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A B S T R A C T   

Solid polymer electrolyte has been extensively studied as an alternative to liquid electrolyte that is often affected 
by the leakage, deformation and limited range of operating temperature issues. The present study was conducted 
in an attempt to synthesize polyurethane acrylate (PUA) as a host polymer to evaluate polymer performance 
supplemented with Li salt as polymer electrolytes. PUA was prepared by the reaction of jatropha oil polyol with 
toluene 2,4-diisocyanate and hydroxylethylmethylacrylate. Lithium perchlorate (LiClO4) salt with different 
percentage of weight in the range of 5 wt. % to 25 wt. % was added to PUA to produce the PUA electrolyte. The 
mixtures were cured under UV radiation to obtain thin polymeric films with good thermal stability and ionic 
conductivity. PUA with 25 wt. % lithium salt has the highest conductivity of 6.40 × 10− 5 S cm− 1 at room 
temperature. The finding was supported by Fourier transform infrared (FTIR). Electrode polarization occurrence 
was interpreted by the complex dielectric constant (Ɛr), dielectric loss (Ɛi), real electrical modulus (Mr), imag-
inary electrical modulus (Mi) and tan σ. The effect of lithium salt addition was investigated by differential 
scanning calorimeter (DSC), thermogravimetric analysis (TGA), X-ray diffraction (XRD) and scanning electron 
microscopy (SEM) analyses. Additionally, the ionic transport properties, transference number measurement and 
electrochemical stability were presented.   

1. Introduction 

The SPE is well known for its lightweight property coupled with their 
dynamic shape conformity and improved safety profile [1]. A potential 
SPE of interest encompasses the use of polyurethane (PU). PU possesses 
good mechanical properties, low toxicity and fire resistance. PU has 
good water and solvent resistance as a result from its specific segmented 
structure and complements polymeric features of SPE [2]. Polyurethane 
acrylate (PUA) is a derivative of PU and it possesses oxyethylene chains 
in the host polymer matrices that are capable to yield higher ionic 
conductivity at elevated temperatures. The improvement on the 

mechanical properties and dimensional stability of polyurethane poly-
mer is imperative to obtain better conductivity at ambient temperature. 
Besides, the higher segmental motion of polyether soft segments and low 
glass transition temperature, Tg leads to a higher mobility of the dis-
solved ion which translates to a higher conductivity of the polymer 
electrolyte at ambient temperature [3,4]. The existence of the hard and 
soft segments of the PUA provides better compatibility with the addition 
of lithium salt for enhance conductivity, therefore suitable for use as a 
SPE [5,6]. 

The earlier study on SPE used petrochemical derived polymer such as 
polyethylene oxide [7], polyvinyl chloride [8], polyvinyl alcohol [9] 
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and others as host polymer. A recent study is more oriented on devel-
oping bio-based polymers because of the environmental issues, frequent 
fluctuation of petroleum price and its non-renewable resources. These 
polymers possess advantages such as environmentally friendly, low-cost, 
abundance and sustainable. In general, bio-based polymer is defined as 
the polymer that can be obtained naturally, whether derived from 
plants, trees, bacteria, algae or other bio-renewable resources [10]. 
There are two types of the bio-based polymer which is biopolymer ob-
tained directly from natural resources such as cellulose, protein, starches 
and polyester, and bio-based polymer synthesized from bio-based 
monomer. In the SPE field, various types of biopolymer have been 
investigated such as starch [11], cellulose [12], carrageenan [13], chi-
tosan [14,15] and more. Bio-based polymer derived from vegetable oil 
has attracted attention to be served as polymer electrolyte. Vegetable 
oils have been established as singular, largest, non-toxic, non-polluting, 
biodegradable material yielding resins that can compete with fossil 
fuel-derived petro-based products. Previous studies on bio-based poly-
urethane polymer electrolyte has been prepared from palm kernel oil 
and castor oil.16-18Bio-based polymer electrolytes were obtained higher 
ionic conductivity which has 1.53 × 10− 5 S/cm [16] for CMC based 
polymer and 1.3 × 10− 2 S/cm with chitosan polymer[17]. 

