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Abstract- Polymer-based solid electrolytes have a potential electrochemical application in 

energy conversion and storage devices. In this investigation, polyurethane and its solid polymer 

electrolytes were prepared by an eco-friendly cost-effective method using vegetable oils. The 

neem oil-based polyurethane (PU) was prepared by polycondensation method. The 

polyurethane and the corresponding solid polymer electrolyte (SPE) were characterized by  

FT-IR, 1H NMR, GPC, XRD, SEM, TEM. The conductivity of PU/PVP-xLiClO4 was 

measured using electrochemical impedance spectroscopy. The ionic conductivity of the SEPs 

with different LiClO4 composition shows a higher value for 15% LiClO4 composition. The 

thermal analysis was carried out study the stability of the prepared PU and its SPEs. The 

Stability constant for PU was higher than the composite due to the segmental motion in the PU. 
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1. INTRODUCTION  

Li-ion batteries are frequently used in energy storage systems and its predominantly used 

in portable electronic applications owing to the many advantages like long life battery, high 

energy density, and high output voltages [1-5] (depending on the safety issues and high energy 

density of Li-ion batteries realize and improving their high potentials in hybrid electric 

vehicles. Regarding, the replacement of liquid electrolyte to solid polymer electrolyte (SPE) 

one of the prime issues to be addressed which makes an environment-friendly one and highly 

sought after [6-15].  The linkage between the polymer and ions, some of the polar groups makes 

ionic conduction in the solid polymer electrolyte. However, the polymer with a sequential 

group, such as  —O—, =O, — S—, —N—, —P—, C=O, and C=N  these polar groups may 

form polymer-salt complexes. The ionic conduction in SPEs, the interaction between lithium 

ions and polymer. However, polymer with polar groups, such as —O—, =O, — S—, —N—, 

—P—, C=O, and C=N, may form polymer-salt complexes. Furthermore, Li salt in polymer 

hosts, to felicitate the lattice energy of the salt should be low and the dielectric constant of the 

host polymer should be high. The effective number of mobile ions is proportional to the ionic 

conductivity, the elementary electric charge, and ionic mobility. Furthermore, Li salt in 

polymer hosts, to felicitate the high dielectric constant should be high in host polymer and low 

lattice energy [16-21]. The synthetic polar polymers namely; (PVDF), (PEO), (PVC), (PAN), 

(PVdF-HFP), (PMMA), (PVA), (HFP), (PVP) etc. are frequently used to prepare SPEs in the 

host polymer matrix [22-23].  

Jenisha B et al (2017) reported for the microstructure of PEO is a mixture of crystalline and 

amorphous phases and the electrochemical properties of PEO based systems significantly 

improved when the addition of active materials into the polymer structure. The second polymer 

in the preparation of a polymer blend with PVP/PEO makes some unique properties with 

PEO/active material systems [24-30]. The PVP helps information of a number of polymer-salt 

complexes due to the carbonyl group attached to the side chain of the PVP matrix. Polu, A.R., 

(2015) reported his work PVA–PVP–Mg(NO3)2 complexes which give maximum ionic 

conductivity at room temperature (303 K) is σ~3.78×10−5 S cm−1 was obtained for 50% PVA–

50% PVP–30 wt.% of Mg(NO3)2 polymer blend electrolyte and Manjula Devi et al reported 

Mg(ClO4)2 blended PVP/PAN system reaches maximum ionic conductivity is 2.96×10−4 S/cm 

[31-34]. The two different polyurethanes are used to prepare the polymer matrix. One is 

isocyanate and the one is non-isocyanate based polyurethane [35]. The properties of 

polyurethane, which helps to use in many industries. The variation in properties of 

polyurethane is determined by several factors, such as the nature of the chain extenders, density 

of the chemical crosslinks, the nature of the polyol and diisocyanate and the variation of hard 

segment concentrations [36-42].  

In the polyurethane polymer, the hard segment mainly refer to isocyanate (NCO) that 

interacts with neighboring ones through π–π interaction as well as interaction of hydrogen 
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bonding between -NH and >C=O groups generate physical cross-link points to keep film 

forming and good strength properties and soft domains (polyether unit) gives polymer flexible 

capabilities [43-46, 55] to the polyurethane chains. C. Liu et al. (2016) reported a cationic 

polyurethane based SPEs ionic conductivity reaches 1.1×10−4 S cm−1, it contains 50 wt% 

LiClO4 at room temperature. Mustapa et al. (2016) reported a vegetable oil-based SPEs to 

improve the ionic conductivity. Lv et al. (PUA based) (2017) and Yu et al. (TPU based) [33] 

both are reported his work with polyurethane based SPEs used in Li-ion battery applications 

and the ionic conductivity reaches at 0.91×10−4 S cm−1 at 30 °C and 8.89×10−5 S cm−1 at 80 

°C. Porcarelli et al. (2017) reported a PU based freestanding SPE films showed ionic 

conductivity 9.2×10−8 S cm−1 at 25 °C which is still too low. In general, blending with other 

organic or inorganic compound may improve the performance of polyurethane-based SPEs. 

Junjie Bao et al (2018) reported an application of all solid-state-lithium batteries to the 

development of PCPU-based polymer electrolyte matrix which gives maximum ionic 

conductivity reaches at 2.2×10−6 S cm−1at 25 °C is obtained from the PCPU10-20% Li 

electrolyte.  

In polymer electrolytes, the most widely used inorganic salts are LiClO4, LiBF4, LiPF6, 

LiAsF6, LiCF3SO3, LiN(CF3SO2)2, etc. The following order of mobility of ions and the 

dissociation constants are shown in blow [27-28]: 

The mobility of ions:  

LiN(CF3SO2)2<LiCF3SO3<LiAsF6<LiPF6<LiClO4<LiBF4  

The dissociation constants:  

LiN(CF3SO2)2＞LiAsF6＞LiPF6＞LiClO4＞LiBF4＞LiCF3SO3. 

