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This study investigated the synthesis of bio-based polyurethane (PU) film from palm kernel oil-based polyols (PKO-p) at 
four different isocyanate-to-polyols (NCO/OH) ratios comprising 100/100, 100/150, 100/200, and 100/250. The PU film 
was prepared by mixing 2,4-methylene diphenyl diisocyanate (MDI) and PKO-p in acetone using the pre-polymerization 
technique under a nitrogen atmosphere at room temperature. The effect of the NCO/OH ratio on the properties of the PU 
films was analyzed through infra-red spectroscopy, molecular weight distribution, thermal behavior, and impedance 
spectroscopy. According to the infra-red spectroscopic analysis, the formation of urethane linkages (–NHCOO–) after the 
polymerization was indicated through the disappearance of isocyanate (N=C=O) peak and the appearances of secondary 
amine, carbonyl, carbamate, ether, and ester groups in the PU chain. In addition, the Gel Permeation Chromatography 
(GPC) showed that the weight of average molecular weight (MW) increased with increasing NCO/OH ratio up to 
1.23 × 106 g mol-1. Nevertheless, higher content of PKO-p resulted in a low crosslink PU (4 % crosslink) and poor physical 
properties such as soft, sticky, and easy to tear due to the non-hydrogen bonded urethane. Moreover, the glass-transition 
temperature (Tg) reduced from 67 °C to 30 °C with the increase in PKO-p content. Despite all samples experienced the 
same thermal stability at 187 °C, a significant difference was observed in the mass loss of NCO/OH ratios. The highest 
thermal degradation was found at (100/200) NCO/OH ratio with Tmax = 444 °C. Furthermore, the piezoelectricity 
characteristic of pristine PU recorded the bulk resistant of up to ~107 – 105 Ω which reduced further after the presence of 
lithium iodide (LiI) salts as the charge carrier with the calculated ionic conductivity around 10-5 S cm-1. Thus, this study 
demonstrated the promising physicochemical properties of PU film from PKO-p for polymer electrolyte application. 
Keywords:2,4-methylene diphenyl diisocyanate, palm kernel oil-based monoester polyols (PKO-p), polyurethane, 
polymerization, polymer electrolyte. 

 
1. INTRODUCTION* 

Recently, polyurethane (PU) has attracted the attention 
of the research community due to its wide application as a 
polymer electrolyte in composites [1], medical engineering 
[2], coatings and adhesives, and electrochemical devices 
[3 – 6]. In particular, the physical stability and flexibility to 
withstand the pressure between the anode and cathode are 
essential characteristics of polymer electrolytes to function 
properly in electrochemical devices. These characteristics 
depend on the chemical structure of the polymer 
electrolyte’s backbone which consists of soft and hard 
segments [7]. The former can adjust the flexibility and 
elasticity while the later enhances the strength and rigidity 
through  crosslinking process [7, 8]. 

According to Filip and co-workers, the soft segment 
enhances the stronger ionic interactions and solvation 
capacity of ions, consequently contributing to the higher 
ionic conductivity [9]. This unique characteristic could be 
achieved by controlling the mole ratio of the hard segments 
to soft segments (isocyanates-to-polyols NCO/OH) in PU. 
Nonetheless, diisocyanate with two or more functional 

                                                 
* Corresponding author. Tel.: +603-89118575; fax: (60)389118574.  
E-mail address: mohdsukor@ukm.edu.my (M.S. Su’ait) 

groups is required to form the hard segment in PU. Apart 
from being less reactive than the aromatic group, aliphatic 
isocyanates are only used in the final product, which 
requires specific properties, such as light stable coatings and 
elastomeric functionality. Even within the same class of 
isocyanates, there are significant differences in the 
reactivity of the functional groups due to the steric 
hindrance. Methylene diphenyl diisocyanate (MDI) itself 
has three isomers comprising 4,4’-MDI, 2,4’-MDI, and 
2,2’-MDI. In the case of 2,4’-MDI, the isocyanate group in 
the para position to the methyl group is much more reactive 
than the isocyanate group in the ortho position [10]. 

