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segment and diisocyanate based hard segment [10]9[h&].
Abstract—Novel bio-based polymer electrolyte was synthesizehardsegment is important in crosslinking and intermolecular
with LiCIO, as the main source of charge carrier. Initiallyhydrogen bnding between the hard segments of urethane

polyurethane-LiCIQ polymer electrolytes were synthesizeda |inkages [13]. Besides that, the hard segment (urethane group)
prepolymerization method with different NCO/OH ratios and labelle

them as PU1, PU2, PU3 and PU4. Fourier transform infrared (FTlllg\?ggnget?.rml.nesth thi c(rjystalllnlty tOf ffpo[[yurtithante [,3'4]'
analysis indicates the co-ordination betweehiam and polyurethane ratio in the hard segment ariects the structure,

in PUL. Differential scanning calorimetry (DSC) analysis indicateflexibility ~and mechanical properties of polyurethane.
PUL has the highest glass transition temperatupecgiresponds to Therefore, the NCO/OH ratio proves to regulate the properties
the most abundant urethane group which is the hard segment in POfL. polyurethane [15] efficiently. However, the effect of
Scanning electron microscopy (SEM) shows the good miscibilityarying the NCO/OH ratios in the formation of palm kernel-

between lithium salt and the polymer. The study found that P : P ;
possessed the greatest ionic conductivity and the lowest activatlonSed polyurethaneia prepolymerization method on the ion

energy, Ea. All the polyurethanes exhibited linear Arrheniugonducnv'ty’ thermal stability and Chemlcal .propertles of
variations indicating ion transpovta simple lithium ion hopping in Polymer electrolytes are not completely investigated. Hence,
polyurethane. This research proves the NCO content in polyurethd?i@-based polyurethanes with different NCO/OH ratios
plays an important role in affecting the ionic conductivity of thissynthesized from palm kernel oil based monoester poyol were
polymer electrolyte. doped with lithium perchlorate salt (LiCjpto prepare SPE
_ o ) by using prepolymerization method [5], [25]. Subsequently,
Keywords—lonic conductivity, Palm kernel oil-based monoesteg| the samples were characterized by using Fourier transform
polyol, polyurethane, solid polymer electrolyte. infrared spectroscopy (ATR-FTIR), 13 nuclear magnetic
resonance spectroscopy (13C NMR), Soxhlet test, Differential
scanning calorimetry (DSC), Scanning electron microscopy
FOR the past few years, solid polymer electrolytes (SPE§EM) and AC electrochemical impedance spectroscopy
I gained a lot of attention due to their wide applications ifE|s). The novelty of this research is the synthesis of solid
lithium ion batteries, fuel cell, chemical sensors andg|yyurethane electrolyte without the use of catalyst or heating
electrochemical devices [1]-[4]. Many attempts have bee&jye to the presence of amide group in palm kernel oil-based
made by researchers to enhance the mechanical strengiBnoester polyol (PKO-p) which catalyses the polymerization

thermal and chemical properties as well as ionic conductivipf py [5]. Hence, the synthesis process is easy and simple.
of SPE. Recently, polyurethane (PU) is one of the polymers

used in SPE due to its high thermal, chemical stability, good Il. MATERIALS

mechanical strength, high elasticity and simple preparauon_l_he palm kemel oil-based monoester polyol (PKO-p) was

process [5]-[7]. Moreover, good miscibility between lithium . ) i
ion and polyurethane enhances the ion transport in t ([!epared as descrlt_)_ed elsewhere by Badri et a_l. [35]. 4.4
polymer electrolyte [8], [9]. Polyurethane comprised so iphenylmethane diisocyanate (MDI) was obtained from
' osmopolyurethane (M) Sdn. Bhd. Acetone, polyethylene
glycol (PEG, M=400) and Lithium perchlorate (LiCl{pwere
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casted onto a Teflon plate and the thickness of the film was TABLE |
kept at 0 Olcm Then the SOlvent was evaporated by heatlﬁ%LYURETHANE-LICLO4POLYMER ELECTROLYTES WITHVARIOUSNCO/OH

the film at 55°C for 24 hours. Four different polyurethane= Sample Ncg/,gﬁs(g,g) LiCIO, (Wt %)
LiClO, based polymer electrolytes with different diisocyanatef PUO 200/100 0
PKO-p (NCO/OH) mass ratios and one polyurethane as PU1 200/100 5
control were synthesized as shown in Table I. PU2 150/100 5

PU3 100/100 5

PU4 85/100 5

Fig. 1 Flexible Polyurethane-LiCl@olymer electrolytes with
various NCO/OH ratios

Fig. 2 Flexible PUO

All prepared samples were yellow, translucent and void-free
films as shown in Figs. 1 and 2.

