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Abstract: Castor oil-based polyurethane as a renewable resource polymer has been

synthesized for application as a host in polymer electrolyte for electrochemical devices.

The polyurethane was added with Lil and Nal in different wt% to form a film of polymer

electrolytes. The films were characterized by using attenuated total reflectance-Fourier

transform infrared spectroscopy, dynamic mechanical analysis, electrochemical impedance

spectroscopy, linear sweep voltammetry and transference number measurement. The highest
conductivity of 1.42 x 10°® S cm™! was achieved with the addition of 30 wt% Lil and
4.28 x 1077 S-cm™! upon addition of 30 wt% Nal at room temperature. The temperature

dependence conductivity plot indicated that both systems obeyed Arrhenius law. The activation
energy for the PU-Lil and PU-Nal systems were 0.13 and 0.22 eV. Glass transition
temperature of the synthesized polyurethane decreased from —15.8 °C to ~ =26 to —28 °C

upon salts addition. These characterizations exhibited the castor oil-based polyurethane polymer

electrolytes have potential to be used as alternative membrane for electrochemical devices.

Keywords: castor oil; polyol; polyurethane; polymer electrolytes




Polymers 2015, 7 748

1. Introduction

Demands of developing polymeric conducting materials, which could be used in electrochemical
devices, such as batteries, fuel cells, supercapacitor, electrochromic windows or photovoltaics, have
increased research in polymer electrolytes extensively all over the world. However, the mass production
of polymer electrolytes will bring environmental impact, because some polymers are non-degradable.
Alternatively, research on developing biodegradable polymer electrolyte by using “environmental
conscious” materials has become increasingly important with the aim to reduce environmental
impact [1]. Kumar and Bhat [2] reported biodegradable synthetic polymer electrolytes based polyvinyl
alcohol (PVA) for supercapacitor application. Pradeep and Shikha [3] appraised developments in the area
of polymer electrolytes using aqueous and non-aqueous based natural polymers for developing cheaper,
ecofriendly, biodegradable, and widely used electrolytes as substitutes for existing synthetic
polymer electrolytes.

Recently, polyurethanes (PUs) have attracted attention as promising biodegradable polymer
candidates for various applications [4—8]. Polyurethanes have many industrial applications due to a wide
range of properties. The variation in properties of polyurethane is determined by several factors, such as
the nature of the polyol and diisocyanate, the variation of hard segment concentration, the nature and
ratios of the chain extenders, and density of chemical crosslinks [9—15]. Most previous research works
focused on producing PU for application in coating for building and construction, transportation,
furniture, bedding, efc. Only a few works were done on polymer electrolytes based on PU. However, the
researchers used synthetic PUs [16—-19]. PU has a unique multiphase structure, formed from soft and
hard segments of the polymeric chain contributed by polyols and isocyanates, respectively. The soft
segment acts as a polymeric solvent to solvate the cations and the hard segment responsible for
dimensional stability acting as physical cross-link sites [20,21]. Furthermore, the low glass transition
temperature, 7z and high segmental motion of polyether soft segments lead to higher mobility of the
dissolved ions. The hard segment domains, which are in a glassy state and either distributed or
interconnected throughout the rubbery phase of the soft segment, act as reinforcing filler and hence
contribute to the dimensional stability of the polymer electrolytes [22].

Castor oil is one of the raw natural materials that can be used for producing PU. It is one of the most
useful and economically important non-edible and non-volatile natural vegetable oil. It is also a unique
industrial oil, due the presence of triglycerides of hydroxyl fatty acid known as ricinoleic acid.
The ricinoleic acid content is about 87%—-90%, which contains one hydroxyl group on the 12th carbon
and double bond at the 9th and 10th carbons. It has hydroxyl functionality that is suitable in isocyanate
reaction to make polyurethane elastomers [23,24]. These unique properties of castor oil make it useful
for many polyurethane industries. For example, Somani et al. used castor oil-based PU as binders for
surface coatings industries and for wood-to-wood bonding [25].

In this work, novel bio-polymer based electrolytes were synthesized from castor oil-polyol based PU
and reacted with 4,4'-diphenylmethane diisocyanate (MDI) to form polyurethane as alternative
renewable material for polymer electrolytes. Castor oil-polyol synthesized via transesterification
reaction was used for the formation of bio-based polyurethane without using any chain extender.
The castor oil-polyol possessed an OH value of 190 mg KOH/g, which was expected to obtain flexible
PU. Furthermore, this type of polyurethane as host polymer applied in photoelectrochemical devices has
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not yet been reported in the literature. The synthesized polyurethane was added with different wt% of
lithium iodide and sodium iodide to form PU-Lil and PU-Nal electrolyte systems, respectively.
Comparative analyses of the highest conducting PU-Lil and PU-Nal polymer films are presented in
this article.