Jatropha oil is a non-edible oil which contains 78.9% unsaturated 
fatty acids consisting mainly of oleic acid and linoleic acid. This high 
degree of fatty acid makes it possible to undergo chemical modification 

to produce other polymers with specific properties. The unsaturated 
fatty acid can be functionalized to form epoxide, hydroxyl group or 
others. Jatropha oil has similar properties as that of palm oil and has the 
capacity to grow in marginal and common lands. The present research 
on jatropha oil is more focusing on biodiesel and medicinal purposes 
[18,19]. Nevertheless, jatropha oil can be a promising raw material to 
prepare polyols for the production of polyurethane. In this research, 
bio-based polyurethane acrylate was synthesized from jatropha 
oil-based polyol reacted with toluene 2,4-diisocyanate (TDI) and 
2-hydroxyethylmethyl acrylate (HEMA). Solid polymer electrolyte was 
prepared by solution casting and cured with UV irradiation. The effect of 
different lithium salt concentration on the electrochemical properties, 
ionic conductivity, dielectric behaviour and thermal properties of the 
biopolymer electrolyte was investigated. 

2. Experimental section 

2.1. Materials 

Jatropha seed oil was purchased from Biofuel Bionas, Malaysia. N, N- 
dimethylformamide (DMF) (99.5%) was obtained from R&M Chemicals, 
UK and tolylene-2,4-diisocyanate (TDI) (80%) was from ACROS Or-
ganics, USA. 2-hydroxyethyl methacrylate (HEMA) (97%) 1,6-hexaediol 
diacrylate (HDDA), lithium perchlorate (LiClO4) and 2-hydroxy-2- 

Fig. 1. Production of jatropha oil-based PUA.  
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methylpropiopropanone (Darocure) were purchased from Sigma- 
Aldrich, Germany. All chemicals were used as received. 

2.2. Preparation of PUA oligomer 

Polyol from jatropha seed oil (20 g) and DMF were added into a four 
necked bottom flask, stirred and refluxed under nitrogen atmosphere 
and heated to 60 ◦C. TDI was added drop wise into the mixture and 
stirred for 2 h. Then, the reaction was cooled down to 40 ◦C. HEMA was 
added drop wise into the reaction mixture over an hour and continu-
ously stirred for another 2 h at 60 ◦C. TDI and HEMA were added with a 
ratio of 1:1:1 (polyol:TDI:HEMA). From time to time, DMF was added to 
the reaction mixture as diluent to control the viscosity of the reactant. 
Upon completion, a yellowish liquid product (PUA) was obtained. Fig. 1 
schematically presents the preparation reaction of the PUA. 

2.3. Preparation of PUA film electrolyte 

PUA electrolytes were prepared by UV curing method. PUA, HDDA 
(monomer) and Darocure (photoinitiator) were mixed and stirred for 3 h 
in a close vial. Pure PUA without the addition of salt was used as the 
controlled parameter. For the PUA electrolyte, a calculated amount of 

lithium salt, in the range of 5–25 wt. % was used. Upon mixing, the 
lithium salt was dissolved in acetone. In another vial, PUA, HDDA and 
Darocure were mixed and stirred for 12 h. Then, these two solutions 
were mixed for another 12 h to obtain a homogenous solution. The 
electrolyte solution was casted on a Teflon mould and subjected to UV 
irradiation for 50 s. The fabricated SPE were stored in a desiccator. 

2.4. Characterization 

The FT-IR analysis was performed by Perkin Elmer Spectrophotom-
eter model 1650. The electrolyte was analysed in the range of 4000 cm− 1 

to 400 cm− 1, with a scanning resolution of 4 cm− 1. Thermal study was 
conducted by using TGA and DSC. TGA was performed with METTLER 
TA3000 from 50 ◦C to 700 ◦C at a heating rate of 10 ◦C/min under ni-
trogen atmosphere. Additionally, DSC analysis was conducted with 
METTLER TA300 under nitrogen atmosphere, from − 50 to 150 ◦C (rate 
= 10 ◦C/min). The structure and crystallinity information of the poly-
mer electrolyte was studied using XRD (D-5000 Siemen; 2θ: 5–35◦; scan 
rate = 0.04◦ s− 1). The surface morphology of the sample was observed 
by SEM JEOL JSM-7600F. The sample was fractured in liquid nitrogen 
and sputtered with gold prior analysis at ambient temperature. Mean-
while, the ionic conductivity measurement was carried out by using EIS 

Fig. 2. FITR spectra of PUA electrolyte at various LiClO4 content (0–25 wt.%) in the range of (a) 4000-500 cm− 1 and (b) 720-550 cm− 1.  
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HIOKI with an applied frequency from 50 Hz to 1 MHz at 100 mV 
amplitude at room temperature. Sample with 16 mm diameter disc- 
shaped was sandwiched between two stainless steel electrodes. The 
ionic conductivity at room temperature and at elevated temperature was 
obtained by calculating the bulk resistance from the impedance based on 
the following equation: 