The formation of bio-based polyuretham& uncatalyzed
prepolymerization method is shown in Fig. 3.
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Fig. 3 Scheme of PKO-p formation based polyurethane

IV. GENERAL CHARACTERIZATION

The carbonyl, carbamate and amide groups of urethane in
PU-LiCIO, were identified by ATR-FTIR analysis using
Perkin-Elmer spotlight 400 imaging system with scan
resolution of 2 cml. The structure of polyurethane-LiGJO
was confirmed with using Bruker DRX 600 MHz 13C NMR
spectrometer with DMSO-d6 as solvent. The percentage of
solid content of PU1, PU2, PU3 and PU4 was determined by
carrying out soxhletmethod. The samples were placed in the
soxhlet extractor tube and toluene in the round bottomed flask.
Then the solvent was heated and the heating temperature was
maintained at 115 °C for 24 hours [16]. The percentage of the
solid content of the dry sample was calculated by referring to

D):

mass of dried sample

% gel content =
mass of sample

x 100% (2)



The surface morphology of the samples was observed usiamgount of urethane group. The amount of urethane group
SEM model ZEISS, SUPRA 55VP at a depth of 10000¢hard segment) was proven by Soxhlet analysis as shown in
magpnification from the surface at 10 kV electron beam. THEable Ill. So, it induces the interaction betweef ibns with
average atomic percentage of main elements in PU-LICI@xygen atoms of carbonyl groups in which weakens the the
was determined by conducted SEM-EDX analysis. Th8=0 bond by sharing the electron density of oxygen atoms in
thermal stability of PU-LIiCIQ was analysed by using a DSCcarbonyl groups [9]. Moreover, it also indicates that the
model Mettler Toledo 822e in nitrogen gas atmosphere. Thkeordination between Liions and carbonyl groups does not
heating temperature ranges from room temperature to 250Usrupt the hydrogen bonded carbonyl groups because two
The ionic conductivity of PU-LiCl@at room temperature was lone pairs of electrons of oxygen atom in carbonyl group able
measured by using EIS with the applied frequency rangeénl coordinate with Li ion and form hydrogen bond
from 1 Hz to 10000000 Hz at 100 mV amplitude. A discsimultaneously. The C-O-C peaks of all the PU-Ligi€&nain
shaped sample with the thickness of 0.1mm was placaedchanged at 1067 ¢mHence, it implies the coordination of
between two stainless-steel block electrodes. The analysis w#Sions is preferable with C=0 and not with C-O-C due to the
carried out at room temperature and also at temperature rahgger electron density of oxygen atom of C=0O compared to
of 303 K to 373 K. The ionic conductivityr] of Pu-LiCIO, the oxygen atom of C-O-C. The complex formation dfibin
was calculated from the bulk resistancep)(Rthe film with carbonyl group of polyurethane is suggested as shown in
thickness I) and the contact area of the thin film (A=2.0fgm Fig. 5. The C=C peaks detected in all the FTIR spectra of
by referring to (2) polyurethane-LiCIQ polymer electrolytes are referred to the

benzene ring of MDI used in synthesis of polyurethane-
: (2) LiClO4[23].

o= (RpxA)

10 100

The activation energy (Ea) of the ionic conductivity of Pu-
LiClIO4 was obtained by different ionic conductivity at
different heating temperature ranging from 303 K to 373 K.
Then the activation energy was calculated by referring to (3)
[17]-[29].