2. Experimental Section
2.1. Materials

Castor oil, glycerol (99.9%), acetone, potassium hydrogen phthalate, phthalate anhydride, potassium
hydroxide (KOH), phenolphthalein and tetrahydrofuran (THF) were supplied by R&M (Marketing,
Essex, UK). 4,4'-diphenylmethane diisocyanate was obtained from Merck (Hohenbrunn, Germany).
Lithium iodide (Lil) and sodium iodide (Nal) were supplied by Sigma Aldrich (St. Louis, MO, USA).
All the reagents were of analytical grade and used without further purification.

2.2. Synthesis of Castor Oil-Based Polyol and Polymer Electrolytes Preparation

Castor oil-based polyol were synthesized at ~200-220 °C in a four-necked round-bottom flask
equipped with mechanical stirrer, thermometer, and nitrogen purge and modified condenser under
constant stirring of ~200 rpm in the addition of glycerol and KOH as catalyst. After the formation of
monoglyceride, the mixture was allowed to cool to 120 °C. Then the mixture was continuously stirring
at ~200-220 °C after the addition of phthalate anhydride. The conversion to polyol was monitored by
determining the acid value with respect to time. The acid value of the polyol was measured according to
the American Society for Testing and Materials (ASTM) standards D 1639-90E 1. The hydroxyl value of
the polyol was obtained using 848 Titrino Plus equipment (Metrohm, Riverview, FL, USA) and its value
is 190 mg KOH/g. Castor oil-based polyurethane was formed upon addition of castor oil-polyol and
MDI in the weight ratio of 80:20 (OH:NCO) and was confirmed by FTIR analysis.

Polymer electrolyte films of PU-Lil and PU-Nal were prepared by solution casting method. For the
preparation of PU-Lil films, PU was dissolved in THF and 10% to 40 wt% of Lil were added to PU
solution and stirred continuously for four hours (PU-10%Lil, PU-20%Lil, PU-30% Lil and PU-40%
Lil). The homogeneous solutions were then cast in Teflon petri dishes and allow to evaporate at room
temperature. The samples were kept in a desiccator filled with silica gel desiccants for further drying.
The procedures were repeated for obtaining PU-Nal films.

2.3. Analytical Characterization

In order to study the formation of PU and interaction between the polymer and doping salt, Fourier
transform infrared (FTIR) spectra were recorded using Perkin-Elmer (Waltham, MA, USA) Frontier
spectrometer in the wavenumber range of 550—4000 cm ! at 2 cm ™! resolution. Thermal characterizations
of samples were executed with DMA 8000 Perkin Elmer dynamic mechanical analyzer (DMA) in
film-tension mode at 1 Hz. Rectangular specimens of 20 mm % 10 mm % 0.60 mm (length X thickness %
width) were used for the analysis. The samples were cooled and held isothermally at =60 °C before the
temperature was increased to 180 °C at a rate of 2 °C-min"'. The glass transition temperatures, T¢ of the
samples were obtained from the peaks of the tan o curves. Impedance measurements were done using
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impedance spectroscopy using Solartron SI 1260 Impedance/Gain-Phase Analyzer (Solartron, Hampshire,
UK). The measurements were performed over frequency range of 10 Hz—5 MHz with applied voltage of
amplitude of 100 mV from room temperature to 363 K. All samples were sandwiched by two polished
stainless steel blocking electrodes. The values of bulk resistance, Ry of the electrolytes were determined
from the Nyquist plots obtained. Conductivity, ¢ values were calculated using equation:

t
ki (M

R.A
where ¢ is the thickness of the electrolyte and A is the electrolyte-electrode contact area.

For ionic transference number measurement, stainless steel (SS) blocking electrodes were used and
the polymer electrolytes were polarized under a fixed direct current (DC) voltage of 1.0 V. The ionic
(tion) and electronic transference numbers (Zelectron) Were evaluated by means of Wagner’s polarization
technique. The linear sweep voltammetry was performed for the SS/polymer electrolytes/SS cell in the

potential range of —2.5 to 4.0 V with a scan rate of 0.5 mV-s ™.