Conventional polyester polyols are commonly used to 
form the selection of the soft segments by direct poly-
esterification of high-purity diacids and glycols. They are 
distinguished by the choice of monomers, molecular weight, 
and the degree of branching. In addition, they offer desirable 
physical properties such as superior solvent, abrasion, and 
low resistance that could not be obtained in petrochemical-
based polyether polyols, for instance, polyethylene glycols 
(PEG). 
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In contrast, bio-based polyester polyols are derived 
from vegetable oils which provide better elastomeric 
properties, are flexible, and are easy to be molded  to serve 
as the potential biomaterial for soft tissue engineering 
applications [11] and elastomeric application [12]. Palm 
kernel oil-based polyols (PKO-p) are derived from 
vegetable oils that possess a high content of saturated fats of 
lauric acid (45 ~ 54 %), which is more saturated than palm 
oil and comparable to coconut oil [13 – 15]. In the last 
decade, synthesized PKO-p has been found to possess lower 
glass-transition temperature (Tg) compared to soy oil-based 
polyols after the polymerization reaction [16]. The low Tg 
value implies greater segmental motion of its polymeric 
chain, thus is favorable for the development of polymeric 
electrolytes with high conductivity [17, 18]. 

Furthermore, research on PKO-p has been extensively 
studied by Badri and her research groups [5, 19 – 25] as the 
choice of monomers at laboratory scale as well as in pilot 
scale system for various applications including composites, 
castable elastomer, rigid and flexible foams, adhesives and 
coatings in order to accommodate the demand required for 
commercialization [26]. 

In this study, PU film was synthesized from PKO-p at 
different (NCO/OH) weight percent ratio (wt.%) via pre-
polymerization reaction, and the physicochemical 
properties of the bio-based PU film was characterized 
through infra-red spectroscopy, molecular weight 
distribution, thermal behavior analysis, and impedance 
spectroscopy. It was expected that the synthesis of PU at 
different weight percentages of NCO/OH would result in 
significant physical and electrochemical properties of the 
desired PU films. The novelty of this study was motivated 
by the synthesis of bio-based PU film as alternative sources 
for various applications including biopolymer host 
electrolytes. 

2. EXPERIMENTAL 

2.1. Materials 
An industrial-grade 2,4′- diphenylmethane diisocyanate 

(2,4-MDI) pure monomeric (99.8 %) was purchased from 
Behn Meyer Chemicals (M) Sdn. Bhd, Subang Jaya, 
Selangor, Malaysia; Palm kernel oil-based polyols (PKO-p) 
was prepared as described in several  established method by 
[4, 5, 14, 27 – 29]. Acetone (CAS. No: 67-64-1) was 
supplied by Systerm ChemAR, Poland. All chemicals were 
used without further purification. 

2.2. Sample preparation 
PKO-p was mixed with 2,4-MDI in acetone at different 

NCO/OH weight percent ratios (wt.%) of 100/100, 100/150, 
100/200, and 100/250. Table 1 summarizes the chemical 
composition at different NCO/OH ratios and its conversion 
from weight ratio to molar ratio. The procedure was 
conducted at room temperature under a nitrogen gas 
atmosphere. The solution was stirred to form a homogenous 
solution for five minutes. Then, the solution was cast onto a 
Teflon mold and allowed to evaporate at room temperature 
for an hour. The synthesis was carried out at room 
temperature without the presence of catalysts, surfactants, 
additives, crosslinkers, or chain extenders. The presence of 

an amine functional group in PKO-OH provided an 
alternative route for catalyzing PU polymerization [25]. 
Once the produced film was formed, the characterization of 
the samples was performed. 

2.3. Characterization of synthesized PU film 
2.3.1. Infra-red spectroscopy 

The attenuated total reflectance – Fourier transform 
infrared spectroscopy (ATR-FTIR) was performed to 
observe the formation of the urethane backbone  
(–NHCOO–). ATR-FTIR spectra were recorded measured 
by a computer interfaced with Spectrum 400 Perkin Elmer 
GX spectrometer. The PU films were placed onto the ATR 
crystal and analyzed in the frequency range of 4000 cm-1 to 
650 cm-1 at a scanning resolution of 2 cm-1. 

2.3.2. Molecular weight distribution 

The gel permeation chromatography (GPC) was carried 
out to determine the weight average molecular weight (Mw) 
and the number average molecular weight (Mn) of the PU 
film. The Mw describes the average weight of molecular 
mass in each component, while the Mn denotes the average 
molecular weight of all individual molecules divided by the 
total number of molecules [30]. Given that polymer 
molecules, even the same type, come in different sizes 
(chain lengths for linear polymers), an average value would 
be suitable to represent the approximate size of the entire 
structure. The homogenous dispersion of distribution is 
denoted by dispersity (Đ), which corresponds to the 
measurement of the dispersion of macromolecule in the 
polymeric sample [31]. 