σ =
l

A × Rb
(1)  

where l represents the thickness of sample (cm), A is the contact surface 
area (cm2) and is the bulk resistance. From the impedance analysis, the 
number density (n), mobility (μ) and diffusion coefficient (D) of charge 
carriers can be calculated with the given the expression: 

n=
(

mLiClO4

Mw
×NA

)
1

VT
×%fion × 2 (2)  

μ=
σ
ne

(3)  

D=
μKbT

e
(4)  

where mLiClO4 is the mass of LiClO4, Mw is the molecular weight, NA is 
Avogadro number, VT is the total volume, e is the electron charge, kb is 
Boltzmann constant and T is the temperature in kelvin. For the dielectric 
studies, the dielectric constant (εr), dielectric loss (εi), real electrical 
modulus (Mr), imaginary electrical modulus (Mi) and tan σ can be 
calculated by the following equations: 

εr =
Zi

ωCo
(
Z2

r + z2
i
) (5)  

εi =
Zr

ωCo
(
Z2

r + z2
i
) (6)  

Mr =
εr(

ε2
r + ε2

i
) (7)  

Fig. 3. FTIR deconvolution of peak between 680 and 570 cm− 1 of (a) 5, (b) 10, (c) 15, (d) 20, and (e) 25 wt.% of LiClO4 in PUA solid polymer electrolytes.  
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Mi =
εi(

ε2
r + ε2

i
) (8)  

tan δ=
Zr

Zi
(9)  

where Co = εoA/t, εo is the permittivity of free space and ω = 2 π f. 
A linear sweep voltammetry (LSV) analysis was performed on the SS/ 

SPE/Li electrodes (scan rate = 10mVs-1; range = 0–7 V; room temper-
ature). The cell was assembled in a glovebox with less than 0.1 ppm H2O 
and O2. Princeton VersaSTAT-4 potentiostat and the polymer electro-
lytes were used for transference number measurement and which 
polarized under a fixed direct current (DC) voltage of 0.1 V. The value of 
tion was calculated from the current versus time plot by using Wagner’s 
polarization technique, 

tion = 1 −
ISS

Io
(10)  

where ISS is the steady state current and Io is the initial current. 

3. Results and discussion 

3.1. Fourier transforms infrared 

The FTIR spectra of PUA with different concentration of lithium 
perchlorate salts are presented in Fig. 2. The PUA polymer electrolytes 
displayed the characteristic stretching frequency of free and hydrogen 
bonded –NH (3800-3100 cm− 1), C––O (1750-1710 cm− 1), amine func-
tional groups (C–N and N–H) (1550-1500 cm− 1) and C–O–C (1300-1000 
cm− 1) [20]. Both the oxygen and nitrogen atoms interact with the 
lithium salt in the polymer electrolyte [21]. The absorption peak of free 
and H-bonded of –NH stretching of PUA have shifted and increase upon 

the introduction of lithium salt due to the interaction of Li+ ions with the 
–NH groups. 

The C––O signal of PUA without Li+ gave an intense, strong and 
sharp peak at 1719-1712 cm− 1. The subsequent addition of shifted peak 
which wave number from 5 to 7 cm− 1 at 25 wt.% of lithium. This 
observation suggests that an interaction between the carbonyl group and 
lithium salt has weaken the C––O bond [22]. The peak between 1072 
and 1173 cm− 1 was assigned for C–O–C stretching band for acrylate 
group. The urethane groups experienced only a marginal shift to a lower 
frequency. When salt was added, H bonded C–O–C groups became free 
due to an interaction of Li+ ions with the ether oxygen and its ability to 
form H-bonds. The interaction of PUA solid polymer and LiClO4 salt was 
also evident as a result of the formation of spectroscopically free ClO4

−

recorded at 632 cm− 1 [23,24]. FTIR results prove that the introduction 
of Li salt into PUA results in a variety of interaction that can cause a 
change in the microstructure of the polymer. 