3. Results and Discussion
3.1. Fourier Transform Infrared Spectroscopy

The Fourier transform infrared spectrum of castor oil-based PU is shown in Figure 1. The absence of
the band in the 2260 to 2310 cm ! range confirms the absence of free NCO group in the polymer
structure, which indicates the completion of the urethane reaction. The most important characteristic
features of the PU are the presence of bands at 1072 cm™' (C-N stretching vibrations), 1123 cm™!
(C-O stretching vibrations), 1557-1580 c¢cm™' (C-N stretching and N-H bending), 1600 cm!
(C—C stretching vibration), 1720-1730 cm™! (C—O stretching vibrations from urethane groups),
2857-2925 cm™! (CH2 symmetric and anti-symmetric stretching vibrations) and 3378 cm™! (free O-H
and N-H stretching from urethane group stretching vibrations). These vibrational bands show the
formation of urethane linkage, NH-COO in the synthesized polyurethane [26,27].

Transmittance (%)

3550 3050 2550 2050 1550 1050 550

Wavenumber (cm!)

Figure 1. FTIR spectrum of castor oil-based polyurethane.
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Figure 2 illustrates the vibrational regions of carbonyl, ether, ester and amine functional groups in
polyurethane-salt complexes. The foremost interests in the PU polymer electrolytes are on the oxygen atoms
of the carbonyl (C=0) (1750-1710 cm ™), ether and ester group (C—O—C) (1300-1000 cm ') and amine
functional groups (C-N and N-H) (1550-1500 cm ™) [28]. According to Chen et al [29], the convoluted
FTIR spectra in the C=0 stretching region have three peaks due to free or non-hydrogen-bonded C=0O
(1727-1735 cm™"), disordered hydrogen-bonded C=0 (1718-1721 cm ™) and ordered hydrogen bonded C=0
(1703-1704 cm™") vibrations, respectively. The disordered hydrogen-bonded C=0O corresponds to the
hydrogen-bonding interactions with -NH groups in both amorphous and crystalline regions, whereas the
ordered hydrogen-bonded C=O occurs within the crystalline hard domain of the PU [30].

(a) (b)
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Figure 2. FTIR spectra in (a) C=0 and (b) C—O—C and (¢) NH vibrational regions.

Figure 2a shows FTIR spectra in the region of PU and polymer-salt complexes. The band of C=0
functional group is shifted to lower wavenumbers of 1732 to 1730 cm ™! and 1726 cm ™! upon the addition
of lithium and sodium iodide salts, respectively. These changes indicate that the C=O region is affected
by the introduction of salts, possibly because of the coordination of Li" and Na" ions with carbonyl
oxygen atoms. This shifting also indicates the existences of strong intermolecular interaction between
lithium and sodium ions and oxygen atoms in the polymer. The oxygen atoms from carbonyl functional
group in the PU act as electron donor atoms and hence form a coordinate bond with lithium and sodium
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ions from doping salts. The peak 1072 cm™' due to ether group (C—O—C) shifted to 1070 cm™! with the
addition of sodium iodide and 1068 cm™! with the addition of lithium iodide salt, (Figure 2b). Figure 2c
exhibits the N-H peak of PU at 3370 cm ™' shifted to a higher wavenumber with the addition of salts.
It could be explained on the basis of interaction of Li" and Na" ions with the N atoms of free -NH groups.
Interaction of cation with the lone pair of electrons on the N atom leads to weakening of the N—H bond
length. It is also could be due to interaction of the cations to the nonbonded electrons of the carbonyl
oxygen atoms that leads to reducing the H-bond strength [31,32]. From these FTIR results, it can be
deduced that the interactions between host polymer and salts occurred both in the hard segment (C=O
and N-H) and soft segment (C—O-C) of PU.

3.2. Room Temperature Conductivity

The plots of room temperature conductivity of polymer electrolytes as a function of salt concentration
are shown in Figure 3. The conductivity of both systems increases with the salt concentrations, reaching
a maximum values of 1.78 x 107% and 4.28 x 1077 S-cm™! at 30 wt% of Lil and Nal, respectively, and
decreases thereafter. The conductivity increase is due to the increase in charge carriers or mobile ions
when the salt content increases. At high salt concentration, the distance between dissociated ions became
too close to each other enabling them to recombine into neutral ion-pairs and do not contribute to
conductivity. Such phenomenon has also been reported in the literature [17,33,34]. By comparing the
systems containing Lil and Nal, the conductivity is higher for PU-Lil compared to that for PU-Nal due
to the size of cations. The cation size of Li* and Na* are 0.76 and 1.02 A, respectively [35]. According
to Bhattacharya et al. [35] systems containing salt with smaller cations exhibit higher conductivity due
to higher mobility of the cation.

1.0x 104
——PU-Lil
—a—PU-Nal

1.0x10° — -

1.0x10% A

Conductivity (S.cm?)

