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The effects of various weight percentages (%) (i.e.: 1, 3, 5, 7 and 10 wt. %) of nanoalumina 

(Al2O3) filler (<50 nm) on the structural, electrical, morphological and thermal properties of 

PMMA/ENR50-based electrolyte films were investigated. The polymer electrolyte films were 

prepared using the solution casting technique and a fixed amount of LiTf (40 wt.%) was added 

as the conducting species. With the addition of up to 3 wt. % of Al2O3, flexible and free-standing 

PMMA/ENR50-based electrolyte films (PMMAF1 and PMMAF3) were obtained. The phase 

separation that naturally occurred in PMMA/ENR50 films also disappeared when observed 

under an optical microscope (OM). FTIR studies confirmed the occurrence of polymer-salt-filler 

interactions which successfully increased the amorphicity of the system. This eased the mobility 

of the Li+ ions, resulting in the highest ionic conductivity value of 4.36 × 10-4 S/cm for PMMAF3. 

The filler-salt interactions also improved conductivity by creating new Li+ conducting pathways. 

PMMAF1 and PMMAF3 also exhibited higher decomposition temperatures compared to PMMAF0, 

which could be related to the PMMA-filler interactions as confirmed by FTIR analysis. 
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Lithium-ion batteries commonly contain liquid 

electrolytes as they have high ionic conductivity and 

stable interactions with different types of electrodes. 

However, liquid electrolytes face safety issues due to 

leakage as well as flammability, and also have a narrow 

electrochemical stability window [1-2]. These draw-

backs limit their performance in lithium-ion batteries. 

In this study, we focused on polymer electrolytes (PE) 

as they are safe, non-flammable and do not leak [3], 

while having other features such as great mechanical 

strength, lightness, excellent ionic conductivity and 

high electrochemical stability [4].  

 

Poly(methyl methacrylate) (PMMA) is the most 

widely used polymer host for PE due to its stability 

towards the electrode [2,5]. Unfortunately, the  

substituents on the α-carbon atom of PMMA restrict 

the chain flexibility of its film, which results in poor 

electrode-electrolyte contact, thereby reducing ionic 

conductivity [6]. The polymer blend method is the 

easiest method to improve the brittleness of PMMA-

electrolyte film [4,7]. Latif et al. [5] reported that 

blending PMMA with 50 % epoxidized natural rubber 

(ENR 50) lowered the glass transition temperature (Tg) 

of PMMA, produced rubber-like properties, great 

elasticity and excellent adhesion properties which then 

increased ionic conductivity. However, the PMMA/ENR 

50 polymer blend was not homogenous due to the 

presence of carbonyl groups in PMMA and polar epoxy 

groups in ENR 50 that were vulnerable to physical 

interchain crosslinking by hydrogen bonding [8].  

 

To improve homogeneity and phase separation 

in the polymer blend, an inorganic filler was added to 

the system. As previously reported, the incorporation 

of nanoscale ceramic fillers (i.e., SiO2, Al2O3, and TiO2) 

may improve the ionic conductivity, mechanical strength 

and stability of the polymer electrolyte [9]. However, 

agglomeration tends to occur when more filler is added, 

which prevents ion transportation in the polymer 

electrolyte system. Thus, in this work, different weight 

percentages (i.e.: 1, 3, 5, 7 and 10 wt. %) of Al2O3 

nanofiller were added to a PMMA/ ENR 50 blend 

system. The solution casting technique was used due 

to its simplicity [8]. The effects of different amounts 

of Al2O3 on the structural, electrical, morphological 

and thermal properties of the PMMA/ENR 50-based 

electrolyte system were investigated via Fourier 

Transform Infrared Spectroscopy (FTIR), Electro-

chemical Impedance Spectroscopy (EIS), Optical  

Microscopy (OM) and Thermogravimetric Analysis 

(TGA), respectively. 
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EXPERIMENTAL 

 

Chemicals and Materials 

 

Poly(methyl methacrylate) (PMMA) (Molecular weight 

(Mw): 120,000 g/mol), nanoalumina (Al2O3) filler 

(<50 nm), lithium triflate (LiTf) (Purity: 99.995 %) 

and analysis grade tetrahydrofuran (THF) were 

purchased from Merck (Darmstadt, Germany) while 

50 % epoxidized natural rubber (ENR 50) was obtained 

from Lembaga Getah Malaysia (LGM). All these 

chemicals were used without further purification. 