FTIR deconvolution was used to study the interaction between PUA 
solid polymer and LiClO4 salt [25, 26]. The area percentage of free ions 
and ion pairs can be calculated from the following formulae: 

fions(%)=
Af

Af + Ap
× 100% (11)  

Pions(%)=
Ap

Af + Ap
× 100% (12)  

where fions and pions are free ions and ion pairs, respectively; while, Af 
and AP are the area of free ions and ion pairs, respectively. According to 
the previous report [27], the recorded peaks at 600 cm− 1 and 650 cm− 1 

were assigned to the free ions and ion pairs of ClO4
− , respectively. The 

spectra measured from 680 cm− 1 to 570 cm− 1 were fitted by using 
non-linear least squares and the results were shown in Fig. 3. Herein, the 
peaks at 613 and 614 cm− 1 are assigned to the free ions, while the ion 
pairs of ClO4

− were found at 633 and 634 cm− 1. The peak deconvolution 

Table 1 
Area percentage of free ions and ion pairs for PUA/LiClO4 concentration in 
electrolyte system.  

Composition Percentage area (%) Wave number (cm− 1) 

Free ion Ion pairs Peak 1 Peak 2 

PUA-5 wt.% Li 66.90 33.10 613.36 632.91 
PUA-10 wt.% Li 67.84 32.16 613.89 633.75 
PUA-15 wt.% Li 69.28 30.72 613.89 634.70 
PUA-20 wt.% Li 69.53 30.47 614.22 633.54 
PUA-25 wt.% Li 74.56 25.44 614.41 634.70  

Fig. 4. TGA thermograms of PUA electrolyte with varied LiClO4 composition.  

Table 2 
Thermal analysis of the PUA electrolytes at different percentages of LiClO4.  

Composition Td1 (◦C) Td2 (◦C) Residue (%) 

PUA-0 wt.% Li 254 416 0.0 
PUA-5 wt.% Li 285 404 0.0 
PUA-10 wt.% Li 312 428 12.1 
PUA-15 wt.% Li 319 428 18.5 
PUA-20 wt.% Li 296 462 16.6 
PUA-25 wt.% Li 305 448 17.3  
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and percentage of free ions and ion pairs can be calculated by equation 
(11) and equation (12) and the area percentage was summarized in 
Table 1. Based on the tabulated results, the area percentage of free ions 
increased with the percentage increment of LiClO4 salt doped into PUA. 
The ion dissociation of PUA (5% LiClO4) was 66.90% up to a maximum 
of 74.56% for PUA (25% LiClO4). This suggests that addition of LiClO4 
salt has resulted in the favourable formation of free ions and increased 
the charge carries that would enhance ionic conductivity [25]. However, 

the area percentage of ion pairs depicted a decreasing trend from 
33.10% (5% LiClO4) to 25.44% (25% LiClO4). The increasing amount of 
LiClO4 salt added unto PUA solid polymer electrolyte resulted in a 
higher degree of free ion mobility with the accompanying tendency for 
negative charge generation. Therefore, the dissociation of ion will 
decrease as the formation of ion pairs decreases. 

3.2. Thermogravimetric analysis 

The TGA thermograms of pure PUA and PUA with different per-
centages of LiClO4 salt are shown in Fig. 4. The weight loss of 5–15 wt.% 
at below 100 ◦C is due to the loss of water and solvent present in the 
polymer electrolyte. The weight loss due to water increased as the 
percentage of hygroscopic Li salt increased. The thermal decomposition 
stage (Td) of pure PUA and PUA with LiClO4 was observed at tempera-
ture region of 250–350 ◦C and 350–500 ◦C for first decomposition stage 
(Td1) and second decomposition stage (Td2), respectively (Table 2). Td1 
of PUA was ascribed to the degradation of urethane linkage while the 
degradation of polyether contributed to Td2 [22]. The addition of 
lithium to polymer electrolyte contributes to the early decomposition 

Fig. 5. DSC curves of the PUA-LiClO4 electrolytes.  

Table 3 
Tg and Tm of the PUA-LiClO4 electrolytes.  

Composition Tg (◦C) Tm (◦C) 

PUA-0 wt.% Li − 18.1 - 
PUA-5 wt.% Li − 15.7 115.2 
PUA-10 wt.% Li − 15.8 105.0 
PUA-15 wt.% Li − 15.7 99.6 
PUA-20 wt.% Li − 20.4 125.3 
PUA-25 wt.% Li − 15.1 108.9  