Laila Hussein Gabor et al (2015) reported a kinetic study of CNT loaded PEO/PVDF, the 

kinetic parameters are calculated from the Coats-Redfern model. The increasing heating rate 

with the irregular decreasing of parameter values due to increasing of heating rate temperature 

and the lower activation energy observed due to the random scission of the macromolecular 

chain in the polymeric matrix. Ning Jin Dmitri L (2018) reported a DFN model of Li-ion based 

parameter estimation using a two-step procedure and parameter sensitivity analysis, see, eg, 

Doyle et al (1993) and Fuller et al. (1994).  This model is derived according to the 

electrochemical description which determines the dynamics of ionic concentrations and 

potentials in the battery.  

In our previous work (Venkatesh et al (2018)), we prepared high thermal stability of 

vegetable oil based aliphatic diisocyanate linked polyurethane and its compared with sesame 

and peanut oil as source material for preparation of polyurethane. Since, the other type of 

polyurethane like aromatic linked vegetable oil polyol to producing good thermal stability of 

polyurethanes, however, the ionic conductivity was still low especially at room temperature. 

To balance among ionic conductivity, a series of blend solid PU/PVP-xLi salt are prepared in 

this paper. The relationship of PU and PU/PVP on the ionic conductivity and the thermal 
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stability of the blend SPEs are investigated. And the prepared vegetable oil-based polyurethane 

and PU/PVP blended solid polymer electrolytes thermal stability and kinetic parameters were 

calculated and compared. Moreover, such a pure polymer and polymer blend electrolyte 

lifetime is calculated from a reported kinetic model and has demonstrated its application in all-

solid-state-lithium ion electrolytes. 

 

2. EXPERIMENTAL 

2.1. Materials 

Vegetable oils such as sesame, peanut, (approximately six oxirane rings per triglyceride) 

were purchased from a local source. Magnesium sulfate, hydrogen peroxide, methyl ethyl 

ketone (MEK), hexamethylene diisocyanate (HMDI) and ethyl ether were purchased from 

Fisher Scientific Company (Fair Lawn, NJ). Hydrochloric acid, sodium hydroxide, sodium 

bicarbonate, formic acid and dibutyltin dilaurate (DBTDL) were obtained from Sigma-Aldrich 

(Milwaukee, WI). PVP (Kynar 760, from Arkema) was dried under vacuum at 80 °C for 24 h 

prior to use. 1.0 M LiClO4 in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1, v/v) 

was purchased from Tinci Materials Technology Co., Ltd. Acetone (A.R.) and 

dichloromethane (CH2Cl2) (A.R.) were purchased from Baishi Chemical Industry Co., Ltd. 

Tetra hydro furan (THF) were purchased from Sigma Aldrich, All the solvents were used as 

received without further treatment. 

 

2.2. Synthesis of vegetable oil 

2.2.1. Synthesis of epoxidized vegetable oils 

Epoxidized vegetable oils with different epoxy groups were prepared according to a method 

previously reported [44] Briefly, neem oil and formic acid (the molar ratio of these two is 

1:4.12) were charged into a 500 mL flask at 50 °C under vigorous stirring. Then, hydrogen 

peroxide (50%, the molar ratio of hydrogen peroxide to double bonds in triglyceride is 1.8:1) 

was added slowly using syringe over 4 h period. The reaction was continued at 50 °C for 

another 4 h. Then, sodium bicarbonate was added to neutralize the solution and diethyl ether 

was added, resulted in two layers. The organic layer was washed with distilled water until the 

solution became neutral. Epoxidized neem oil (ENO) was obtained after drying with MgSO4 

and filtered. The organic solvent is removed by rotary evaporator, and the product was dried in 

a vacuum oven overnight. 

 

2.2.2. Synthesis of fatty diol 

CaOD was prepared using a reported procedure [5]. Firstly, 100 mL of THF was added to 

LiBH4 in a 1000 mL three-neck flask at 0 °C. Then, the addition of castor oil 0.11 mol was 
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dissolved in THF and then added to the LiBH4 suspension with mechanical stirring. The 

reaction was maintained at 0 °C for 10 h. The reaction mixture was poured into a 2000 mL 

bleak with ice water, followed by the addition of HCl, until the solution was clear. After the 

extraction with 300 mL of ethyl acetate, the organic layer was purified by washing with water, 

drying over MgSO4, and filtering. Finally, the clear castor oil diol was obtained after removal 

of organic solvent using rotavapor and dried under a vacuum. The yield of CaOD was about 

92%, which was calculated value divided by theoretical value. Scheme 1 represents for the 

synthesized fatty diol structure (Octadec-9-ene-1,12-diol). 

 

 

OH

OH

Octadec-9-ene-1,12-diol

C18H36O2

Exact Mass: 284.27

Mol. Wt.: 284.48

m/e: 284.27 (100.0%), 285.27 (20.0%), 286.28 (2.4%)

C, 76.00; H, 12.76; O, 11.25  

Scheme 1. Chain Extender: CaOD 

 

2.2.3. Synthesis of polyol 

The polyols were prepared by the ring-opening reaction previously reported R.C. Kessler 

et al. and Venkatesh et al. The neem-castor oil polyols prepared from epoxidized oil were rings 

opened by modified castor oil diol. The polyols were prepared by a solvent/catalyst-free 

method. Furthermore, the synthesized polyols were identified as namely NCOL. Several 

aspects, the castor oil diol and epoxidized oil (ENO) were mixed and kept at 65 °C in the dry 

N2 atmosphere. After the 8 h, a brown-yellowish viscous liquid (NCOL) was obtained. Scheme 

2 represents for the synthesized polyol structure. 
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9-Hydroxy-10-(12-hydroxy-octadec-9-enyloxy)-octadecanoic acid 
1-[10-hydroxy-9-(12-hydroxy-heptadec-9-enyloxy)-octadecanoyloxymethyl]

-2-[10-hydroxy-9-(11-hydroxy-octadec-9-enyloxy)-octadecanoyloxy]-ethyl ester

C110H210O15

Exact Mass: 1771.57

Mol. Wt.: 1772.84

m/e: 1772.57 (100.0%), 1771.57 (79.3%), 

1773.57 (61.8%), 1774.58 (25.9%), 1775.58 (9.8%), 

1773.58 (3.1%), 1774.57 (2.9%), 1776.58 (2.5%)

C, 74.52; H, 11.94; O, 13.54  

 

Scheme 2. Monomer: Polyol 
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2.2.4. Synthesis of polyurethane  

The synthesized polyol SCOL was reacting with a 0.5% excess of toluene diisocyanate 

(TDI) to prepare (TNCP) polyurethane. MethylEthylketone (MEK) used as a solvent under 70 

°C at the N2 atmosphere. After the completion of reaction poured into Teflon petri-dish and 

kept in oven at 60 °C for 1 week.  