Table 1. Conversion from weight ratio molar ratio at different 
NCO/OH ratios 

Weight ratio, NCO/OH Molar ratio, NCO/OH 
100/100 2/2.4 
100/150 2/3.6 
100/200 2/4.9 
100/250 2/6.1 

The gel content measurement was performed by using 
the Soxhlet extraction technique with toluene as a solvent 
for 24 hours. The residue was then dried and weighed until 
a constant weight was achieved. The percentages of sol and 
gels were calculated to determine the percentage of 
crosslink in the PU network by [32]: 

Sol content (SC%) = (W1 – W2/W1) × 100% (1) 

Gel content (GC%) = 100 – (SC%) (2) 

where W1 is the mass of the sample before extraction, g; W2 
is the mass of the sample after extraction, g. 

The analysis was carried out in a Polymer Laboratories 
model PL-GPC 50 plus using Styragel HR 5 tetrahydrofuran 
(THF) column coupled with WATERS 2414 reflective 
index detector at 40 °C with 1 mL/min flow rate of (THF; 
99.9%, Merck). The setup was standardized by using 
polystyrene standards. Approximately 0.03 g of sample was 
weighed and solubilized in 10 mL of THF for 24 hours 
before the measurement was performed. 
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2.3.3. Thermal behavior analysis 

Differential scanning calorimetry (DSC) is a useful 
method to determine the thermal properties of polymers. 
The (Tg) of the samples were observed using Mettler-Toledo 
DSC model 822e from 20 to 250 °C at a scanning rate of 
10 °C/min under a nitrogen gas atmosphere. 
Approximately, 4 mg of PU film was used for each DSC 
measurement. The Tg of the PU films at the mid-point of the 
endothermic peak was evaluated from the STARe software. 

In addition, thermogravimetric analysis was carried out 
to characterize the thermal properties of the PU films. A 
Mettler-Toledo TGA/simultaneous difference thermal 
analysis (SDTA) 851 instrument was equipped under a 
nitrogen gas atmosphere from room temperature to 600 °C 
at a heating rate of 10 °C/min. Approximately 5 mg of 
sample in the form of fine powder was used to determine the 
weight loss of the polymers. 

2.3.4. Impedance spectroscopy 

The electrochemical impedance spectroscopy (EIS) 
was utilized to evaluate the resistivity level of the PU films. 
A high frequency resonance analyzer (HFRA) model 1255 
was used with the applied frequency from 1 MHz to 0.1 Hz 
at 1000 mV amplitude. The resistivity and the ionic 
conductivity were obtained by the equations: 

ρ = (A ⋅ Rb)/l; (3) 

σ = 1/ρ, (4) 

where A is the contact area of the sample, Rb is the electrical 
resistance of a uniform sample of the material and l is the 
length of the sample. The bulk resistance (Rb) was 
determined from the equivalent circuit analysis using the 
Zview analyzer software, in which the contact area of the thin 
film (A = 2.01 cm2), and average thickness was measured 
using a Mitutoyo digital caliper was 0.01 cm [33]. 

Impedance is a complex quantity comprised of two 
parts: the real part, Zr and the imaginary part, Zi. The 
contributions to Zi involve the quantity j where j = –1. Both 
Zr and Zi are related to Z as expressed in the following 
equation:  

Z = Zr – jZi, (5) 

where Zr and Zi can be displayed as a complex plane (also 
known as Nyquist Plot) in which Zi (y-axis) is plotted 
against Zr (x-axis) [34]. 

3. RESULTS AND DISCUSSION 

3.1. FTIR analysis 
The molecular structure of MDI and the progress of the 

reaction between PKO-p and MDI to form PU were 
estimated from the FTIR spectra as shown in Fig. 1. Based 
on Fig. 1 a, a significant strong peak at 2241 cm-1 
corresponded to the isocyanate (N=C=O) of pure 2,4-MDI. 
Upon reaction with PKO-p at 100/100 NCO/OH ratio, traces 
of N=C=O in the vibrational region of 2276 cm-1 were 
observed. This signifies that the polymerization reaction at 
100/100 ratio (equivalent to NCO/OH molar ratio of 2:2.43) 
led to the termination of pre-polymer urethane due to the 
low amount of excess isocyanate reagent that leads to 
incomplete reaction. 