 

Preparation of PMMA/ENR 50-based Electrolyte 

Films 

 

The preparation of PMMA/ENR 50-based electrolyte 

films by the solution casting technique was adapted 

from Zamri et al. [8]. PMMA, ENR 50, LiTf and Al2O3 

were dissolved separately in THF using magnetic 

stirrers. There was no heat applied, except in the case 

of Al2O3 which was dissolved at 50 °C. The amount of 

ENR 50 and the LiTf salt in PMMA were fixed at 10 

% and 40 %, respectively, as these compositions were 

reported to be the most conducting [10]. Various 

amounts of Al2O3 were then added to the mixtures 

which were stirred continuously at 50 °C until  

dissolution, which was confirmed by the formation of 

a homogenous solution with no phase separation. 

Then, the solutions were cast into petri dishes and left 

to dry for 24 hours in a fume hood. The films formed 

were peeled off and kept in an oven at 50 °C for one 

hour. The films obtained were then stored in a  

desiccator prior to further characterization. Blank 

PMMA, blank ENR 50 and PMMA/ENR 50 films 

were also prepared as controls. The systems with 0, 1, 

3, 5, 7 and 10 wt. % of Al2O3 were labelled PMMAF0, 

PMMAF1 ,  PMMAF3 ,  PMMAF 5 ,  PMMAF 7 ,  and  

PMMAF10,  respectively. 

 

Characterization Methods  

 

Fourier Transform Infrared Spectroscopy (FTIR) 
 

The interactions between the constituents of the  

polymer electrolyte films were investigated using a 

Perkin Elmer Attenuated Total Reflectance (ATR)-

FTIR instrument. The measurements were carried out 

at a frequency range of 4000 – 600 cm -1 with a 

resolution of 2 cm-1 and 16 scans. 

 

Electrochemical Impedance Spectroscopy (EIS) 
 

The ionic conductivity of the polymer electrolyte film 

was determined using EIS (HIOKI 35232-01 LCR). 

Prior to measurement, a micrometre screw gauge 

was used to measure the thickness of the electrolyte 

film. Then, the film was placed between the two 

stainless steel blocking electrodes. Impedance at 

room temperature was measured in the frequency 

range between 100 Hz – 1 MHz. The bulk resistance 

(Rb) of the sample was determined from the impedance 

plots obtained and the ionic conductivity (σ) values of 

the samples were calculated using equation (1), 
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where Rb is the bulk resistance (Ω), l is the thickness 

of the film (cm) and A is the effective contact area of 

the electrode and the electrolyte (cm2). 

 

From the impedance data, the dielectric constant 

(εr) and dielectric loss (εr) values were obtained from 

equations (2) and (3), respectively. 

 

)(
22

0 ir

i
r

ZZC

Z

+
=




 
 

(2) 

 

)(
22

0 ir

r
i

ZZC

Z

+
=




 

(3) 

 

where C0 is equal to ε0A/t, ε0 is the permittivity of free 

space (8.85 × 10-4 cm-1) and ω is the angular frequency 

(ω = 2πf).  

 

Optical Microscope (OM) 

 

An optical microscope (Nikon ECLIPSE ME 600) was 

used to observe the morphology of the films at 10× 

magnification. 

 

Thermogravimetric Analyzer (TGA) 

 

Thermogravimetric analysis was carried out using a 

Pyris 1 Perkin Elmer Thermogravimetric Analyser. 3 

mg of film was placed in an aluminium pan and heated 

from room temperature to 500 °C at a rate of 10 °C 

min-1 under a nitrogen atmosphere. 

 
RESULTS AND DISCUSSION 

 

Formation of PMMA/ENR 50-based Electrolyte Films 

 

The PMMA film obtained in Figure 1(a) was brittle. 