2.2.5. Preparation of solid polymer electrolyte 

The PU/PVP-based SPEs were fabricated by a solution-casting method. PU was dissolved 

in THF/CH2Cl2 with the solid content of 20wt%. LiClO4 was mixed and dissolved in the PU 

solution with the weight ratio from 5-20wt%. Each of the solutions was poured into Teflon 

molds. The SPE films were then dried at room temperature for 3 days and under vacuum at 70 

°C for 2 days and then stored in an argon filled box. These SPE films consisting of different 

amounts of LiClO4 were marked as PU/PVP-x % Li (Y=5,10,15, 20), respectively. Finally, the 

solid electrolyte membranes were peeled off and punched for further test. Poly(vinyl 

pyrrolidone) (PVP) (average molecular weight 360,000, 99%), the prepared SPEs and were 

marked as PU/PVP.5-20% LiClO4 respectively. 

 

3. RESULT AND DISCUSSION  

3.1. Fourier Transform Infrared Spectroscopy 

The FT-IR was used to investigate the structure and functionalities of the prepared epoxy 

of vegetable oils and CaOD. The measurement of FT-IR was carried out in attenuated total 

reflectance mode using a thermoset scientific Nicolet 6700 spectrometer. IR spectra were 

obtained at 4 cm-1 resolution between standard wave numbers ranging from 400 to 4000 cm-1 

[1].  

Fig. 1a shows the FT-IR spectra of the epoxidized neem oil. The FT-IR spectra show that 

the presence of the epoxy group at 826 cm-1 and 843 cm-1 respective epoxy oils. Fig. 1e. shows, 

the overlapped signal from the -OH stretching and the C=O group of diol broad peak between 

3600 to 2500 cm-1 is observed. During the ring opening reaction of epoxy group fully opened 

and there is no more epoxy peak at 826 cm-1 appeared for the diol [2-3]. Fig. 1b and 1d, shows 

that the intensity of epoxy group at 826 cm-1 vanished while the CaOD of diol units facilitated 

the ring opening of all the epoxy oils. The reaction of carboxyl to epoxy group ratio rose 

because of which most of the epoxy groups were ring- opened by diol CaOD. The –OH group 

is intrinsically present in CaOD diol moiety is shown the Fig. 1a. On the other hand, the NCOL 

polyol of all the –OH groups and the presence of a broad peak at 3498 cm-1 shows the -OH 

group of CaOD overlapped with all the epoxy vegetable oils [4]. 

The Fourier transformed infrared spectra of Fig. 1a. demonstrates that polyurethane (PU) 

polymer are on the oxygen atoms of the carbonyl (C=O), ether and ester group (C-O-C) and 
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amine functional groups (C-N and N-H) are absorbed at 1750-1710 cm-1, 1300-1000 cm-1 and 

1550–1500 cm-1, after the polycondensation reaction, it was noticed that the spectra of 

polyurethane, the C=O stretching had three peaks due to free or non-hydrogen-bonded - the 

C=O peak observed at 1727-1735 cm-1, the disordered hydrogen- bonded C=O symmetrical 

stretching at 1718-1721 cm-1 and the vibrational stretching frequency observed at 1703-1704 

cm-1 respectively. It is also significant to note that the N-H group in polyurethane can develop 

a hard segment to hard segment disordered hydrogen bonding with the oxygen of carbonyl 

groups such strong H bonding acts as a physical crosslink and this leads to the restriction of 

the segmental motion of the polymer chain. The obtained N-H vibration bending peak and the 

corresponding C-O-C stretching absorption band to the linkage between -OH and NCO groups 

of urethane peak at 1057-1130 cm-1 also gives strong evidence for the polyurethane matrix. 

The corresponding absorption of NH, C=O, and C-O peak were observed at 3314 cm-1, 1707 

cm-1 (non-hydrogen bonded), 1643 cm-1 (hydrogen bonded) and 1225 cm-1, respectively. This 

result suggests that the synthesized product having a urethane (NHCOO) groups. 

    Fig. 1b shows the recorded FTIR spectra of pristine PVP/PU, LiClO4 as well as PVP/PU: 

LiClO4 polymer electrolyte films [5-7]. The different lithium based salt dopant polymer 

blended electrolyte reported in Manjeet Singh et al. (2013), Jinisha B et al. (2017), Naresh 

Chilaka et al. (2014), Duraikkan Vanitha et al. (2017), the pure PVP FTIR spectra reported in 

Jinisha B et al. (2017) and the following blended polymer electrolyte with different LiClO4 

ratio of FTIR spectra shown in the Fig. 1b. The Characteristic stretching vibrations of C–H, 

C-C, C-H(wag) and C–N peak observed bands at 2954 cm-1 and 2893 cm-1, 1500–1400 cm-1 

and 1300–1150 cm-1, 1250–1000 cm-1 respectively. The inner and outer face oscillation of the 

bending vibration of the hydroxyl peak at 918 cm-1, 1464 cm-1 and 1423 cm-1. The 

corresponding polyurethane N-H stretching vibration appeared at 3266 cm-1 and the C-N axial 

stretching vibration band at 1535 cm-1 and 1235 cm-1 appears due the stretching vibrations of 