Theoretically, 2 mol of MDI is required to react with 
3 mol of PKO-OH from the reaction scheme to completely 
polymerize PU based PKO-p. The mechanism was proven 
by the disappearance of the N=C=O peak indicating that the 
isocyanate completely reacted with the monoester polyols 
from PKO-p to form polyurethane with the increase in 
NCO/OH ratio starting from 100/150. The complete PU 
polymerization reaction, which involved the additional 
polymerization via step-growth polymerization reaction 
between MDI and excess PKO-p [35]. 
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Fig. 1. a – FTIR spectra of v(N=C=O) functional groups PU; b – FTIR spectra of (O–H) and (N–H) stretching functional groups in PU 
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Fig. 1 b illustrates the vibrational region between 
3000 cm-1 to 4000 cm-1. In this study, the (O–H) functional 
group was found at 3381 cm-1 in PKO-p synthesized from 
palm kernel oil by using esterification technique developed 
by Badri et al. [25]. The presence of an O–H vibrational 
peak was believed might be due to the moisture (H2O) 
produced during the esterification process. The water 
content was approximately ± 0.2 % as given by Karl Fischer 
titration analysis. After polymerization, a single band of N–
H peaks which belongs to the stretching mode of hydrogen 
bonded N–H with oxygen (ether) appeared at 3307 cm-1, 
3298 cm-1, 3297 cm-1, and 3300 cm-1 for 100/100, 100/150, 
100/200 and 100/250 ratio respectively [35, 36]. 

The occurrence of a single band of N–H peaks after the 
polymerization indicated the presence of secondary amides 
(–NHCO–) in the polymeric structure. The secondary 
amides mainly existed in the trans-conformation due to the 
free N–H stretching vibration near 3430 cm-1. This peak will 
shift to the vibrational region between 3320 – 3140 cm-1 due 
to the formation of new hydrogen bonding in the free N–H 
band. However, tertiary amides in PKO-p did does not show 
any absorption band in this region. 

Fig. 2 a shows the vibrational region of carbonyl 
(C=O), carbamate (C–N) and N–H. 
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Fig. 2. a – FTIR spectra of v(C=O), v(C–N) and (N–H) bending 
functional groups PU; b – FTIR spectra of v(C–O–C) and 
v(O–C=O) functional groups in PU 

The functional group of C=O for polyols PKO-p was 
observed at 1738 cm-1. However, the C=O frequency of 
tertiary amides was independent of its physical state as it 
was not possible to form hydrogen bonding with another 
tertiary amide group [37]. Furthermore, the C=O functional 
group for isocyanate in MDI was found at 1717 cm-1. After 
polymerization, the C=O group for PU was observed at 
1712 cm-1, 1713 cm-1, and 1713 cm-1 for 100/100, 100/150 
and 100/20 ratios respectively. In contrast, it was believed 
that the C=O functional group at 1713 cm-1 100/250 ratio 
was affected by the non-hydrogen bonded urethane 
stretching. 

According to previous studies [38,39], the existence of 
the peak at ~1740 cm-1 was associated with the non-
hydrogen bonded urethane stretching while the peak around 
~1700 cm-1 was assigned to hydrogen-bonded urethane 
stretching. This indicates that the existence of 
intermolecular interaction in this pre-polymerization 
technique due to the lower frequencies of C=O absorption. 

In addition, this low-frequency absorption is also due to 
the resonance structure in the amide functional group as 
shown in Fig. 3. The resonance structure of amide 
functional groups was found at 1598 cm-1, 1599 cm-1, 
1601 cm-1, and 1601 cm-1 for 100/100, 100/150, 100/200, 
and 100/250 ratio respectively. All vibrational regions were 
approximately at 1600 cm-1, which corresponded to C–N 
groups. In secondary amides, the C–N stretching vibration 
was observed to have a similar frequency with the N–H 
bending mode. The interaction (coupling) of these two 
vibrations in the C–N–H component gives rise to N–H 
bending at a higher frequency (1550 – 1510 cm-1). The 
intensity of N–H bending found at 1510 cm-1 is reduced and 
shifted to 1515 cm-1 with the increasing of NCO/OH ratio. 
In comparison, the intensity of neighboring peaks at  
1528 cm-1 increased and shifted to 1533 cm-1. The peak at  
1050 cm-1 in Fig. 2 b was assigned to C–OH group of  
PKO-p. 

After polymerization, this peak was observed at 
~1065 cm-1 which belongs to the ester (C–O–C) functional 
groups. The appearance of two strong peaks for O–C=O at 
~1217 cm-1 and ~1309 cm-1 after polymerization indicated 
the formation of the urethane linkages. In contrast, the 
stretching mode of –CH2 and –CH3 peaks for all samples 
were found at ~2922 cm-1 and ~2852 cm-1. Therefore, the 
disappearance of N=C=O peaks at ~2241 cm-1  
and the appearances of N–H, C=O, C–N and C–O–C at 
~3300 cm-1, 1713 cm-1, ~1600 cm-1, and ~1065 cm-1 

respectively, as well as O–C=O peaks at ~1217 cm-1 and 
~1309 cm-1 after the polymerization proved that the 
urethane linkages were formed. 