=1 exp("Ea/kT) 3)

where 1, Ea and k are pre-exponential factor, activation
energy and Boltzmann constant (8.617 x°168V K%,
respectively. The activation energy reflects the mobility of
lithium ion in the polyurethane-LiClpolymer electrolyte.
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V. RESULTS& DISCUSSION

a) T T T T T T
A.FTIR Analysis 180017801 76017401 720170016801680
Fig. 4 shows the FTIR spectrum of PUO, PU1, PU2, PU3 Wavenunber, cm’
and PU4. The presence of C-N, N-H, C=C and C=0 of )
polyurethane was identified as shown in Table Il. The
hydrogen bonded amine (N-H) stretching band region was & 100

detected at the range of 3296-33527c{@0], [21]. The
carbamate peaks were detected at the range of 1597-1599 cm ;|
!, The disappearance of NCO peak at the range of 2250-2270
cm' confirms the complete prepolymerization [22]. It
corresponds to the disappearance of NCO peaks in 13C NMR
spectrums of the polymer electrolytes in Fig. 6. The free and
hydrogen bonded C=0 stretching bands of PUO are observed
at 1725 crit and 1711 cm as shown in Table Il. However,
free C=0O peaks were not detected in all the polyurethane-
LiCIO4 polymer electrolytes. Moreover, the hydrogen bonded
C=0 peaks in all the polymer electrolytes shifted to 1708 cm 71
as shown in Fig. 3 (b) due to the complex formation 6fdn
and carbonyl groups in PU weakens the C=0O bond. el & -
Additionally, an ordered complexed C=0O band appeared at 1630 1670 1650 1660 1640 1620 162 150 160 180 150 150
1649 cmt for PU1 in Fig. 3 (c). Itmay be attributed to the U ot
coordination between Lion and PU1 which has the greatest © ’ @ '

ordered complexed C=0|
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13C NMR (DMSO-g) for PU3: # (ppm) = 173.2 (C(O)N), 153.2
153.9 (C(O)ONH), 129.3-137.9 (C=C), 118.9 (C=C), 70.1.2-72.7
(CH,CONH), 60.6-63.9 (C(O)OCNH), 22.5-33.9 (§H14.4 (CH).

13C NMR (DMSO-g) for PU4: # (ppm) = 173.2(O)N), 153.0-
153.5 (C(O)ONH), 129.3-137.8 (C=C), 118.7 (C=C), 70.2-72.7
(CH,CONH), 60.6-66.0(C(O)OCNH), 22.5-33.9 (9H14.3 (CH).

The C=0 peaks of urethane were detected at 153.0-153.9
ppm [24]. The NCO peaks were not obtained at 125 ppm
where it indicates the complete polymerization has taken place
[5], [26]. The methylene peaks were detected varying from
22.5 ppm to 33.9 ppm due to the various carbon chains in
polyurethane-electrolytes. Lauric acid is assumed as the main
carbon chain in the polyurethane because the composition of
lauric acid in PKO is 50-52% [5].
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Fig. 4 The vibration regions of (a) N-H, (b) C=0, (c) ordered
complexed C=0, (d) C-N, (e) C=C and (f) C-O-C of urethane grouj
in polyurethane-LiClQpolymer electrolytes and polyurethane

TABLE I
THE WAVENUMBERS OFFUNCTIONAL GROUPS INPOLYURETHANE /LICLO4
POLYMER ELECTROLYTES WITHV ARIOUS NCO/OHRATIOS AND
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1 (ppm)
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POLYURETHANE
Functional Wavenumber (cif)
group PUO PU1 PU2 PU3 PU4
Cc=0 1725,1711 1708 1708 1708 1708
C-N 1598 1597 1598 1598 1599
N-H 3296 3352 3327 3341 3336
c=C 1533, 1510 1533,1509 1534,1509 1533,1510 1534,1510
C-0-C 1067 1067 1067 1067 1067
N=C=0 - - - - -

R——N——C——0—R
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Fig. 5 The suggested complex formation betweéndri and
carbonyl group of polyurethane

B.13C NMR Spectroscopy Analysis

The 13C NMR spectrums of polyurethane-Li¢lg@blymer
electrolytes are shown in Fig. 6 and depicted as below:

13C NMR (DMSO-g) for PUL: # (ppm) = 173.2 (C(O)N), 153.8
153.9 (C(O)ONH), 129.3-138.0 (C=C), 119.0 (C=C), 70.2-72.8
(CH,CONH), 60.6-64.0 (C(O)OCNH), 22.5-33.9 (9H14.4 (CH).