PVP and polyurethane interconnected molecules of CH3 and CH2 peak appeared at 2923 cm-1 

and 2856 cm-1. The amide group of polyurethane polymer and co-existed PVP free carbonyl 

peak appeared at 1734 cm-1. The corresponding NCO and C=C group of TDI peaks are not 

shown in longer, due to completion of the reaction [8-16]. The peak at 623 cm-1 composite 

peaks indicates corresponding to spectroscopically free ClO4
− group [17-25]. 
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Fig. 1. a) FTIR spectra of diol, epoxidized oil and polyol; b) FTIR spectra of PU and xLiClO4 

 

3.2. Nuclear magnetic resonance spectrometry (1H NMR)  

The proton NMR of the polyols were prepared from epoxidized ENO oils, ring opened by 

CaOD. In the ring opening reaction, the polyols were synthesized from epoxidized oils and 

were prepared by using the solvent/catalyst-free method. Fig. 2a shows the 1H NMR spectra of 

CaOD diol, with the peak intensity increasing at δ=5.3–5.4 ppm corresponding to carbon-

carbon double bond in CaOD, the terminal -CH3 and internal long chain protons of -CH2C- 

signal at δ=0.89 ppm and δ=1.63 ppm. [4-6]. The peaks for –OH protons of diol moieties of 

CaOD appeared at 3.56 ppm.  

The prepared NCOL polyol is shown in Fig. 2b. The chemical shift value observed at 

δ=2.21 ppm corresponds to the –CH2COO- proton. After the reduction reaction, the epoxy peak 

at δ=2.22–2.65 ppm disappeared. The chemical shifts value of the methylene proton of 

ricinoleic acid (carbon-carbon double bond) signal shifted to 3.73 ppm.  The intensity of the 

proton of C=C present in NCOL was slightly brought down, because of the oxirane ring opened 

by fatty diol of CaOD, reached a peak at δ=5.39 ppm.  

The diol –OH group overlapped with newly formed –OH peak, the corresponding peak was 

at δ=5.56 ppm. On the other hand, the peak intensity at δ=3.5–3.6 ppm decreased, indicating 

the complete reduction of triglyceride. This resulted in the formation of primary –OH group 

backbone which appeared at δ=5.56 ppm.  Thus, it can be concluded that NCOL was 

successfully prepared and confirmed. 
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                                            (a)                                                             (b) 

 

 

                                                                          (c) 

 

Fig. 2. 1H NMR spectra of (a) diol, (b) polyol and (c) polyurethane 

 

The polyols of NCOL react with diisocyanate namely TDI is shown in Fig. 2c. After the 

polycondensation reaction, the intensity of the polyol peak 5.31 ppm decreased, and the 

appeared signal at 8.53 ppm for the corresponding urethane (NH) group, and other peaks 

observed at 7.0-7.10 ppm, while the -CH3 peak was individually observed at 3.80 ppm 

designated to the protons of CH2OCO. This supports the synthesis of polyurethane the polyols 

(NCOL). The other peaks observed were assigned to C=C proton as 5.26 ppm respectively. 

 

3.3. Gel Permeation Chromatography 

The GPC of molecular weight of polyol NCOL, fatty diol and polyurethane recorded values 

were shown in Table 1. The reaction of carboxyl to epoxy group ratio increases, the epoxy 

group was totally ring opened by CaOD. (Venkatesh et al). On the other hand, the obtained 

PDI values explained as there is another one –OH group in CaOD, which the number was 

almost identical with carboxyl.  
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Table 1. GPC values of PU and Polyol 

 
Sample Viscosity (pa s) 

25 °C 

Number average 

molecular weight 

(𝑴𝒏̅̅ ̅̅ ̅) 

Weight average 

molecular weight 

(𝑴𝒘̅̅ ̅̅ ̅) 

Polydispersity 

index (PDI) 

Polyol     

NCOL 0.65 1487 2656 1.29 

Polyurethane     

PU - 1713 2051 1.19 

 

It is deduced that the –OH group in CaOD, as well as newly formed –OH in epoxies, were 

also involved in the ring opening reaction and possibly connected with ENO molecules, 

causing the increasing molecular weight. This can be explained as the epoxidized vegetable oil 

has been fully ring-opened by CaOD diol. The result of this is more connections of polyols and 

less oligomerization. This can conclude the polyurethanes PU were successfully prepared from 

neem oil-based polyol (NCOL). 

 

3.4. Morphological Studies of SPEs 

3.4.1. X-Ray Diffraction Spectroscopy 

Generally, the ionic conductivity is inversely proportional to the crystallinity and directly 

proportional to the amorphorosity. Hence, the lower crystalline region with high amorphous 

region gives higher ionic conductivity greater ionic diffusivity which means low energy barrier 

frequently observe the ions and it can move easily [26,27]. The preparation of polyurethane 

different chain extenders used and such chain extenders of the polyurethane with different 

inorganic lithium based electrolytes are reported elsewhere [7,16,21,24,27,46]. Marwah 

Rayung et al. (2018) and Min.Min Aung et al. (2017) and Tuan Syarifah Rossyidah Tuan. 

Naiwi (2018) reported a jatropha oil-based polyurethane and acrylate functionalized 

polyurethane solid and gel-polymer electrolytes prepared along with LiClO4 and KI. In this 

discussion, the XRD spectrum of neem oil based polyurethane blended PVP exhibits semi 

crystallinity. The effect of higher crosslinking density of the Neem oil based polyurethane/PVP 

solid electrolyte exposing their semi crystallinity behavior. The different ratios (0, 5, 10, 15, 

20%) of the prepared polymer electrolyte XRD spectrum shown in Fig. 3. The cross-linking 

density of the vegetable oil-based polyurethane fully blended with PVP, and the effect of 

dopant (LiClO4) enhancing the semi-crystalline behavior of the solid polymer electrolyte. It 

reveals that the Pu/PVP/ LiClO4 15% electrolyte have higher amorphous behavior [1]. It 

suggests that it gives larger conductivity behavior.   
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Fig. 3. XRD pattern of PU/PVP and PU/PVP.xLiClO4 