This may be caused by the restricted flexibility of the 

PMMA chain due to substituents at the α-carbon atom 

[6]. Figure 1(b) shows the ENR 50 film which was 

sticky and could not be peeled off the Petri dish. This 

was due to the epoxidation of ENR 50 that caused a 

reduction in the free volume of the chain phases, hence 

stiffening the molecular chain structure, as noted by 

Yusoff et al. [11]. Thus, the ENR 50 film was not 

further characterized by OM and EIS. The PMMA/ 

ENR 50 and PMMAF0 films (Figure 1(c) & (d)) showed 

improved flexibility, due to the elastomeric properties 

of ENR 50. Flexible and free-standing films were 

successfully obtained after 1 and 3 wt. % Al 2O3 
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(PMMAF1 and PMMAF3) were added to the PE 

systems, as shown in Figure 1(e) and (f), respectively. 

This might be due to the greater amorphicity of the 

polymer matrix due to polymer-filler interactions. 

However, the films obtained with the addition of ≥ 5 

wt. % Al2O3 (PMMAF5, PMMAF7 and PMMAF10) 

were brittle, as shown in Figure 1(g) - (i). This may be 

due to the agglomeration that occurred as more filler 

was added. Due to the brittleness of these films, EIS 

analysis could not be carried out. 

 

Characterization 

 

FTIR Studies 

 

The FTIR spectra for pure PMMA, pure ENR 50, PMMA/ 

ENR 50 and PMMAF0-10 are displayed in Figure 2.  

 

As shown in Figure 2, the spectral peaks for pure 

PMMA were observed at 1724 cm-1, 2952 cm-1 and 

1438 cm-1 denoting C=O, C-H and -OCH3 stretching,  

 

 
 

Figure 1. The films for (a) PMMA, (b) ENR 50, (c) PMMA/ ENR 50, (d) PMMAF0, (e) PMMAF1, (f) 

PMMAF3, (g) PMMAF5, (h) PMMAF7, and (i) PMMAF10. 

 

 
Figure 2. FTIR spectra of pure PMMA, pure ENR 50, PMMA/ENR 50 and PMMAF0-10  

 

(c) 

(a) (b

) 
(c) (d) (e) 

(f) (g) (h) (i) 
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respectively, which agreed with a previous study by 

Kushwaha et al. [12]. The peaks for pure ENR 50 were 

observed at 1249 cm-1 and 1650 cm-1 representing C-

O-C and C=C stretching, respectively, which concurred 

with a study by Latiff et al. [5]. The peaks representing 

the coordinating sites of the polymer hosts such as the 

C=O and OCH3 stretching of PMMA as well as the 

C-O-C stretching (epoxide group) of ENR 50 were 

examined in more detail. After blending ENR 50 with 

PMMA, a new OH stretching peak was observed at 

3465 cm-1, indicating a hydrogen bonding interaction 

between these polymers. The same observation has 

also been reported by Zamri et al. [8]. The C=O stretch 

of PMMA at 1724 cm-1 shifted to a slightly lower 

frequency of 1720 cm-1, with a lower peak intensity. 

The -OCH3 stretch at 1438 cm-1 and CH3 stretch at 

2952 cm-1 in the PMMA spectrum were found to 

have shifted higher to 1445 cm -1 and 2957 cm-1, 

respectively. In addition, the C-O-C stretch at 1249 

cm-1 for ENR 50 had shifted down to 1241 cm-1 in the 

PMMA/ENR 50 blend system. The changes in the 

wavenumbers of these peaks further confirmed the 

interactions between PMMA and ENR 50.  

 

On doping the PMMA/ENR 50 blend system 

with LiTf salt (PMMAF0), a new peak at 630 cm-1 

representing the CF3 stretch of the salt’s triflate ion 

(CF3
-) was observed. This was also reported by Azli et 

al. [13]. The C=O and -OCH3 stretching peaks at 1720 

and 1445 cm-1 shifted to 1732 cm-1 and 1451 cm-1 

respectively, along with a reduction in peak intensities. 

