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Abstract: The ionic conductivity of ammonium-based 
solid polymer films of poly(vinylidene fluoride) (PVDF) 
blended with MG49, a graft of natural rubber and 
poly(methyl methacrylate), with various compositions 
of ammonium triflate NH4CF3SO3, was investigated. As a 
result, 30 wt.% of NH4CF3SO3-doped polymer electrolyte 
exhibits the highest ionic conductivity at 6.32 × 10-4 S/cm at 
room temperature. The conductivity enhancement can be 
attributed to the increase in the number of NH4

+ as charge 
carriers. The significance of the blend is the increase of 
one order in ionic conductivity as compared with pure 
PVDF electrolyte. The temperature dependence of conduc-
tivity of the electrolyte does not obey the Arrhenius law. 
However, the  conductivity increases with temperature 
and it reached 1.56 × 10-3 S/cm at 363 K. X-ray diffraction 
reveals a decrease in crystallinity of the electrolyte upon 
the addition of NH4CF3SO3 salt. This result is supported by 
scanning electron microscopy. Linear sweep voltammetry 
demonstrates that the anodic stability of the electrolyte is 
up to 4 V. Therefore, the electrolyte shows good compat-
ibility with high-voltage electrode. Hence, this electrolyte 
system can be a prospective candidate as lithium-ion con-
ducting electrolyte for lithium batteries.
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1  Introduction

Polymer electrolyte has become an important material in 
ionic devices such as lithium ion battery, supercapacitor 
and dye-sensitized solar cell as it possesses ion transport. 
An early work on polymer electrolyte was carried out in 
the 1970s, when Fenton et al. (1) demonstrated that a non-
conducting polymer, polyethylene oxide, started con-
ducting when lithium salt was added into the polymer 
matrix. Following this research activity, the ion transport 
mechanism in polymer electrolyte was soon established 
and this has led to the development of a new host polymer 
of various types. Ever since Armand et al. (2) proposed the 
application of solid polymer electrolyte in lithium batter-
ies, research and development efforts have been made 
throughout the world. One of the well-known techniques 
to improve the properties of solid polymer electrolyte is 
blending. This method is considered as a good strategy 
to hold back the crystallinity and enhance the ionic con-
ductivity (3). Besides, it is a suitable way to control the 
different factors that influence the electrical and thermal 
properties of polymer electrolyte by changing the compo-
sition of blended polymer matrix (4–7).

The simplest way of introducing ion conduction in a 
polymer host is to solvate the inorganic ion to the polar 
groups of polymer. The polar groups in the polymer are 
thus known as solvating groups, which can solvate most 
of metal cations by establishing a coordination bond 
between them. Hence, identification of the suitable 
polymer host is important. The selection of poly(vinylidene 
fluoride) (PVDF) as a polymer host is due to its appealing 
properties such as strong electron-withdrawing function 
(F), high transparency, unique arrangement and high die-
lectric constant, which affect the dissociation of lithium 
salts and contribute to the increase in the concentration of 
charge carriers (8). The solid electrolyte system containing 
PVDF has been studied by Aravindan and Vickraman (9), 
Deka et al. (10) and Nath et al. (11). According to Michael 
and Prabaharan (12), the presence of carbon, hydrogen 
and fluorine atoms in the structure of PVDF resins pro-
duces polymers with high thermal and chemical stability 
and yet retains their thermoplastic nature, allowing ease 
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of processing for fabrication. Moreover, the existence of 
several crystalline phases known as α (TGTG′), β (TTTT) 
and γ (TTTGTTTG′), which depend on chain conforma-
tions, provides support to the mechanical properties of 
the electrolyte.

Another polymer chosen as a polymer host is MG49, 
which is a graft of natural rubber and poly(methyl meth-
acrylate) (PMMA). MG49 is a soft elastomer at ambient 
temperature with an elastic property that assists in the 
formation of a flat, thin and flexible film. Furthermore, 
it is able to improve the interfacial contact between 
electrolytes and electrodes in a battery system (13–15). 
PMMA imparts stiffening and hardening characteristics 
to rubber compounds. PMMA provides a path for ion con-
duction, and non-polar natural rubber gives the desired 
properties of lightweight and elasticity (16). Polar func-
tional groups in the structure of PMMA exhibit high 
affinity for lithium ions. Furthermore, oxygen atoms 
belong to the carbonyl group (C = O) and ether group 
(C-O-C) and the structure of MMA monomer is expected 
to have a coordination bond with lithium salt. This coor-
dination site acts as a stiffener. Therefore, fast ion trans-
port can take place through a continuous conduction 
path, which does not affect the electrochemical stabil-
ity of electrolytes (17). Despite the above properties, it is 
expected that, with the combination of these two poly-
mers, the mechanical properties of polymer electrolyte 
will be improved. The novelty of the work is the prepa-
ration of a new electrolyte system composed of PVDF-
MG49 blend doped with NH₄CF₃SO₃ salt. The objective of 
the work was to investigate the influence of salt concen-
tration on the conductivity, structure and morphology 
of electrolytes. Electrolytes with the optimum conduc-
tivity were then chosen for conductivity dependence on 
temperature measurement and electrochemical stability 
study.