 

The PU/PVP of 2θ values are 15.01°,17.12°,17.84°,22.86° and 24.57o is indicated the semi-

crystalline nature of polymer electrolytes. Since, the addition of Li salt into the polymer system, 

the major crystalline peaks were converted into a single smooth peak. This was explained for 

all the amorphous region was replaced by the semi-crystalline phase. The increasing the ionic 

conductivity is depending on the amorphous nature of the SPE and as well as reported 

elsewhere [28-30].  Along with this finding, once the salt content in the polymer matrix 

increases the amorphous nature also increased and PU/PVP ionic conductivity were compared 

which is in semi-crystalline in nature tend to have higher ionic conductivity. A similar 

observation in decreasing the semi-crystallinity of PU after the addition of salts was also 

reported by Su’ait et al. (2014); Daud et al. (2014). 

 

3.4.2. Scanning Electron Microscopy  

The SEM images of solid polymer electrolyte shown in the Fig. 5a to 5i with different ratios 

(0,5,10,15,20%). In the SEM images indicate a good interaction between the Li salt and the 

PU/PVP and its electrolyte due to there is no trace of phase separation in the polymer and 

polymer electrolyte system [31-37,58]. SEM analysis as shown in the distribution of lithium 

salt in PU/PVP to determining the homogeneity of PU/PVP-x LiClO4 matrix with free of voids.  

Since the lithium salt distribution in PU/PVP of EDX analysis results shown in the Table 2.  

 EDX-SEM analysis of PU/PVP- LiClO4 system could not be detected as light elements 

such as lithium and hydrogen. Hence, the different spots of PU/PVP- LiClO4 electrolytes show 

Cl atom in the electrolyte system and it reveals the dispersion of Li salt in the SPEs. 
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Table 2. SEM-EDX values of PU/PVP-xLiClO4 

 
Element At. No. 

 
Mass 

[%] 

Mass Norm. 

[%] 

Atom 

[%]          

abs. error 

[%] (1 sigma) 

rel. error 

[%] (1 sigma) 

C 6 66.35 66.35 72.44 11.59 17.47 

O 8 22.91 22.91 18.78 6.42 28.01 

N 7 8.50 8.50 7.96 4.67 54.99 

Cl 17 2.23 2.23 0.83 0.13 5.88 

 

The pure PU/PVP of SEM images indicates rough and spherical shape with pores are 

formed in the solvent casting method [31-36]. After the addition of different ratios of Li salt 

into the PU/PVP matrix, the salt particles which attributed to form lower roughness and become 

more homogeneous. This is due to Li salt has been well dissolved in hard and soft segments in 

PU/PVP systems [37-38]. This morphological structure plays a vital role in the solid polymer 

electrolyte. Because it improves their ionic conductivity and dimensional stability. So that, 

these results suggest that the Li salt particles in the PU/PVP system well dispersed and there is 

no more salt particles were observed in the images. The SEM image of Fig. 4g&h corresponds 

to 15 wt. % of LiClO4-PU/PVP. The image shows many pores are observed on the surface of 

the SPE and it will give a compensating effect on the transporting properties of Li ions [39]. 

Hence, the increasing the conductivity of the electrolytes depending on the pores were 

observed in the electrolyte surface are.  

 

 

Fig. 4. EDX spectra of PU/PVP.xLiClO4 

 

The 15 wt.% of LiClO4-PU/PVP, Fig. 4(g&h) observed many pores on the surface of the 

polymer electrolyte which the presence of pores will give a compensating effect on the 

transporting properties of Li ions by increasing the surface area [39]. Hence, the pores were 
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important in helping to improve the conductivity of the electrolytes. Meanwhile, the formation 

of microspheres was observed in the 20wt.% of LiClO4. It was shown in Fig. 4i. In a polymer 

with an excess of salt concentration, there is no more uniformity and distribution are not 

observed in electrolyte surface [40-47]. Furthermore, the interaction between the lone pair of 

electrons on the O and N atom (in polyurethane and pristine PVP) and Li+ cation can promote 

the dissolution of Li salts [48, 49] and it enhancing the solubility of Li salts in PU/PVP polymer 

matrix. Moreover, these PU/PVP with Li systems are suitable as the solid polymer electrolyte 

[50-51].  

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Fig. 5. (a) to (i) SEM images shows. 0% to 20% of PU/PVP.LiClO4 

 

 

             (a) PU/PVP          (b) Cross section of PU/PVP (c) PU/PVP-0.05 LiClO4 

(d) PU/PVP-0.05% LiClO4 (e) PU/PVP-0.10 LiClO4 (f) PU/PVP-0.10 LiClO4 

(g) PU/PVP - 0.15 LiClO4 (h) PU/PVP - 0.15 LiClO4 (i) PU/PVP - 0.20 LiClO4 
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(c) PU/PVP-0.15 LiClO4 of 5 nm 
 

(d) PU/PVP-0.15 LiClO4 of 100 nm 

Fig. 6. (a) to (d) TEM image of PU/PVP.15% LiClO4 different magnitude 

 

3.4.3. Transmission Electron Microscopy  

The interaction of PU/PVP.x LiClO4 of the solid polymer electrolyte morphologies has 

been demonstrated in identifying the shape of the solid polymer samples shown in the Fig. 

5. The ratios of the x LiClO4 into the PU/PVP complex, to characterize the dispersity of the 

solid polymer electrolytes. The PU and PVP are uniformly dispersed with x LiClO4. The 

dispersity of the 15% LiClO4 of Li+ makes good ionic mobility, it enhancing the interaction 

between the PU/PVP matrix. The images are shown, some irregular dark spherical domains 

could be clearly observed in the polymer system. And the Fig. 5c shows, the micropores of 

the PU/PVP matrix, which interacts with the Li+ ion salt interaction. And the corresponding 

Energy Dispersive Spectroscopy (EDS) compositional mapping of PU/PVP.x LiClO4 of O, 

(b) PU/PVP-0.15 LiClO4 of 200 nm (a) PU/PVP-0.15 LiClO4 of 50 nm 
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Cl, N, C in SPEs, indicating that 15% of LiClO4 and PU/PVP are uniformly dispersed in 

solvent casting technique and used for electrochemical tests. 