Fig. 6. XRD patterns of PUA-LiClO4 electrolytes at different salt concentrations.  
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than pure PUA. The interaction of Li+ ions with the oxygen atoms of 
polymer electrolyte weaken the C––O bond. Besides, the introduction of 
lithium salt into PUA has decreased the percentage loss of mass upon 
heating. Lithium salt may promote early decomposition. As the amount 
of lithium increases, the percentage loss of mass in the polymer is low-
ered. Moreover, the decomposition of urethane linkage at lower tem-
perature corroborates the weakening of C––O bond and decreases the 
electron density due to interaction of Li+ with the oxygen atoms [26]. 
The increase in lithium salt concentration has affected the thermal sta-
bility of the polymer electrolyte attributed to the reduction of crosslink 
density of the polymer. It is observed that the PUA is degraded 
completely while the polymer electrolyte was left about 12–19 wt. %. 
The systematic addition of salt dopant (5–25 wt. %) has also escalated 
the polymer electrolyte residue seen beyond 600 ◦C. 

3.3. Differential scanning calorimetry 

The undoped PUA sample exhibited recorded a glass transition 
temperature at − 18.1 ◦C which corresponded to the one reported by 
previous study [28]. Each sample of the polymer electrolyte showed one 
Tg and one endothermic melting peak, Tm except for PUA (0% LiClO4). 
The crystalline peak of the exothermic of PUA was not observed by the 
DSC analysis. The Tg of the polymer electrolytes are higher than the 
undoped PUA except for the PUA with 20 wt. % of Li salt (Fig. 5 and 
Table 3). The Tg of the polymer mainly depends on intermolecular 
interaction and chain flexibility. The lower values of Tg with the addi-
tion of 20 wt. % salt was attributed to the plasticizing effect of the Li salt 
in the polymer matrix. The introduction of Li + ions elevated the 
segmental motion hence lowered the Tg of polymer electrolyte [29,30]. 
The introduction of LiClO4 has caused the effective packing of polymer 

Fig. 7. Morphology of the PUA electrolytes at different LiClO4 salt concentrations.  
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chains into the solid-state crystals and produced a semi-crystalline ma-
terial [31]. A single glass transition was observed since the incorpora-
tion of polyol in the PUA is presumably small. Hence, the separation of 
the soft-hard segment phases is limited [32]. Likewise, the melting 
temperature of polymer electrolyte displayed similar trend. 

Based on Table 3, the Tm values decreased accordingly with the 
increasing amount of LiClO4 5–15 wt%. The lower Tm temperature upon 
the addition of LiClO4 salt suggests that the polymer salts segment 
became less rigid in the amorphous phase which is supported by the XRD 
analysis which will be discussed in the following section. The decreasing 
Tg and Tm of the polymer host was also related to the increase in the 
ionic conductivity of the polymer electrolyte. The incorporation of the 
salt into PUA caused the weakening of the dipole-dipole interaction 
between the PUA chains and hence, promotes ions mobility through the 
polymeric chain network when an electric field [20]. Nevertheless, the 
addition of salt at 20 wt. % has higher Tm and lower Tg attributed to a 
stronger Li-polymer matrix interaction. However, it was found that the 
subsequent increase of 25 wt. % salt give rise to a decreased Tm which 
suggests that the addition of salt weakened the dipole-dipole in-
teractions. The further addition of Li salt restricted the PUA chains and 

reduces the bonding interactions between network chains. 
Typically, there are three major types of interaction involving the 

polymer electrolyte. Firstly, the interaction of the ether oxygen with the 
Li+ ions, leads to the formation of transient crosslinks between the 
polyether chains via the Li+ ions, as a result restricts the segmental 
motion. The second type of interaction involves the –NH (urethane), 
carbonyl groups and the Li+ ions conforming to an inter or intra mo-
lecular crosslink. The third type of interlinkage includes the ether- 
urethane interaction with the Li+ ions which leads to the mixing of 
phases involving the hard and soft segments. Besides, the oxygen atoms 
present in the acrylate groups may also coordinate with Li+ ions. The 
interaction of Li+ happens within the ether oxygen and possibility 
through the oxygen of acrylate group that would likely increase the Tg of 
the hard segment. This information suggests that the addition of salt 
promotes the amorphous characteristics of PUA. 