A downshift of the C-O-C stretching peak at 1241 cm-1 

to 1249 cm-1 was also detected. These observations 

confirmed that interactions had occurred between the 

oxygen atoms of PMMA and ENR 50 and the lithium 

cations of the salt. The OH stretching peak broadened 

after addition of LiTf; this represents moisture due to 

the hygroscopic nature of LiTf. This was further  

confirmed by the appearance of an OH bending peak 

of water at 1640 cm-1. A similar observation was also 

reported by Tan et al. [14] when Li-X salts of LiTf, 

LiBF4, LiCOOCF3, LiI, and LiClO4 were used in 

polymer systems. 

 

Upon addition of the Al2O3 nanofiller, it was 

observed that the C=O peak shifted down from 1732 

cm-1 in PMMAF0 to 1714 cm-1 in PMMAF3 and up to 

1721 cm-1 in PMMA10. The peak intensity was also 

observed to decrease when 1 and 3 wt. % of Al2O3 was 

added, indicating interactions between the filler and 

the C=O group of PMMA. According to Sownthari et 

al. [15], interactions between the filler, salt and polymer 

increased the amorphicity of the system. Also, Yang 

et al. [16] reported that these interactions could reduce 

the intermolecular forces and enhance the motion of 

polymer chains. This can be confirmed by the flexible 

films we obtained (Figure 1(e) and (f)). However, the 

C=O peak intensity was observed to increase with the 

addition of larger amounts of Al2O3 (5,7 and 10 wt. %); 

this was probably due to reduced interactions resulting 

from the agglomeration produced by higher filler 

concentrations. This theory explains the brittle and 

rough surfaces of the films with ≥ 5 wt. % of Al2O3 

(Figure 1 (g)-(i)). There were no shifts in the wave-

numbers observed for the -OCH3 and C-O-C stretching 

peaks. The intensity of the CF3 peak representing 

the salt’s triflate ion increased upon addition of 1-7 

wt.% of the Al2O3 nanofiller, indicating the presence 

of filler-salt interactions. Based on the FTIR analysis, 

the proposed interactions between the constituents of 

this Al2O3-doped PMMA/ ENR 50-based electrolyte 

are shown in Figure 3. 

 

EIS Studies 

 

Figure 4 shows the Cole-Cole plots for the PMMA/ 

ENR 50-based electrolyte system. The plot for PMMA/ 

ENR 50 (Figure 4(a)) forms a semicircle. For PMMAF0 

and PMMAF1 (Figure 4(b) and (c)), both semicircles 

and spikes were observed. However, the Cole-Cole 

plot for PMMAF3 (Figure 4 (d)) only displays a spike. 

The formation of a semicircle reveals the polymer 

electrolyte's bulk conductance, which is equivalent to 

the parallel combination of its bulk resistance (Rb) and 

bulk capacitance. The immobility of the polymer chains 

causes the bulk capacitance, while the presence of 

mobile ions in the polymer matrix causes the bulk 

resistance [17]. The formation of spikes for PMMAF0, 

PMMAF1 and PMMAF3 is due to the charge transfer 

at the interface that creates a double layer capacitance. 

In addition, a spike also indicates the presence of ion 

diffusion in the samples [18]. 
 

 

 
 

Figure 3. Proposed interactions between constituents of the Al2O3-doped PMMA/ENR 50-based electrolyte. 
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Figure 4. Cole-Cole plots for (a) PMMA/ ENR 50, (b) PMMAF0, (c) PMMAF1 and (d) PMMAF3 

 

 

Table 1 lists the ionic conductivity obtained for 

all the samples. The PMMA/ENR 50 film had an ionic 

conductivity of 5.10 x 10-9 S/cm. With the incorporation 

of LiTf, the ionic conductivity of the system increased 

to 2.21×10-4 S/cm. This was due to the mobility of the 

charge carrier (Li+ ions) in the system. After adding 1 

and 3 wt. % of Al2O3 (PMMAF1 and PMMAF3), the 

ionic conductivity of the films increased to 2.46×10-4 

S/cm and 4.36×10-4 S/cm respectively. The increase in 

ionic conductivity may be caused by two factors: 

 

(i) The increase in the amorphicity of the system 

due to polymer-filler interactions, as confirmed 

by FTIR analysis. The amorphous phase eases the 

mobility of Li+ ions, which explains the improved 

ionic conductivity with filler incorporation. 