 

3.5. Thermal analysis   

The DSC behavior of PU and PU/PVP.x LiClO4 the Tg, Tc, Tm were observed and the 

crystallinity of the polymer and solid polymer electrolyte can be calculated by (χC) are 

calculated by the equation: χC =ΔHm/ ΔHPU/PVP.x LiClO4 the polycondensation reaction of 

polyol and diisocyanate, the effect of chain extender the hard and soft segmental motion of the 

polyurethane can be observed [51-53]. And the different concentrations of Li salt into the 

PU/PVP complex improved the ionic conductivity due to the interaction of Li+ and N-H, C=O. 

The glass transition temperature of SPE orders such as SPE1≈SPE2≈SPE3> SPE4, which 

indicate the Tg value shift to the lower temperature as the increase of PU/PVP content [54, 61].  

The increasing of Li content in SPEs, indicating the solvation of the lithium ions by soft 

segment and hard segment partially restricts the segmental motion of the polymer segment 

through the formation of transient crosslinks in SPEs of Tg s and Tg h. Fig. 7b SPEs shows, 

the low temperature at −48, −47, -43, -46 and −47 °C is related to the Tg of soft segments 

(Tg,s) of  PU/PVP.xLiClO4, respectively. Since the lower temperature to higher temperature 

observe another step-type of transition can be observed in SPE curve near at 487 oC.  This may 

be another glass transition temperature caused by the disordered hard segments. The Tg values 

of PU/PVP- x LiClO4 are decreased by a blended PU/PVP matrix. This result suggests that the 

steric hindrance of the hard segment in PU restrict the blended pristine PVP polymer chain 

mobility.  

 

                                      (a)                                                                  (b) 

Fig. 7. (a) shows the TGA Curve of PU and PU/PVP.xLiClO4; (b) shows the DSC Curve of 

PU and PU/PVP.xLiClO4 

 

As shown in Fig. 7b, another step-type transition can be observed in curve SPEs near 

temperature 487 oC. This may be another glass transition temperature caused by the disordered 

hard segments. With the increase in the salt concentration up to 20%, the amount of the 
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disordered hard segments is increased obviously with the hydrogen bond dissociation and thus 

the disordered hard segments glass transition can be observed. When the hard segments are 

dissolved or trapped in the soft phase well, the value of Tg,s will be raised. On the other hand, 

the value of Tg,h will be decreased while the soft segments are dissolved or trapped in the hard 

phase [37]. Once the hard phase is formed, the soft and hard phase separation occurs so that 

the value of Tg,s will decrease and Tg,h will increase[59]. That is why the Tg,s value decreases 

with the increase in the number of hard segments. Since the Li+ ions in a polymer electrolyte 

are conducted by the segmental chain motion of the polymer and SPE samples with low Tg 

will in favor of the ionic conductivity of the SPE.            

Thermal stability of the polyurethane and SPEs were investigated by thermogravimetric 

analysis (TG) and TG curve shown in Fig. 7a. The graph showed an identical trend of 

decomposition stage for after the polycondensation reaction of polyol and diisocyanate then 

the addition of different concentration of Li salt in PU/PVP matrix. The curve demonstrated 

that the decomposition began at approximately 70 ºC. The TG (thermogravimetric) data of 

polyurethane and 0 wt.% to 20 wt.% of LiClO4-PU/PVP is mentioned in Table 3. In the case 

of the polyurethane and PU/PVP-x LiClO4 system, different decomposition stages are observed 

and compared. The amount of LiClO4 (5% to 20%) ion shows five decomposition stages 

observed and compared with PU. The soft and hard segmental motion of prepared polyurethane 

matrix and PU/PVP. x LiClO4 (0% to 20%) of different weight loss has taken to calculating 

thermodynamic parameters [57-58, 60].   

 

Table 3. The pure PU/PVP and PU/PVP. xLiClO4 TG values of degradations 

 

S.No Degradation temperature Activation Energy. (ΔEa) KJ 

 Stage 

I 

 

Stage 

II 

Stage 

III 

Stage 

IV 

Stage 

V 

M&W C&R Doyle’s F&C 

 

PU 189 301 327 391 460 284.01 123.34 270.2 61.53 

PU/PVP 126 251 307 352 546 254.15 110.37 178.6 27.92 

PU/PVP.5% 

LiClO4 

70 270 327 398 520 219.27 

 

952.2 

 

116.5 

 

25.03 

PU/PVP.10% 

LiClO4 

80 263 310 374 514 223.87 

 

972.2 

 

127.8 

 

37.04 

 

PU/PVP.15% 

LiClO4 

75 270 367 410 508 221.69 

 

962.8 

 

119.1 

 

24.07 

PU/PVP.20% 

LiClO4 

79 286 370 438 532 225.31 978.5 

 

118.7 

 

26.05 
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The temperature range of 260 ºC-340 ºC corresponds to that highest weight loss of the 

polymer with the salt concentration which is decomposed at the third stage. The increases of 

the decomposition stage before and after the addition of LiClO4 into the PU/PVP, there was 

some dimension arrangement on PU/PVP structure and chemical composition of salt particle 

added [60]. The optimum concentration of 20% LiClO4-PU/PVP system, attributed to the water 

evaporation starts from the first stage of weight loss (50-100 °C). The expected resulting 

moisture from the polymer host in high concentrated LiClO4 is hygroscopic in nature.  The 

second stage of decomposition gives ~29% weight loss in the temperature range is 120-250 oC 

attributes of free LiClO4 salts. This could be revealed that there is more stage of decomposition 

was observed to the breakdown of the PU/PVP bond with lithium salt complexes and its 

compared with pure polyurethane segments.  