13C NMR (DMSO-g) for PU2: # (ppm) = 173.0 (C(O)N), 153.0
153.9 (C(O)ONH), 129.3-138.1 (C=C), 119.0 (C=C), 70.2-72.8
(CH,CONH), 60.6-64.0 (C(O)OCNH), 22.5-33.9 (§H14.4 (CH).
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C.Soxhlet Analysis

6 ¢ Soxhlet analysis is used to determine the amount of hard
segment in polyurethane. The urethane group (hard segment)
in polyurethane is polar [27]. Hence, the hard segment of

£ polyurethane hardly dissolved in toluene. The soxhlet test

proves the PUl has the greatest amount of hard segment
(urethane group). The obtained results are consistent with the

DSC analysis.
TABLE IlI
PERCENTAGE OFGEL CONTENT FORPOLYURETHANE-LICLO4 WITH VARIOUS
NCO/OHRATIOS
o Sample % Gel Content
w10 m.,‘ﬂ T % 6 S0 40 . 2 10 0 -0 PU1 67.9
PU2 59.5
© PU3 39.8
PU4 31.8

D.Thermal Analysis

5 The glass transition of PU-LICIO and endothermic
‘ - temperature of PU-LiClQwere determined as shown in Fig.

N 7. The glass transition temperature of polyurethane-LjCIO
| above room temperature indicating that the glassy state of
\ ; “ polyurethane-LiClQat room temperature. The glass transition
2 - (i temperature of PU-LICIQis decreased by lowering NCO/OH

ratio. Hard segment in polyurethane restricts the polymer
chain mobility [28] due to the steric hindrance of benzene ring
» in the hard segment. Hence, the decrease of NCO/OH ratio
Wil ) leads to higher flexibility of polyurethanes. Moreover, the
detected endothermic peaks around 230-240°C in PU1, PU2,
PU3 and PU4 are referred to the melting point of LiCIO
(d) (236°C). The solvent peaks could not be detected in DSC
) analysis where the boiling point of acetone is 56°C implying
Fig. 6 13C NMR spectrum of (a) PUL,(b) PU2,(c) PU3 and (d) PU4he acetone was removed from the polymer electrolytes during
the drying process.

W 2 10 W0 1M 0 10 M0 0 G2 Lo 0 % W M W W 4 0 2 W 0 0

Sample Glass Transition temperature
PU 1 89.65 °C
PU 2 77.75°C
PU 3 77.22 °C
PU 4 74.83°C

Fig. 7 DSC thermogram of PU1, PU2, PU3 and PU4

E.Morphology Studies polymer films are free of void. It proves that

The SEM micrographs in Fig. Beveal the formation of Prepolymerization method could prevent adverse reactions in

homogeneous po|ymeﬂa Step_wise p0|ymerizati0n and thethe pOlymerization of PU'L|CIQ Furthermore, no trace of
phase separation in PUs was detected in the SEM micrographs



indicating a good interaction between the lithium salt and the
polyurethanes [8] and was proven by FTIR analysis. EDX-
SEM analysis as shown in Table IV was conducted to
determine the lithium salt distribution in PUs. However, light
elements such as lithium and hydrogen could not be detected
in EDX-SEM analysis [29]. Hence, the detection of CI atoms
in different spots of PU-LICIQis attributed to the lithium
salts and it reveals the dispersion of lithium salt in the
polyurethane-LiCIQ Moreover, the agglomeration of lithium
salts could not be detected in all the polyurethane electrolytes | Sreiomu swwrse s inovcx om tooeenis PN
manifests the homogeneity between lithium salt and

polyurethane matrix. ©

TABLE IV
EDX-SEM ANALYSIS OFPUFILMS WITH VARYING NCO/OHRATIOS

Sample  Element Average mass % Average atomic %

PU1 C 60.29 85.39
N 0.71 0.89
o) 8.73 9.30
Cl 4.45 2.17
PU2 c 57.60 79.57
N 0.78 0.92 _ ST ; :
0 14.75 15.29 = Tkt~ |
Cl 5.09 2.38
PU3 c 47.55 70.73 (@
N 3.59 4.55 Fig. 8 SEM images of (a) PU1, (b) PU2, (c) PU3, (d) PU4
o) 17.03 18.91 ) o
al 6.96 353 F.lonic Conductivity
PU4 c 68.56 87.82 Table V shows the ionic conductivity of polyurethane-
N 0.76 0.91 LiClO, decreased from 1.19 x 1@01.10 x 10° S.cm’ from
o 9.69 9.31 PU1 to PU4 due to the decreasing of NCO content in PU-
Cl 3.19 1.38 LiClIO,. It indicates PUL facilitates the interaction between