 

Fig. 3. The resonance structure of amide functional groups [37] 
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3.2. Degree of crosslinking 
Table 2 shows the percentage of sol (% sol) and gel 

content (% gel) for PU prepared at different NCO/OH 
ratios. Higher content of PKO-p at 100/250 ratio produced 
alow crosslink PU of 4 %. The low crosslink PU was 
affected by the non-hydrogen bonded of urethane linkages 
as observed in the FTIR section and reflected the low 
physicals interaction between the polymeric segments. This 
contributed to the lack of physical properties such as soft, 
sticky, and easy to tear. In contrast, the low content of  
PKO-p at 100/100 produced a higher degree of crosslinking 
85 % with better characteristics like hard, stiff, and brittle 
film. The high degree of physical crosslink was a result of 
the hydrogen bonding occurring at urethane pre-polymer as 
proven by the FTIR analysis. Based on the results, the PU at 
ratios of 100/150 and 100/200 provided flexible film, which 
was preferable to be applied in a wide range of solid-state 
device applications. 

Table 2. Percentage of sol (% sol) and gel content (% gel) at 
different NCO/OH ratios 

Sample, NCO/OH % sol % gel 
PU 100/100 15 85 
PU 100/150 27 73 
PU 100/200 53 47 
PU 100/250 96 4 

3.3. Weight average molecular weight (Mw), 
number average molecular weight (Mn), and 
dispersity (Đ) 

Table 3 shows weight average molecular weight (Mw), 
number average molecular weight (Mn), and dispersity (Đ), 
derived from gel permeation chromatography (GPC) 
analysis. The calculated Mw for the well-established 
monoester PKO-p sample was ~300 g mol-1. According to 
the GPC analysis, the Mw for 100/100 NCO/OH ratio was 
calculated around 3.96 × 104 g mol-1 in which the trend 
increased with the increase of polyols content up to 
1.22 × 106 g mol-1 at 100/250 ratio. The higher Mw value for 
the 100/250 ratio was affected by the non-hydrogen bonded 
urethane linkages as observed in the FTIR studies, which 
contributed to a low degree of crosslinking. The dispersity 
for the entire ratio is greater than 1 because Mw for each ratio 
is greater than Mn. The wide range of molecular mass is 
called polydispersed polymers. 

Table 3. Weight average molecular weight (Mw), number average 
molecular weight (Mn), and dispersity (Đ) of PU at 
different NCO/OH ratios 

Sample 
Molecular 
weight Mw,  

g mol-1 

Molecular 
number Mn, 

g mol-1 

Dispersity  
Mw /Mn 

PU 100/100 3.96 × 104 2.60 × 104 1.52 
PU 100/150 1.64 × 105 8.19 × 104 2.00 
PU 100/200 1.71 × 105 6.50 × 104 2.63 
PU 100/250 1.23 × 106 6.83 × 105 1.80 

The dispersity values increased with the increase of 
polyols content up to 100/200 ratio and decreased at 
100/250 ratio. In addition, the 100/200 ratio was observed 
to exhibit the highest polydispersed polymers in the 
polymeric structure with dispersity = 2.63 followed by 

100/150, 100/250, and 100/100 ratios at 2.00, 1.80 and 1.52, 
respectively. 

3.4. Thermal studies 

DSC is capable of demonstrating improvements in heat 
power or latent heat, as well as tolerating melting and 
crystallization temperatures. DSC thermogram results for 
all samples prepared of PU films at various NCO/OH ratio 
are shown in Fig. 4 a. The Tg of PU film was examined at 
67, 61, 54, and 30 °C for 100/100, 100/150 and, 100/200 and 
100/250 NCO/OH ratios, respectively. The Tg value was 
reduced with the increase of PKO-p soft segment content, 
which was attributed to the hydrogen bonding formed 
between the PU. The decline of Tg was also correlated with 
the increase in the molecular weight of PU. Previous studies 
have suggested that the Tg value decreased as its chain 
length increased [38]. The same literature also reported that 
the decrease of Tg was related to the larger mobility of the 
PU macromolecule, which was based on two mechanisms. 
The first mechanism involved separating the hard and soft 
segments led to greater flexibility of the soft segments and 
larger molecular mobility of the polyol chains. The second 
mechanism occurred for all polymers and was based on the 
changes of the main PU chain, which resulted in higher 
vibration and mobility of the macromolecular structure. 

It is well understood that the high degree of crosslinking 
required a greater amount of thermal energy and space for 
the polymeric chain to initiate the movements. As a 
consequence, a high Tg value was observed for polymeric 
macromolecules [11, 39]. This corresponded to the findings 
on the % sol and % gel as discussed earlier. 