 

Table 4. The pure PU/PVP and PU/PVP.xLiClO4 of Freeman & Carroll’s method kinetic 

parameters 

 

Samples A (s-1) ∆S 

(kcal/mol) 

∆H 

(kcal/mol) 

∆G 

(kcal/mol) 

Z S* n tf 

PU 7.6 * 102 

 

117 48.43 -69.464 5.67 6.625 2 1.67×107 

PU/PVP 9.9 * 102 

 

19.40 

 

19.40 

 

-10.972 1.73 -4.450 2 2.27×102 

 

PU/PVP.5% 

LiClO4 

14.18* 102 

 

 

28.37 

 

28.37 

 

-16.061 1.84 

 

-11.465 

 

3 

 

1.65×102 

 

PU/PVP.10

% LiClO4 

12.14* 102 

 

 

17.71 17.71 

 

-10.004 

 

8.27 

 

-4.511 4 1.2×103 

 

PU/PVP.15

% LiClO4 

19.07* 102 

 

 

34.78 

 

34.78 

 

-19.700 

 

1.94 

 

-2.981 2 2.9×102 

 

PU/PVP.20

% LiClO4 

9.65* 103 

 

 

20.19 20.19 

 

-11.423 

 

1.72 

 

-4.450 

 

3 1.33×102 

 

*A = Pre-exponential factor, ∆S=Entropy, ∆H=Enthalpy, ∆G=Free energy change, Z=Frequency factor, 

S*=Apparent entrophy, n=Order of reaction (Decomposition) 

 

The FTIR results can prove the intermolecular interaction between PU/PVP and PU/PVP 

with lithium salt complexes. In the presence of ionic salt in the polymer complexes, when the 
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Td is increased the electrolyte stability also increases [61]. On the other hand, the temperature 

at which major decomposition started was noted as the initial decomposition temperature. The 

energy of activation for the major decomposition reaction steps was calculated by Murray and 

White, Coat’s and Redfern and Doyle’s methods. The aromatic chain linked polyurethane and 

PU/PVP.xLiClO4 correct order and activation energy of the reaction was calculated graphically 

from Freeman-Carroll’s method. Venkatesh et al. were discussed for aliphatic polyurethane). 

And the lifetime of the polymer and SPE of PU/PVP. xLiClO4 (0% to 20%) were also 

calculated. 

From this discussion, the aromatic moieties of polyurethane, the cross-linking density, and 

stability of the polyurethanes were calculated by Freeman-Carroll’s method [44]. 

Activation energy can be calculated using the following approximation methods. The 

Arrhenius equation can be given as 

dc

dt
= Ae-E/Rt (1 − C)n                                                                              (1) 

The straight- line equation derived by Freeman and Carroll’s, which is in the form of 

Δ log dW/dt

Δ log Wr
= n −

E

20303R
−

Δ
1

T

ΔlogWr
                                                                 (2) 

Where, dW/dt=Rate of change of weight with time, Wr =Weight loss at completion of the 

reaction, W=Fraction of weight loss at time “t“, E=Energy of activation and n=Order of 

reaction. 

From the slope, we obtained energy of activation and intercept on y axis as order of the 

reaction (n=3). Freeman and Carroll’s method is plots of  

A = 
 Δ log( dw/dt ) 

Δ log Wr 
 vs B = 

Δ 1/T

Δ log Wr 
. 

For the purpose of this plot dW and dWr can be determined directly from the thermogram 

in terms of the no. of a division. The activation energy calculation from TG curves of the 

polyurethanes and PU/PVP. xLiClO4.  

All the prepared polymer and solid polymer electrolytes show a similar weight loss profile 

with the first step appearing around at 10% weight loss. Hence, the Table 3. Shows the various 

decomposition stages and the activation energy of polyurethane and PU/PVP. xLiClO4 

respectively. If the isothermals are fairly parallel, the activation energy does not appreciably 

change with temperature. However, Fig. 6 demonstrating the complexity of the process, when 

the isothermal conversion curve illustrates non-parallel irregular spacing between them. The 

average values of activation energies at different iso-conversion points are calculated to be 61 

kJ/mol, the estimated values are plotted and compared with those calculated using Freeman 

and Carroll’s method. From Fig. 6, it is quite clear that activation energy passes through a 
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minimum value at 50%. Fig. 7, 8, and 9 shown, activation energy (PU and PU/PVP. x LiClO4) 

obtained through Murray and White, Coat’s and Redfern, Doyel’s method is varied within the 

average value, while, the fluctuations in activation energy is much higher in those values 

obtained according to Freeman-Carroll’s procedure. The complex nature of the degradation 

process reflected by the large difference between the activation energy, which can be observed 

by the decrease of the activation energy with increasing conversion. 

TG analysis is commonly used to estimate thermal degradation kinetic parameters such as 

activation energy (Ea), pre-exponential factor (A), frequency factor (Z), apparent entropy (S*) 

and reaction order (n) values are shown in Table 4. Kinetic constants of polyurethane (PU) and 

PU/PVP. x LiClO4 measured at heating rates of 5 to 20 °C/min indicates that at larger heating 

rates both the ‘Ea’ and pre-exponential factor decreases with increases. Using a different 

decomposition temperature one-step kinetic modal the order of reaction was found to be 

approximately 2.0 for polyurethane and 3.0 for PU. PU/PVP.xLiClO4, the enthalpy, entropy 

and free energy change calculated from Freeman and Carroll’s method. The activation energy 

of polyurethanes namely PU was calculated, the corresponding approximate values are 61 

kJ/mol and the pre-exponential factor value is 7.6×102 s-1. 

Based on these results we suppose that the different kinetics degradation observed in our 

study is related to the polyurethane and different composition of a solid polymer electrolyte, 

i.e., the presence of cross-linker CaOD diol and epoxy groups and PU/PVP with xLiClO4. We 

observe an excellent fit for the main part of the exotherm corresponding to more than 70% of 

the surface. Table 3 indicates that the molar enthalpy of urethane formation from secondary 

hydroxyl groups and aromatic isocyanates is 48.43 kJ/mol. From those results, we can consider 

that, for TDI, the polyurethane and the PU/PVP- 15% LiClO4 has a closer with the molar 

enthalpy of reaction at lower than 298 K. The reaction rates are sufficiently slow to allow 

efficient mixing during a few minutes without the significant extent of reaction. 