 

(ii) The creation of new conducting pathways for Li+ 

ions due to filler-salt interactions, as confirmed 

by FTIR. This in turn improves ionic transportation 

in the polymer electrolyte [19].  

 

Table 1. The ionic conductivity of PMMA/ENR 50-based electrolyte films. 

 

Samples Average Ionic Conductivity (S/cm) Standard Deviation 

PMMA/ ENR 50 5.10 × 10-9 ± 3.21× 10-9 

PMMAF0 2.21×10-4 ± 0.10×10-4 

PMMAF1 2.46×10-4 ± 0.20×10-4 

PMMAF3 4.36×10-4  ± 0.21×10-4 

 

 

(a) 

(d) (c) 

(b) 
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Table 2. Ionic conductivities of other PMMA-based filler incorporated polymer electrolytes. 
 

Polymer system Weight Percentage of 

Filler (%) 

Conductivity 

(S/cm) 

References 

PMMA/ ENR 50/LiTf 3 wt. % Al2O3  

(<50 nm) 

4.36 × 10-4  This study 

PMMA/ ENR 50/LiBF4 5 wt. % SiO2  

(15 nm) 

5.30 × 10−6 [20] 

PEO/PMMA/LiTFSI  Al2O3 (10 nm)  

(Unreported wt. %) 

9.37 × 10−7 [22] 

PEO/PMMA/LiClO4 3 wt. % Al2O3  

(<50 nm) 

4.90 × 10−6  [23] 

 
 

Table 2 shows the ionic conductivities obtained 

from other filler-doped PMMA blend electrolyte 

systems. It is clear that the system developed in this 

study showed a remarkably higher ionic conductivity 

than other filler-doped PMMA blend electrolyte systems. 

This system also exhibited conductivity values up to two 

orders of magnitude higher than the values reported by 

Zamri et al. [20], who used a smaller sized SiO2 filler. 

This was due to the formation of Si-OH (silanol) 

groups which inhibited ion movement in the polymer 

electrolyte system. This proves that Al2O3 has less 

tendency to react with surrounding moisture compared 

to SiO2, because aluminium (Al) is more electropositive 

than silicon (Si) [21]. 

 

  

  
 

Figure 5. Dielectric studies of (a) εr vs log f and (b) εi vs log f for PMMAF0-3. 

(a) 

(b) 
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A dielectric study for PMMA/ENR 50-based 

polymer electrolytes with different wt. % of Al2O3 

was conducted to better understand the nature of 

ionic transport in this system. Figure 5(a) and (b) 

show the plots of dielectric constant (εr) and dielectric 

loss (εi) as a function of log f, respectively. High 

values of εr and εi were observed at low frequencies, 

which indicate the association of charge carriers or 

polarization effects at the electrode-electrolyte inter- 

face before the electric field changed direction [24]. 

The reversal rate of the electric field increases at 

high frequencies, and this provides no time for the 

charges to accumulate at the interface, resulting in 

low ɛr and ɛi values [25]. The highest εr and εi values 

were obtained at the highest ionic conductivity of 

PMMAF3. This was because more energy had been 

used to align a higher number of charges in the 

system. 
 

 

 

 

 

  
 

Figure 6. Optical micrographs of (a) PMMA, (b) PMMA/ENR 50, (c) PMMAF0, (d) PMMAF1, (e) PMMAF3, 
(f) PMMAF5, (g) PMMAF7, and (h) PMMAF10. 

PMMA 

ENR 

50 

White 

continuous 

part  

Dark patches   

Fine 

hairy 

lines  

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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OM Studies 

 

The pure PMMA film in Figure 6(a) displayed a rough 

surface with uniformly distributed spherical grains 

which explained its brittleness due to restricted chain 

flexibility. The morphology of the PMMA/ENR 50 

film (Figure 6(b)) showed phase separation that  

indicated its inhomogeneity. After adding LiTf, the 

grains disappeared, as in Figure 6(c) (PMMAF0). This 

is due to the interaction of the oxygen atoms of PMMA 

with Li+ ions of the doping salt, as confirmed by FTIR 

analysis. Figure 6(c) also shows dark patches indicating 

a topological disorder resulting from the random 

distribution and dissociation of LiTf salts [26]. In 

addition, the two-phase separation of PMMA/ENR 50 

could still be seen. The white continuous parts represent 

the PMMA-rich phase, while the fine hairy lines 

represent the ENR 50-rich phase of the film. The same 

observations were also reported by Zamri et al. [8] for 

a PMMA/ENR 50-based electrolyte film. 