In addition, the higher degree of physical crosslinking 
(85 %) in the prepared PU with 100/100 NCO/OH ratio 
recorded the highest Tg value at 67 °C, which was 
characterized by the hard, stiff, and brittle texture of the 
film. The results indicated that the samples with the highest 
hard segments content possessed less miscibility between 
the hard and soft segments due to the tendency to interact 
with each other. Thus, they became less hindered as they 
were less dispersed in the soft segments, allowing the higher 
degree of phase separation in the PU structure [40]. Based 
on the DSC thermogram for the 100/150 ratio sample, a 
small crystallization temperature (Tc) of the soft segments 
(exothermic peak) appeared at 148 °C, while a 
corresponding melting temperature (Tm) of the crystalline 
fraction of soft segments appeared at 160 °C. However, 
these peaks were too small to be accounted for as Tc and Tm. 
Interestingly, other ratio samples did not show any obvious 
crystallization and melting peaks in the thermogram. The 
absence of these peaks indicated that the PU exhibited 
thermosetting properties. 

Moreover, the TGA results showed that the oxidation 
and decomposition took place after 200 °C in all NCO/OH 
ratios. Since the decomposition and oxidation reactions 
produced weight changes in the polymeric materials, the 
results indicated the stability of the samples at high 
temperature. Polymer electrolytes must generally be 
thermally stable to ensure system efficiency and safety even 
at high temperatures [17]. Furthermore, Fig. 4 b shows the 
TGA thermogram and differential thermogravimetric 
(DTG) curves for PU films at various NCO/OH ratios.
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Fig. 4. a – DSC thermogram of PU films at various NCO/OH ratios; b – TGA thermogram and DTG curves of (i) MDI, PKO-p and (ii) PU 
films at various NCO/OH ratios 

Table 4. Percentage of weight loss (wt.%) at different NCO/OH ratios 

 
The wt.% is also listed in Table 4. Thermal degradation 

of 2,4-MDI (Td MDI) was observed at 240 °C, while the 
maximum (Tmax) was at 302 °C. In contrast, the thermal 
degradation for PKO-p (Td PKO-p) was found at 320 °C with 
the Tmax at 367 °C. 

In general, the slight weight loss (Fig. 4 b) in the 
20 – 100 °C region was related to the vaporization of 
moisture and solvent’s residue. After polymerization, the 
first degradation stage of PU was observed at the 
150 – 220 °C region with a thermal stability range was 
between 155 – 160 °C with the Tmax, 187 °C for all NCO/OH 
ratios. The Td1 corresponded to the degradation of the hard 
segmented copolymer block of the urethane linkages that 
resulted in three stages mechanisms for the decomposition 
of urethane bonds: (i) the dissociation to isocyanate and 
alcohol, (ii) the formation of primary amine, carbon dioxide 
and (iii) the formation of a secondary amine and carbon 
dioxide [17, 40 – 42].  

The second degradation stage Td2 for 100/100 ratio 
recorded almost 20 % weight loss with Tmax at 339 °C, 
which increased to 36 wt.% for 100/250 ratio with Tmax at 
333 °C. This region corresponded to the liberation of free 
isocyanate, which led to the formation of thermally stable 
carbodiimide derivatives or compounds with isocyanurate 
rings as a result of a trimerization reaction [43]. The third 
degradation stage (Td3) began in the 370 – 520 °C region, 
which was contributed by the thermal decomposition of soft 
segments of PU (ester linkages) and was rarely affected by 
the chemical composition and the three-dimensional 
arrangement of PU structure [38, 42]. It was revealed that 
almost 62 % of weight loss was observed at 100/100 ratio 
and only 55 wt.% for 100/150 ratio at the similar 

Tmax = 438 °C. The weight loss was further reduced to 
50 wt.% for 100/200 ratio and 46 wt.% for 100/250 ratio 
with a higher Tmax = 444 °C. 

A significant difference was observed during the 
degradation stage around 400 °C for all cases, which was 
probably resulted from the molecular weight, or the particle 
size [44]. The thermal stability at Tmax of 444 °C of 100/200 
ratio at Td3 was found to be higher than those of 100/150 
(Tmax = 438 °C), although Td1, Td2, Td3 and residue were 
equivalent to both ratios [45]. 

3.4. Impedance spectroscopy studies 
The impedance plots of pure PU films at various 

NCO/OH ratios are shown in Fig. 5, while the equivalent 
circuit models, bulk resistance, and resistivity of pristine PU 
films for respective NCO/OH ratios are provided in Table 5. 
Fig. 5 a demonstrated a straight line on an imaginary plane. 
This characteristic resembles a pure capacitor (C1) 
characteristic, which was only contributed by the imaginary 
part of the impedance plot. The capacitor's impedance 
characteristics decrease as the frequency is raised. 