urethane groups and lithium ions. Thus, it enhances the ion
hopping of lithium ions. Moreover, the benzene ring in hard
segment could increase the conductivity by inducing electron
delocalization along the polyurethane chain [14]. The
activation energies (Ea) of polyurethane-LigI@olymer
electrolytes as shown in Table V were determined by plotting
graphs with Log ! vs 1/T (Fig. 9). Ea/k denotes the graph
slope. All the polyurethane-LiClO obey Arrhenius law
indicating lithium ion transporvia a simple ion hopping in
polyurethane due to the crystalline properties of polyurethane-
LiClO,4 as proven by DSC analysis [30]. The activation energy
of polyurethane-LiCIQ decreased from PU4 to PU1 implying
the greater amount of urethane groups in polyurethane-LiClO
conduces greater interaction with lithium ion. The low Ea
values indicate the low restriction of lithium ion mobility in
the polyurethane-LiCIQ [9], [31]. lon hopping could be
increased by heating and produces higher conductivity [9]. It
is observed that the ionic conductivity increased as the
temperature increased. The highest ionic conductivity was
achieved by PU1 which is 5.01 x i®G.cm® at 373 K.
Increasing the temperature leads to the creation of free
volume. Thus the ionic species can move into these free areas
resulting in higher conductivity [32], [33]. As shown in Table
V and Fig. 10, PUO does not have lithium salt therefore it
shows the lowest conductivity and does not obey Arhenius law
(b) 10 due to its electrical insulating properties [34]. One of the
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factors that affects the ionic conductivity of the polymewas not detected in SEM micrographs and it indicates that the
electrolyte is the concentration of the charge carrier. Howevdithium salts are uniformly distributed in the polymers. This
this research proves that NCO content in polyurethane alsgsearch proves the importance of NCO content in affecting
plays an important role in affecting the ionic conductivity othe ionic conductivity of polyurethane-LiC}O

this polymer electrolyte. It is assumed that the ionic

conductivity of PU-LIiCIQ can be increased by increasing the ACKNOWLEDGMENT
concentration of lithium salt in the polymer electrolyte. We would like to express our gratitude to School of
TABLE V Chemical Sciences and Food Technology, Faculty of Science
IONIC CONDUCTIVITIES AT 298 AND 373K AND ACTIVATION ENERGY OF and Technology, Universiti Kebangsaan Malaysia for allowing
PU-LIcLO4 WITH VARYING NCO/OHRATIOS this research to be carried out. This work was funded by UKM
Sample _Conductivity Conductivity — Ea (eV) under the Grant no. SF0949. Lastly, the authors wish to thank
(S.cm*)at298 K  (S.cm™)at373K , . . . . .
500 506 x 10° 146 x 10 . Taylor's University for their financial support for the
PU1 1.19 x 10 5.01 x 16 0.32 presentation of the work.
PU2 1.95 x 10 1.74 x 10 0.34
PU3 2.65 x 10 155 x 16° 0.38 REFERENCES
PU4 1.10 x 10° 1.55 x 1P 0.40 [1] N. Ataollahi, A. Ahmad, H. Hamzah, M.Y.A. Rahman.andSN.

Mohamed, “lonic conductivity of PVDF-HFP/MG49 based solid
polymer Electrolyte,”Advanced Materials Researchol 501 pp 29-33,
April 2012.

[2] M. Ulaganathan and S. Rajendrarkfféct of different salts on
PVAc/PVdF-co-HFP bsed polymer blend electrolytes]. Applied
Polymer Sciencevol 118 pp 646651, 2010.

[38] M. Wetjen, G.T Kim, M. Joost, M. Winter, and S. Passerini
“Temperature dependence of electrochemical propertiess$-linked
poly(ethylene oxide)ithium  bis(trifluoromethanesulfonyl)imidéN-
butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl) imidsolid
polymer electrolytes for lithium batteriésilectrochimica Actavol 87
pp 779-787, 2013.