3.4. X-ray diffraction 

The XRD analysis was carried out to study the crystallinity behavior 
of the polymer materials. Fig. 6 shows the XRD pattern of PUA and PUA 
electrolyte. The XRD pattern of PUA and PUA electrolyte shows a broad 
hump within 15◦–25◦. There was no crystalline peak of Li referred to and 
reported by Ulaganathan et al. [33] and observed in XRD pattern which 
indicates that there is complete dissolution of Li salts in polymer 
matrices [34]. Besides, the existence of broad hump indicates that the 
PUA and PUA electrolyte are amorphous phase. The intensity of the peak 
decreases and the broadening area under the peak becomes smaller with 
the addition of Li salts. This implies that the amorphous nature of the 
film increases with the increase in the concentration of lithium. The 
crystallinity of polymer reduces whenever lithium salt was added known 
as favourable condition for conductivity enhancement [35]. The phys-
ical crosslinking contributed by Li salt stronger than the force attraction 

Fig. 8. Impedance plots of PUA electrolyte.  

Table 4 
Ionic conductivity of the PUA-LiClO4 electrolytes.  

Composition Conductivity (S cm− 1) 

PUA-0 wt.% Li 2.61 × 10− 11 

PUA-5 wt.% Li 3.66 × 10− 7 

PUA-10 wt.% Li 5.57 × 10− 6 

PUA-15 wt.% Li 3.95 × 10− 6 

PUA-20 wt.% Li 9.36 × 10− 6 

PUA-25 wt.% Li 6.40 × 10− 5 

PUA-30 wt.% Li 3.25 × 10− 6  
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between the polymer chains. The increase in the amorphous nature 
causes a reduction in the energy barrier to the segmental motion of the 
polymer electrolyte. Hence, improving ionic mobility and enhancing 
ionic conductivity of polymer electrolyte at room temperature [34]. 

The amorphous properties of polymer give a significant reason for 
the increment of ionic conductivity which might be due to the free 
volume created by the continuous segmental motion of polymer chain. 
This helps ion migration and facilitates the movement of ions [36]. The 
amorphous nature of polymer electrolyte was responsible for reducing 
Tg value as discussed in DSC analysis. It was shown that the more 
amorphous polymer has a low Tg which explained that the low Tg in 
amorphous phase has caused the polymer chains to produce faster bond 
rotations and segmental motion, hence giving a better ionic mobility to 
the polymer electrolyte. 

3.5. Morphology analysis 

Morphology studies the fractured surface of the PUA added with Li 
salt shows in Fig. 7(a–f). The SEM micrograph Fig. 7(a) shows the 

homogenous surface of pure PUA as observed. For PUA with and without 
salt, there were no phase separations observed meaning there are 
intermolecular interaction between oxygen atom and host polymer [37]. 
Topological texture of PUA changed from smooth to rough and brighter 
surface with addition of lithium salt. Fig. 7(f) has micro size pores 
affecting the transporting properties of Li+ ions by increasing the surface 
area. Hence, 25 wt. % of lithium salt has higher conductivity and the 
blacker region in the SEM micrograph exhibited an amorphous phase 
while crystalline phase is contributed by the lighter region in the poly-
mer electrolyte system [16]. Amorphous region helps migration of ions 
in the polymer, hence increasing the conductivity. 

3.6. Ionic conductivity, ion transport properties and dielectric study 

The impedance spectroscopy study was conducted to study the ionic 
conductivity of PUA polymer electrolyte. Fig. 8 shows the impedance 
plots of the PUA electrolytes and the ionic conductivity value is dis-
played in Table 4. Based on Fig. 8, the curve of all PUA electrolytes with 
the salt are in similar shape with the arc (high frequency) and straight 

Fig. 9. (a) Number density, (b) mobility and (c) diffusion coefficient of charge carriers for PUA solid polymer electrolyte with different Li content.  
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line (low frequency) regions. It is established that the resistance of a cell 
system is composed of the bulk resistance, Rb and interfacial resistance, 
Ri. The increase of lithium salt has resulted in a smaller bulk resistance 
[22]. In the relatively low frequency region, the diffusion of active 
species determines the impedance response. As the frequency increases, 
the charge transfer reaction during potential oscillation decreases so 
that the influence of the diffusion of active species on the impedance 
response decreases [26]. From Table 4, the ionic conductivity increased 
as LiClO4 added increased from 5 wt. % up to 25 wt. %. The PUA elec-
trolyte with 25 wt. % of lithium salt showed the highest conductivity of 
6.4 × 10− 5 S cm− 1 at r.t. which has increased by six orders compared to 
the pure PUA. As the percentage of salt increases, the ionic conductivity 
is increased until it peaked at an optimum value, 6.4 × 10− 5 S cm− 1. 
However, the conductivity decreased with the addition of Li salt beyond 
the optimum point. This observation is related to the ion pair formation 
that lowers the concentration of free ions in the solutions. Thereafter, 
the PUA (25 wt. % of LiClO4) was subsequently used for further analyses. 