In contrast, the complex impedance plots of PU at 
100/100 NCO/OH ratio displayed an equivalent circuit 
model of a series of resistance (R1) and capacitance (C1) 
which correspond to perfect model for a metal with an 
undamaged high impedance coating. The intercept of the 
curve with the real axis estimated of the surface resistance 
(R1) between electrode and polymeric membrane, 19 Ω 
could be ignored. The presence of capacitance element 
parallel to the imaginary axis indicates a capacitive behavior 
(straight line) of the PU coating [36]. 

Sample, NCO/OH 
Weight loss, wt.% 

Total weight loss, wt.% Residue after 600°C, % Td1, 150 – 220°C Td2, 240 – 370°C Td3, 370 – 520°C 
PU 100/100 14 20 62 96 4 
PU 100/150 12 27 55 94 6 
PU 100/200 11 33 50 94 6 
PU 100/250 11 36 46 93 7 
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Fig. 5. Impedance plots: a – PU films and PU-LiI (25 wt.%) polymer electrolyte at various NCO/OH ratios; b – is an enlarged impedance 
plot 

Table 5. Electrical properties of pristine PU and PU-LiI (25 wt.%) polymer electrolyte films at different NCO/OH ratios 

Pristine PU 

Sample Equivalent circuit Capacitance, F Bulk resistance, Ω Resistivity, Ω cm Dielectric 
strength, εr 

PU 100/100 

 

7.83 × 10-11 – – – 

PU 100/150 

 

7.46 × 10-11 – – – 

PU 100/200 

 

9.46 × 10-11 5.91 × 107 1.19 × 1010 0.01 

PU 100/250 

 

1.15 × 10-10 7.92 × 105 1.59 × 108 0.01 

PU-LiI (25 wt.%)  

Sample Equivalent circuit Capacitance, F Bulk resistance, Ω Conductivity, S cm-1 Dielectric 
strength, εr 

PU 100/100 

 

1.14 × 10-10 9.92 × 106 5.44 × 10-10 0.01 

PU 100/150 

 

5.10 × 10-11 1.66 × 105 6.13 × 10-8 0.01 

PU 100/200 

 

7.74 × 10-11 2.29 × 104 6.42 × 10-7 0.03 

PU 100/250 

 

1.13 × 10-9 1.97 × 102 5.33 × 10-5 0.20 

R1 C1 

R1 C1 

R1 CPE1 

C1 

C1 
R1 

C1 

R1 W1 

C1 

R1 W1 

C1 

R1 W1 

C1 

R1 W1 



329 
 

A capacitor is formed when two conducting plates are 
separated by a non-conducting media, called the dielectric. 
The behavior of dielectrics materials under the application 
of alternating voltage is mainly dependent on the contacts 
between the metal electrodes and the dielectric material. 
Therefore, with blocking electrodes, the observed transient 
current was contributed by the polarization of the material, 
which may be due to either the orientation of electric dipoles 
or by the hopping of positive and/or negative charges 
[44 – 47]. 

However, the value of the capacitance cannot be 
determined from the impedance plot. It can be determined 
by a curve fit or from an examination of the data points. The 
value of the capacitance depends on the size of the plates, 
the distance between the plates and the properties of the 
dielectric, which is expressed in the following relationship: 

𝐶𝐶 =  𝜀𝜀0𝜀𝜀𝑟𝑟𝐴𝐴
𝑑𝑑

 , (6) 

where; εo is the electrical permittivity εr is the relative 
electrical permittivity (εr = 4 – 8 for organic coating), A is 
the surface area of one plate and d is the distances between 
two plates. 

The complex impedance plots of PU at 100/200 
NCO/OH ratio in Fig. 5 b consisted of an equivalent circuit 
model contain parallel capacitance (C1), resistance (R1), and 
constant phase element (CPE). The PU film with 100/200 
ratio recorded the bulk resistant value of 5.91 × 107 Ω, the 
resistivity of 1.19 × 1010 Ω cm and the calculated 
conductivity of 8.42 × 10-10 S cm-1. A good polymeric 
coating is indicated by the formation of a barrier that allows 
a very limited current flow. On the other hand, a heavy 
current flow indicates a poor barrier where the moisture 
could permeate the coating and set up conditions for 
corrosion. Furthermore, the presence of the CPE element 
represents the homogeneity on the electrode surface because 
electrical double layer. This behavior may be regarded as 
non-ideal capacitors defined by the constants Y and n, and 
their impedance is given according to the equation [48]: 

YCPE = Y0 wn {cos(n p/2) + j sin(n p/2)} (7) 

where if n = 1 the CPE represents an ideal capacitor C= Y0; 
if n = 0 the CPE represents a resistor R = 1/Y0; if n = –1, the 
CPE represents an inductor L = 1/Y0; if n = 0.5 the CPE 
represents a Warburg element W = Y0. 