[4] A. Lewandowski,A.S. Mocek and L. Waliszewski,Lf* conducting
polymer electrolyte based on ionic liquid for lithiuamd lithium-ion
batteries) Electrochimica Actavol 92 pp 404-411, 2013.

[5] C.S. Wong and K.H. Badri;Chemical Analyses of Palm kernel oil-

. based polyurethane prepolymeMaterials Sciences and Applicati®n

Fig. 9 Log ! vs 1000/T for PU1, PU2, PU3 and PU4 vol 3 pp 78-86, 2012.

[6] J.H. Yang, B.C. Chun, Y.C. Chung and J.H. Ch@omparison of
thermal/mechanical properties and shape memory effqmlpfirethane
block-copolymers with planar or bent shape of hard sagimeolymer
vol 44 pp 3251-3258, 2013.

[7] R.L. Lavall, S. Ferrari, C. Tomasi, M. Marzantowicz,@uartarone, M.
Fagnoni,P. Mustarelli and M.L. SaladinoMCM-41 silica effect on gel
polymer electrolytes based on thermoplastic polyurethane
Electrochimica Actavol 60 pp 359-365, 2012.

[8] M.S. Su'ait, A. Ahmad, K.H. Badri, N.S. Mohamed, M.Y.RahmaN,
C.L. Azanza Ricardo and P. ScartiThe potential of polyurethane bio-
based solid polymer electrolyte for photoelectrochemiczll
application” Journal of Hydrogen Energyol 39 pp 3005-3017, 2014.

[9] Libin Liu, Xiwen Wu and Tianduo Li,"Novel polymer electrolytes
based on cationic polyurethane thvidifferent alkyl chain length,”
Journal of Power Sourcesol249 pp 397-404, 2014.

[10] Shao-Ming Lee, Chuh-Yung Chen, Cheng-Chien Wang ‘éad-Hui
Huang,“The effect of EPIDA units on the conductivity of p@shylene
glycol)}-4,4&liphenylmethane diisocyanate-EPIDA polyurethane

Fig. 10 Log ! vs 1000/T for PUO electrolytes, Electrochimica Actavol 48 pp 669-677, 2003.
[11] K. Nakamae, T. Nishino, S. Asaoka and SudaryafiMicrophase
VI. CONCLUSION separation and surface properties of segmented ptiame - Effect of

hard segment contehtl 6 Adhesion and Adhesivgsp 233-239, 1996.

All the polyurethane-LiCIQwas successfully prepared by[12] C.W. Peng, C. Hsu, K.H. Lin, P.L. Li, M.F. Hsieh, Wei, J.M. Yeh

casting method and all the structures of polyurethane-LiCIO ~ and Y.H. Yu,"Electrochemical corrosion protection studies of aniline-
. . . capped trimer-based  etemactive  polyurethane  coatings,”
were confirmed by FTIR and 13C NMR analysis. PUL which  giectrochimica Actayol 58 pp 614-620, 2011.
has the greatest amount of urethane group as proven [D3] T.C. Wen, S.S. Luo and C.H. Yangjonic conductivity of polymer
soxhlet analysis gave the highest conductivity (1.19 % 10 elelctrolyr:es deri\I/ed frorln various diisocyanate-basedtesorne
1 - polyurethanes,Polymer vol 41 pp 6755-6764, 2000.

S.cm _at 298 K and 5.01 _x ]'_%S'le at 37_3 _K)' FTlR [14] K. Petcharoen and A. Sirivat, Electrostrictive properties of
analysis proved the coordination between lithium ion and thermoplastic polyurethane elastomer: Effects of urethgreeand soft
polyurethane in PUl. PUl has the highest glass transition hard segment compositionCurrent Applied Physicsvol 13 pp 1119-
temperature due to the steric hindrance of benzene ring in the 1127, 2013.

hard segment. Phase separation in the polymer electrolytes



[35] K.H. Badri, S.H. Ahmad and S. ZakariéDevelopment of zero ODO
rigid polyurethane foam from RBD palm kernel oildurnal of Applieg
Polymer Scienceé/ol 19 pp 1355-1356, 2000.