It was found that the augmentation of ionic conductivity will also 
increase the number density, mobility and diffusion coefficient of charge 
carriers as shown in Fig. 9. The number density of charge carriers 
increased linearly with the content of LiClO4 content from 0.376 × 1021 

to 2.390 × 1021 cm− 3 [38,39]. The ionic conductivity was dominated by 

the increase of number density of charge carriers with 74.56% free ions. 
Furthermore, the mobility of charge carriers improved gradually up to 
16.7 × 10− 8 cm2V− 1s− 1 (PUA 25% Li). Both, the mobility and diffusion 
coefficient of charge carriers were enhanced as the flexibility of PUA SPE 
increased [38]. 

Accordingly, we have compared the variation of log dielectric con-
stant (log Ɛr) and log dielectric loss (log Ɛi) against log frequency for the 
doped-PUA (5–25% Li) at 26 ◦C (Fig. 10). Higher values of log Ɛr and log 
Ɛi were present at lower frequency ca. 2 Hz as result of ion polarization 
[40]; while, at higher frequencies, the log Ɛr and log Ɛi decreased as 
there was no excess of ion diffusion in the field direction and engender 
the rapid periodic reversal of electric field [41]. When more LiClO4 salt 
was added into PUA solid polymer electrolyte, consequently, the log 
dielectric constant and log dielectric loss were likewise increased from 
PUA 5% Li to 25% Li. The increasing value of log Ɛr and log Ɛi were 
dominated by the charge carrier density, n [42]. As the values of n 
increased, the number of free ions increased too and facilitated the 
elevation of ionic conductivity. 

The real (Mr) and imaginary (Mi) parts of the electric modulus versus 
log frequency for different concentration LiClO4 was shown at Fig. 11. 
From Fig. 11, it was observed that values for Mr and Mi were increased at 
higher frequency about 6.5 Hz and 5.0 Hz respectively. Based on that, 

Fig. 10. Plots of (a) log dielectric constant and (b) log dielectric loss against log frequency of PUA-LiClO4 at different salt concentrations.  
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Fig. 11. Plots of (a) real part (Mr) and (b) imaginary part (Mi) electrical modulus against log frequency for PUA 5%–25% Li.  

Fig. 12. Tan δ versus log frequency for PUA 5%–25% Li.  
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the PUA solid polymer electrolyte samples can be said that it was an 
ionic conductors [43]. This was because it consisted of charge carriers 
that can help to increase the ionic conductivity. The Mr and Mi indicated 
that both had zero values with a present of tail at lower frequency. The 
tail determined that there was capacitance associated with the elec-
trodes [40,43]. This was due to the effect of polarization was very tiny 
[26] as there was capacitance associated with electrolyte. 

A graph of tan θ against log frequency was plotted in Fig. 12. Based 
on Equation (9), the relaxation time (τ) can be calculated for different 
percentage of Li doped into PUA solid polymer electrolyte. In Fig. 12, the 
peaks were shifted toward the right (higher frequency) with increased 
the percentage of Li. As percentage of Li doped into PUA SPE increased, 

the number of free ions increase, and it will lead to increase of ionic 
conductivity. From Table 5, the relaxation time taken was decreased 
[41] as the peaks shifted toward right at higher frequency. PUA 25% Li 
seem to have the lowest value of τ of 0.204 × 10− 4 s that had the highest 
ionic conductivity which was 6.40 × 10− 5 S cm− 1. 

3.7. Temperature dependence study 

The 25 wt.% LiClO4 PUA electrolyte that have maximum ionic con-
ductivity at r.t. was studied for conductivity at ambient temperature up 
to 100 ◦C. The temperature dependence on ionic conductivity was 
studied to analyse the mechanism of ion transportation in polymer 
electrolytes. The log σ versus 1000/T grafted in Fig. 13 showed a linear 
plot well-fitted with Arrhenius theory as follows: 

σ =A exp
(
− Ea

kT

)

(13)  

where A is a constant which is proportional to the amount of charge 
carriers, Ea is activation energy, k is Boltzmann constant and T repre-
sents the absolute temperature in K. The graph showed that the ionic 
conductivity was increased as temperature increased. When the 

Table 5 
Relaxation parameter for different percentage of Li doped into PUA SPE.  