 

Figure 6(d) & (e) show the morphology of the 

films with 1 and 3 wt. % Al2O3 (PMMAF1-3). It was 

clear that phase separation no longer occurred, suggesting 

that there was no blocking phase and ions could move 

quickly. Moreover, the smooth film surface indicated 

a uniform and homogenous distribution of the Al2O3 

nanofiller in the whole polymer salt matrix. This is 

probably due to the ability of Al2O3 to occupy the 

spaces between PMMA and ENR 50, hence forcing 

ENR 50 to move into the PMMA phase. The same 

observation was also reported when SiO2 filler was 

added to a PMMA/ENR 50-based electrolyte [8].  

 

With the addition of ≥ 5 wt. % of Al2O3, the films 

showed agglomeration due to the high concentration of 

fillers (Figure 6(f) – (h)) which further confirmed the 

observations from FTIR analysis. In addition, the film 

surfaces became rougher. The agglomeration of Al2O3 

lead to an increase in crystallinity of the polymer  

matrices, which was confirmed by the brittle nature of 

the PMMA5-10 films (Figure 1(g) – (i)). 

 

TGA Studies 

 

The thermogravimetric (TG) curves of PMMAF0, 

PMMAF1 and PMMAF3 are depicted in Figure 7. The 

TG curves for PMMAF0-3 showed four decomposition 

temperatures (Td). The first three Td are related to the 

decomposition of PMMA as previously reported by 

Zailani et al. [27]. The first degradation stage was due 

to the decomposition of weak head-to-head linkages 

and impurities trapped inside PMMA. The second 

stage of deterioration was due to the breakdown of its 

side chain, while the third stage was due to the break-

down of the main chain of PMMA [27]. The fourth 

stage may be due to the decomposition of LiTf. 

Interestingly, the degradation temperatures observed 

for PMMAF1 and PMMAF3 were higher than that of 

PMMAF0 which suggested that the incorporated Al2O3 

significantly increased the thermal stability of the 

PMMA/ENR 50-based electrolyte system. This is likely 

due to the interactions between the filler and the C=O 

group of PMMA, as confirmed by FTIR analysis.  

 

 

 
 

Figure 7. TG curves of PMMAF0-3.  
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CONCLUSION 

 

Flexible, free-standing PMMA/ENR 50-based electrolyte 

films with improved homogeneity were obtained by 

the addition of up to 3 wt. % of Al2O3. This was 

confirmed by the smooth and homogenous morphology 

of the PMMAF1 and PMMAF3 films observed via 

OM. This is probably due to the ability of Al2O3 to 

occupy the spaces between PMMA and ENR 50, 

which forced ENR 50 to move into the PMMA phase. 

FTIR analysis confirmed that there were interactions 

between the oxygen atoms of the PMMA-based 

electrolyte and the coordination sites of ENR 50, LiTf 

and Al2O3. These interactions successfully increased 

the amorphicity of the system, which allowed flexible 

films to be formed. The increased amorphicity also 

eased the mobility of the Li+ ions, as proven by the 

highest ionic conductivity value of 4.36 × 10-4 S/cm 

obtained for PMMAF3. The filler-salt interactions also 

increased conductivity by creating new Li+ conducting 

pathways. Interestingly, the PMMAF1 and PMMAF3 

also exhibited higher decomposition temperatures 

compared to PMMAF0 which may be related to the 

PMMA-filler interactions, as confirmed by FTIR 

analysis. This system has potential to be applied in 

lithium-ion batteries due to its good ionic conductivity. 

Further studies on the temperature-dependence of 

conductivity should be carried out to specifically 

investigate the ion conduction mechanism of the 

system. 
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