2  Experimental

2.1  Materials

A film of solid polymer electrolyte of PVDF-MG49-NH₄CF₃SO₃ 
was prepared by the solution casting technique. MG49 with 
low glass transition temperature (Tg = -60°C) was supplied by 
Green HPSP (M) Sdn. Bhd, Petaling Jaya, Selangor,  Malaysia. 
PVDF with a molecular weight of 534,000 was obtained 
from Sigma Aldrich and ammonium triflate (NH₄CF₃SO₃) 
was provided by Sigma Aldrich (St. Louis, MO, USA). All 
the materials were used without further purification.

2.2  Preparation of solid polymer electrolyte

MG49 (0.9 g) was dissolved in 22.5 ml of tetrahydrofuran 
(THF) (J.T. Baker, Phillipsburg, NJ, USA) and stirred for 
24  h to obtain a complete dissolution. PVDF (2.1 g) was 
dissolved in 52.5  ml of THF and stirred for 24 h. These 
two solutions were mixed and stirred for 24 h to obtain a 
homogeneous solution. Various quantities of NH4CF3SO3 
salt (5–35 wt.%) were dissolved in 10  ml of THF and 
stirred for 1 h. After the salt was completely dissolved, it 
was added to the blend of PVDF-MG49 and stirred for the 
next 24 h. The polymer electrolyte solutions were then 
cast onto a glass Petri dish, and the solvent was allowed 
to evaporate slowly in a fume hood at room temperature. 
Preparation of the electrolyte samples was carried out 
in a vacuum glove box to minimize moisture due to the 
hygroscopic property. The samples were kept in a vacuum 
oven for 24 h at 40°C in order to ensure that all solvents 
trapped on the electrolyte films are removed.

2.3  Characterization

The ionic conductivity measurements were carried out 
by an electrochemical impedance system using a high- 
frequency resonance analyzer (HFRA; Solartron 1260, 
Schlumberger, UK) with an applied frequency from 10 Hz 
to 1 MHz at 10 mV of amplitude. The conductivity meas-
urements were conducted at room temperature and in a 
temperature range of  303–363 K. The ionic conductivity (σ) 
was calculated by the following equation:

b( )
l

R A
σ=

×

where l is the film thickness (0.02–0.03 cm) measured 
by a digital caliper, Rb is the bulk resistance obtained 
from the intercept on the real impedance axis (Z′ axis) 
and A is the contact area of the thin film [A = πr2 = π 
(1.60  cm/2)2 = 2.01  cm2]. The structure of the electrolyte 
samples was studied using an X-ray diffractometer (D-500  
XRD, Siemens, Germany). The data were taken at the diffrac-
tion angle 2θ from 2° to 70° at the rate of 0.025 per second. 
The electrochemical stability of the electrolyte exhibit-
ing the highest conductivity was evaluated using linear 
sweep voltammetry. The current-voltage of the sample was 
measured using two stainless steel electrode cell configu-
ration (SS/polymer electrolyte/SS), between the potential 
ranges of -5 and +5 V. Scanning electron microscopy using 
a Philips XL 30 model at 5.00 k  ×  magnification was per-
formed to study the morphology of all electrolyte samples.
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3  Result and discussion
Figure 1 shows the variation in room temperature ionic 
conductivity of the electrolyte with the concentration 
of NH₄CF₃SO₃. The results show that the conductiv-
ity was 5.22 × 10-7 S/cm at 5 wt.% of salt. The conductiv-
ity enhances slowly upon the addition of charge carrier 
into the polymer host of PVDF-MG49 (18, 19). The peak 
in Figure 1 represents the maximum ionic conductivity 
measured at room temperature. The value obtained was 
6.32 × 10-4 S/cm at 30 wt.% of salt, which was greater than 
the results reported in previous studies (14, 20). Further 
increase in the salt concentration was followed by a 
sharp decline in conductivity (2.76 × 10-4 S/cm). The reduc-
tion in conductivity is linked to the formation of ion pairs 
from NH4+ and CF3SO3

- ions and to the restriction of ionic 
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Figure 2 Arrhenius plot of PVDF-MG49-NH₄CF₃SO₃ at 30 wt.% of 
NH4CF3SO3.
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Figure 1 Conductivity vs. amount of NH₄CF₃SO₃ in PVDF-MG49 
blend of polymer electrolyte films at room temperature.
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Figure 3 XRD pattern of (A) PVDF-MG49 blend and PVDF-MG49 with 
various concentrations of NH4CF3SO3 salt.
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Figure 4 XRD pattern of the MMA monomer of MG49 in PVDF-MG49 
blend and doped polymer electrolyte (15–30 wt.%).
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Figure 5 Linear sweep voltammogram of PVDF-MG49/LiBF4-based 
polymer electrolyte at the highest ionic conductivity.
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A B