Composition Maximum peak (Hz) τ ( × 10− 4 s) 

PUA-5 wt.% Li 2.59 25.70 
PUA-10 wt.% Li 3.29 5.13 
PUA-15 wt.% Li 3.43 3.72 
PUA-20 wt.% Li 3.21 6.17 
PUA-25 wt.% Li 4.69 0.20  

Fig. 13. Temperature dependence of ionic conductivity of PUA-LiClO4 electrolytes.  

Fig. 14. Linear sweep voltammetry of PUA-25 wt.% LiClO4.  
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temperature increased, the free ions in polymer increased hence 
increased the ionic conductivity of PUA electrolyte. The pseudo- 
activation energy, Ea of polymer electrolyte was determined from the 
Arrhenius graph. –Ea/k denotes the graph slope and the activation en-
ergy is 0.29 eV. The value of activation energy is related to the ionic 
conductivity. The higher ionic conductivity has a lower activation en-
ergy and vice versa. This indicated that the higher conducting electro-
lyte requires only a smaller energy to start a migration process [20]. 
Based on a reported study, the lower Ea provides a smaller band gap 
which allows the conducting ion to move more easily as a free ion-like 
state, hence increases ionic conductivity. Besides, lower Ea is required 
for the migration of ions and higher in the conduction process of the 
sample. Since migration of ions is affected in electrolyte with a lower Ea 
facilitates ionic movement, which then increases conductivity [44]. 

3.8. Linear sweep voltammetry analysis 

The electrochemical stability window of polymer electrolyte was 
obtained by the linear sweep voltammetry technique. The sample was 
sandwiched between SS/SPE/Li metal electrode at ambient tempera-
ture. Fig. 14 shows LSV for 25 wt. % LiClO4 PUA electrolyte as a function 
of voltage. The onset of current determines the electrolyte breakdown 
voltage. The maximum working voltage (Vmax) of PUA with Li salt ex-
tends to about 4.0 V. The working potential range for practical lithium 
rechargeable batteries is generally between +1.8 and + 3.5 V vs. Li/Li+

[45]. Based on the results, these PUA electrolytes have electrochemical 
stability window widen to 4.0 V which is similar with other study [46]. 
The good electrochemical stability of PUA electrolyte suggested that 
PUA electrolyte can be used as a candidate electrolyte material for en-
ergy storage devices such as for rechargeable lithium polymer batteries 
which have working voltage widen to 4.0 V. 

3.9. Transference number 

The mobility of ionic species is important parameter to be considered 
in designing polymer electrolyte. The ionic transference number for PUA 
electrolyte with 25 wt.% of LiClO4 has been determined by the D.C. 
polarization method. The current was observed as a function of time on 
application of a D.C. potential across SS/SPE/SS cell. The normalized 
current versus time plots was shown in Fig. 15 for PUA-LiClO4 polymer 
electrolyte. When D.C. potential was applied to across the test cell, the 
current decays immediately occur to lower steady state. This is obvi-
ously showed by gradients formed due to the non-unity transference 
number of lithium ions in polymer electrolytes. The initial total current 
was decreased with time due to depletion of ionic species in electrolyte. 

The cell was polarized and current flows when electron migrates across 
the electrolyte and interfaces in a steady state condition. If the electro-
lyte is primarily ionic, the ionic currents through an ion-blocking elec-
trode fall rapidly with time [42]. The values of the cation transference 
number for PUA electrolyte is 0.99. In PUA electrolyte, cation can co-
ordinate with oxygen and nitrogen in PUA and with oxygen in ClO4

− . 

4. Conclusion 

PUA electrolyte films were prepared by varying lithium salt from 5 to 
25 wt. % and the addition of 25 wt. % lithium salt exhibited the highest 
ionic conductivity of 6.4 × 10− 5 S cm− 1 at a room temperature six 
magnitude higher compare to the pure PUA. The increase in the ionic 
conductivity is due to an increase in charge carrier ions and amorphous 
phase of polymer electrolyte film which is confirmed by XRD, SEM 
analysis and DSC analysis. Besides, the interaction of lithium salt with 
polymer matrix was supported by FTIR. Deconvulation of the FTIR 
spectra shows that the ionic conductivity was dominated by the increase 
of number density of charge carriers with 74.56% free ions. The tem-
perature dependence on polymer electrolyte followed Arrhenius theory. 
The cation transference number achieved was 0.99, whereas the elec-
trochemical stability exhibited 4.0 V. Overall, the PUA-LiClO4 electro-
lytes shows favourable properties and has a potential to be applied in 
battery of electrochemical devices. 
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