 

 

Fig. 8. The Murray and White method of solid polymer electrolytes 
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Fig. 9. The Coats and Redfern method of solid polymer electrolyte 

 

Fig. 10. The Doyels method of solid polymer electrolytes 

 

 

Fig. 11. The Freemann and Caroll’s method of solid polymer electrolyte 
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3.6. Ionic conductivity 

3.6.1. AC impedance analysis  

Table 5 shows the ionic conductivities for solid polymer electrolytes compared with the 

PU/PVP with different ratios of LiClO4 [8], the high ionic conductivity of SPE-15% LiClO4 is 

observed and compared with other concentrations of PU/PVP- x LiClO4 salts. The increasing 

of Li salt concentrations in the PU/PVP matrix, σ shows a trend of decrease. Fig. 12a, b and c 

shows the impedance plots for SPEs with x LiClO4 temperature ranging from 25 °C to 60 °C. 

All impedance plots for SPEs consist of a semicircle at high frequency and a straight line at 

low frequency. The coin cell is assembled with cathodic Li/SPE/LiFePO4 and analyzed. The 

comparison of SPEs with Li salt concentration, SPE-15% LiClO4 (1.4×10-4 at 60 oC) exhibits 

higher conductivity than other SPEs. the open circuit value of SPE-15% is 3.19 is shown in 

Fig. 11. When the conductivity increases initially with the number of charge carrier increases, 

i.e. increasing salt concentration. Beyond this concentration, the ionic conductivity decreases. 

This happens to the formation of ion pair and triplet pair, which causes in the segmental motion 

of polymer and also mobility of ions in the semi-crystalline nature of solid polymer electrolyte 

[60-62]. In the SPEs impedance plots show two well-defined regions: one is a linear region 

which is observed in the low-frequency and second one is semicircle region, its observed at 

high frequency, is attributed to the effect of the blocking electrodes. The disappearance of the 

semicircular portion in the impedance curve at high frequencies leads to a conclusion that the 

current carriers are ions, and this leads one to further conclude that the total conductivity is 

mainly the result of ionic conduction [63]. The ionic conductivities were calculated using the 

relation σ=L/RbA, where L is the thickness, Rb is bulk resistance, and A is the known area of 

the electrolyte film. The ionic conductivity of the SPEs values shown in Table 5. 

 

 

 

 

Fig. 11. The OCV values of PU/PVP-15%LiClO4 
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Table 5. Ionic conductivity of PU/PVP.xLiClO4 

 

Sample  

PU 

 

PVP 

 

LiClO4 

Conductivity (σ) 

 

At 25 oC At 45 oC At 60 oC 

PU/PVP.5% LiClO4 0.50 0.45 0.05 5.9×10-5 3.96×10-5 4.2×10-5 

PU/PVP.10% LiClO4 0.40 0.50 0.10 5.89×10-5 3.87×10-5 3.7×10-5 

PU/PVP.15% LiClO4 0.45 0.35 0.15 5.16×10-5 2.9×10-5 1.4×10-4 

PU/PVP.20% LiClO4 0.50 0.30 0.20 5.88×10-5 3.4×10-5 1.5×10-5 

 

 

 

                                  (a)                                                                  (b) 

 

(c) 

 

Fig. 12. Impedance spectra of PU/PVP.xLiClO4 at (a) 25 oC, (b) 45 oC and  

(c) 60 oC 
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4. CONCLUSION 

The present investigation deals with the certain neem oil-based polyurethanes (PU) and 

their corresponding solid polymer electrolytes. The solid polymer electrolytes are prepared by 

blending of PU and PVP with different composition LiClO4 salt. The semi-crystalline solid 

polymer electrolyte and polymer thermal stability were calculated by Freeman and carols 

method. The activation energy of polyurethane is higher than PU/PVP electrolyte. The 

activation energy of the PU and SPEs were compared with Coats & Redfern method was much 

higher than that of Freeman & Carol's method. This large difference between the activation 

energy reflected the complex nature of the degradation process, which can be observed by the 

increasing conversion with a decrease of the activation energy. The segmental ratio has a 

significant effect on the thermal properties of both aromatic polyurethanes. This is due to the 

increase of the aromatic moiety TDI and an increase of intermolecular attractions between NH 

and CO through H-bonding, polar-polar interaction, etc., which makes the structure more 

compact. The obtained approximate activation energy (form Freeman & Carol) of PU values 

to determine the lifetime of the polymers and corresponding polymer electrolyte such as 

PU/PVP.15% LiClO4 (PU is 1.87×105 and PU/PVP.15% LiClO4 is 1.28×104). In the polymeric 

chain mobility between C=O and NH, the dissociation energy is lesser due to the five different 

mass losses obtained from the TGA curve. However, depending on the strong polymeric chain 

mobility to determined degradation kinetics, which further depends on the physical state of the 

polymers and SPEs (PU and PU/PVP.15% LiClO4). The chain mobility is much lower in the 

solid state than the molten state, thereby making the predictions even inaccurate for the solid 

state. The comparison of PU and PU/PVP.15% LiClO4 lifetime is exhibiting the SEPs with 

15% LiClO4 is having good stability and it makes good ionic mobility in it. The impedance 

analysis used to determine the ionic conductivity of the solid polymer electrolytes respectively. 

The impedance analysis of PU/PVP-15% LiClO4 has exhibits higher conductivity than other 

solid polymer electrolytes. This is due to Li+ ionic mobility takes part in the segmental motion 

of the SPEs surfaces. The surface of the PU/PVP-15% LiClO4 confirmed by the TEM images. 

The prepared SPEs have a potential application in the fabrication of lithium-ion batteries. 
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