20)-30 wit.
% LiClOy4 (e).
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XRD patterns of the LiClO4, P (GMA-co-EMA) and P (GMA-co-EMA) LiCIO,4 complexes
with different compositions are shown in Figure 8(a—e). The XRD pattern (Fig.8a) of LiCIO4 shows
intense peaks between 15°-55° and revealed the crystalline nature of the ionic salt. Fig. 8b displays
three humps in the region of between 10°-25°, 25°-35" and 35°-40°. The XRD patterns for various
concentrations of salt ranging from 10 to 30 wt. % presented in Fig.8 (c-e) which indicates no peaks
corresponds to pure LiClIO4 and confirms the complete dissolution of the salt in the region of network
polymers host. It can be seen in Fig.8 c-e that the increase in wt. % of LiClIO,4 has led to the decrease in
the intensity of the humps, indicating a reduction in crystallinity of the polymer matrix. The
incorporation of lithium perchlorate (LiClO,) to the P(GMA-co-EMA) matrix results in an increase of
the amorphous character. An increase in the degree of amorphicity helps the migration of ions in the
electrolyte system, which is responsible for the enhancement of the ionic conductivity [51]. The
influence of crystallization on ionic conductivity can be described by two phenomena: (i) incorporation
of polymer chains into lamellae and (ii) change in the properties of the amorphous phase remaining in
the system [52, 53].

4. CONCLUSIONS

Interestingly, the new solid polymer electrolyte based on P(GMA-co-EMA) was successfully
prepared by solution casting technique. Infrared analysis conducted on the sample showed that the
interaction between lithium ions and oxygen atoms occurred at the carbonyl group, the ether group and
epoxy group on the polymer structure in both GMA and EMA. The highest room temperature
conductivity was obtained at approximately 2.8x10~> Scm ™" at 30 wt. % LiClO,. It was found that the
P(GMA-co-EMA)- 30 wt.% LiCIO, showed good electrochemical stability (+5v). The structural
analysis recorded by XRD showed the reduction of the (GMA-co EMA) crystallinity phase at the
highest conductivity. It was conducted that Poly(glycidylmethacrylate-co-ethyl methacrylate) - based
solid polymer electrolyte has potential for lithium ion battery.
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