C D

Figure 6 Scanning electron micrographs of (A) PVDF/MG49 blend, (B) 15 wt.% of NH4CF3SO3, (C) 20 wt.% of NH4CF3SO3 and (D) 30 wt.% of 
NH4CF3SO3 at 5000 ×  magnification.

motion (21). It is believed that the high dielectric constant 
of PVDF assists in the dissociation of ions in the electro-
lyte (22). Moreover, in PVDF-MG49-NH4CF3SO3 polymer 
electrolyte, at any instant of time, NH4

+ ion moves along 
the ether and carbonyl oxygen atoms of MG49 chains and 
forms a coordinated bond. This process is followed by 
breaking old coordination links and forming a new link, 
leading to ionic conductivity enhancement. According 
to Gray (23), salt plays an essential role in determining 
ionic conductivity. The large anions of salt with delocal-
ized charge, low ion-dipole stabilization energies and low 
lattice energies have little tendency to form tight ion pairs. 
Therefore, this particular salt (NH4CF3SO3) is generally 

expected to promote greater dissociation, thereby provid-
ing a higher concentration of ions.

Figure 2 shows the temperature dependence of the con-
ductivity plot for the sample with 30 wt.% of NH₄CF₃SO₃. 
The plot shows that the temperature enhances the ionic 
conductivity from 5.20 × 10-4 S/cm at 303 K to 1.56 × 10-3 S/cm 

at 363 K. The temperature dependence of the conductiv-
ity of this electrolyte system does not follow the Arrhenius 
behavior since the linear correlation factor is only 0.87. 
Furthermore, the conductivity mechanism of the electro-
lyte involves an ionic hopping motion, coupled with the 
relaxation/breathing and/or segmental motion of poly-
meric chains (24). As a result, the pre-exponential factor, 
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σ0, and the activation energy, Ea, of the electrolyte cannot 
be estimated from the plot. The enhancement in tem-
perature facilitates the segmental motion of the polymer 
chains, creating a conducting path known as free volume. 
Hence, the ionic conductivity was enhanced (25, 26).

Figure 3 shows the XRD patterns of the PVDF-MG49 
blend and the PVDF-MG49-NH4CF3SO3-based polymer 
electrolyte. The semi-crystalline nature of PVDF and 
MG49 has been confirmed by the appearance of peaks at 
2θ = 18°, 20° and 26°, corresponding to the PVDF structure 
(11), and at 2θ = 29° belonging to MG49 (27, 28). The change 
in the intensity peak of the doped samples is observed at 
29.5°. The peak height decreases with the salt content. The 
results indicate that, upon the addition of salt, the crys-
tallinity of the electrolyte decreases, which indicates that 
interaction between the constituents occurs.

It is evident from Figure 4 that the intensity of MMA 
peak (2θ = 29°) decreased upon the addition of salt. In 
other words, the crystallinity decreased and complexation 
occurred in the amorphous phase of the polymer, which 
was complemented by the increase in the conductivity of 
the electrolyte.

Figure 5 shows the linear sweep voltammetry curve 
of the electrolyte. The anodic decomposition limit of 
the electrolyte is considered as the voltage at which the 
current flows through the cell. From the curve, an electro-
chemical stability of up to 4 V is observed. This finding is 
suitable for lithium battery applications.

Figure 6 shows the scanning electron micrographs 
of all electrolyte samples. The morphology of the blends 
PVDF-MG49 and PVDF-MG49 complexed with NH4CF3SO3 

is shown in Figure 6A–D, respectively. The scanning 
 electron micrograph of the blend in Figure 6(A) indicates 

the compatibility of PVDF and MG49 as a polymer matrix. 
Upon the addition of NH₄CF₃SO₃, a porous structure 
appears, which assists the absorption of active species 
into the electrolyte lattice; hence a higher ionic conductiv-
ity is expected.

4  Conclusions
In this work, the blend of PVDF-MG49 (70/30) complexed 
with NH4CF3SO3 was successfully prepared via a solution 
casting technique. It was found that the ionic conductiv-
ity was influenced by the concentration of salt and by 
the maximum conductivity obtained at 6.32 × 10-4 S/cm 
for 30 wt.% of NH4CF3SO3. The electrolyte does not obey 
the Arrhenius law. The crystallinity of the electrolyte 
decreases with NH4CF3SO3 salt concentration. The elec-
trolyte system shows sufficient electrochemical stability 
of up to 4 V by linear sweep voltammetry test. A porous 
structure appears in the electrolyte upon the addition of 
NH₄CF₃SO₃. The electrolyte was found to be suitable for 
lithium battery applications.
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