The complex impedance plots of PU at 100/250 
NCO/OH ratios in Fig. 5 a exhibited a sinusoidal impedance 
curve, depressed, flattened semicircles in the high frequency 
range that is related to the conduction process in the bulk of 
complex [34, 45, 49]. The plot indicated the simplest and 
most common cell models, known as the Randles cell. The 
plot for the Randles cell is designated with the identical 
equivalent circuit model contain parallel capacitance (C1) 
and R1 as a function of capacitive current and charge–
transfer resistance [50]. The PU film with 100/250 recorded 
a bulk resistant value of 7.92 × 105 Ω and the calculated 
resistivity of 1.59 × 108 Ω cm. The conductivity values were 
contributed by the dielectric behaviors of the polymeric 
membrane. According to Skoog and Holler (2007), a 
dielectric sub-class, piezoelectricity is defined as the electric 
charge that accumulates in certain solid materials, such as 

crystals, ceramics, and biological matters in response to the 
applied mechanical stress as a result of mechanical pressure 
[51]. 

In terms of the polymeric membrane, the polarity of 
intertwined long-chain molecules attracts and repels each 
other when an electric field was applied. Therefore, the 
observed transient current was due to the polarization of the 
material [52]. The conductivity value was found to increase 
with the addition of PKO-p content due to the soft segment 
PU contributed by PKO-p that acts as plasticizer. In 
addition, the soft segment PU could act as polymeric solvent 
to solvate the cations [7]. 

Fig. 5 b illustrates the complex impedance plot of PU 
films with the addition of 25 wt.% of LiI salts as charge 
carrier, while Table 5 presents the fitted curves modeled by 
the equivalent circuit analysis. The fitted curves extended 
the Randles cell with the addition of Warburg impedance 
(W) into an equivalent circuit model. Warburg impedance is 
a type of resistance to mass transfer in which a faradaic 
process could not be represented by simple linear circuit 
elements such as R or C, whose values are independent of 
frequency. The simplest representation was obtained by 
applying the faradaic impedance as a series combination 
comprising the series resistance (Rs) and the pseudocapacity 
(Cs) to Warburg impedance (W). The measured bulk 
resistance was 9.92 × 106 Ω with an ionic conductivity of 
5.44 × 10-10 S cm-1 for pre-polymer PU at 100/100 ratio. The 
increase of PKO-p content in PU 100/150 ratio decreased 
the bulk resistance’s magnitude by one order and raised the 
ionic conductivity to 6.13 × 10-8 S cm-1.  

In addition, the bulk resistance value for the PU film 
with 100/200 ratio was further reduced to 2.29 × 104 Ω and 
the ionic conductivity to 6.42 × 10-7 S cm-1. In contrast, the 
PU film with a 100/250 ratio provided the lowest bulk 
resistance of 1.97 × 102 Ω with the highest calculated ionic 
conductivity of 5.33 × 10-5 S cm-1. The values achieved 
were comparable to the previous report on plasticized PU 
with ethylene carbonate (EC) [53]. The presence of 
plasticizers such as polypropylene carbonate (PC) and EC 
in the polymer electrolyte could easily corrode in the lithium 
metal electrode in the electrochemical cell [45, 54].  

4. CONCLUSIONS 

This study revealed that all the bio-based polyurethane 
(PU) compounds were successfully synthesized from PKO-
p at different NCO/OH ratios using the pre-polymerization 
technique. The 100/200 NCO/OH ratio showed promising 
characteristics with higher thermal stability (Tmax = 444 °C) 
and higher dispersity (Đ) value in which the former was 
associated with high a flashing point that improved the 
safety of energy storage devices. The 100/200 ratio also 
exhibited a moderate average weight molecular weight (Mw) 
of ~1.23 × 106 g·mol-1, glass transition temperature (Tg) 
value at 54 °C, and degree of crosslinking of 47 %. In 
contrast, the 100/250 NCO/OH ratio demonstrated the 
highest calculated ionic conductivity at ~5.33 × 10-5 S cm-1 
with the lowest bulk resistance of 1.97 × 102 Ω in the 
presence of LiI. In short, the successful formation of PU 
films with favorable physicochemical properties, such as 
homogenous surface, free-standing, flat, flexible, and 
suitable elasticity indicated a promising biopolymer 
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electrolyte host that could serve as an alternative source for 
various purposes, including polymer electrolyte application. 
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