1.0x 1010 1

1.0x 101 T T T T
0 10 20 30 40 50
Salt concentrations (wt %)

Figure 3. Conductivity of PU based polymer electrolytes with different wt% of Lil and Nal.

The conductivity values obtained in this work are comparable with that reported by Huh et al [34],
which is 2.6 x 107® S-cm™' using synthetic PU based polymer electrolytes in solid-state form.
The conductivity is quite low and expected to be increased with addition of plasticizers or ionic
liquid [36,37]. According to Minami et al [38], ionic conductivity in solid polymer electrolytes based on
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polyether complexed with salt is lower compared to other polymers. This might be due to the low degree
of dissociation of salt leads to low concentration of carrier ions and strong interaction between cations
and electrons donor atoms of the polymer chains. However, the polymer electrolytes are flexible and
therefore can easily make good contact with electrode materials and thus are suitable for application in
electrochemical devices.

3.3. Temperature Dependent Conductivity

The temperature-dependent ionic conductivity measurements for the highest conducting PU-Lil and
PU-Nal were carried out to analyze the mechanism of ionic conduction in the polymer electrolytes.
Displayed in Figure 4 is the variation of ionic conductivity with reciprocal of temperature for the PU-Lil
and PU-Nal polymer electrolytes. The regression values for both plots are 0.998 for PU-Lil and 0.990 for
PU-Nal indicating that the points lie in almost straight line. The conductivity increases linearly with the
increase of temperature. The linear variation of logo versus 1000/T plots suggests an Arrhenius-type
thermally activated process. This means that as temperature increases, the polymer chain acquires faster
internal modes in which bond rotations produce segmental motion. This, in turn, favors hopping
inter-chain and intra-chain ion movements and, accordingly, the conductivity of the polymer electrolytes
becomes higher [39,40]. The Arrhenian conductivity-temperature relationship has also been observed for
systems of polyurethane acrylates-LiClO4 [41]. Arrhenius equation is expressed as:

—E,
G =0, exp KT )

where oo is a pre-exponential factor, Ea is the activation energy, 7 is the absolute temperature in Kelvin
and Ky is Boltzman constant (8.6173324 x 107> eV-K!). The activation energy values were calculated
from the slope of logo versus 1000/7 graph. The Ea for PU-Lil electrolytes is found to be 0.13 eV.
Meanwhile the Ea for PU-Nal is 0.22 eV. The value of activation energy is lower for the system with

high ionic conductivity and vice versa indicated that the higher conducting electrolytes require only a
smaller amount of energy to start a migration process.
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Figure 4. Temperature dependence of ionic conductivity of PU-Lil and PU-Nal polymer electrolytes.
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3.4. Dynamic Mechanical Analysis

Dynamic mechanical analysis was performed in order to determine glass transition temperature of the
synthesized PU and polymer electrolytes. Figure 5 presents the storage modulus and tangent delta as
functions of temperature for the studied PU polymer electrolyte films. At very low temperatures,
the polymer is in glassy state and the modulus almost remains constant until a critical temperature
corresponding to the start of energy dissipation and cooperative chain motions. Figure 5a shows as
temperature increases from —60 °C, storage modulus £' slightly decreases, and once —40 °C is reached,
a rapid decrease in E' is observed. This change is corresponding to the glass-rubber transition and tand
reaches its maximum peak simultaneously (Figure 5b). The magnitude of storage modulus decreased
with temperature for all samples because the materials become more amorphous when heated, therefore
capacity for energy absorption is diminished [24]. A rubbery plateau for the storage modulus is observed
in the higher temperature range. By comparing PU and PU electrolyte films, PU electrolyte films have
higher magnitude value of storage modulus in the rubbery region due to the presence of salts in the
systems. This reflects to the good mechanical properties of the films [42].

The peak maximum (o relaxation) in the plot of tand versus temperature, Figure 5b is identified as
glass transition temperature, 7y of materials. The figure shows the 7 of polyurethane film of —15.8 °C
decreases to —27.5 °C and —26.1 °C upon the addition of Lil and Nal, respectively. An electrolyte with
low Ty implies fast ion conduction. This agree well with conductivity result which shows that PU-Lil
electrolytes has higher conductivity than PU-Nal electrolytes. The shift of 7y value towards lower
temperature suggests that the segmental mobility of PU increases upon the addition of salts and the
segment become less rigid. It is also could be due to the plasticization of the electrolyte with the addition
of salts. The incorporation of the salt into the PU matrix results in weakening of the dipole-dipole
interactions between the PU chains, which makes the ions move freely through the polymer chain
network when an electric field is applied and hence increase the conductivity.
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Figure 5. (a) Storage modulus, £' and (b) tand as a function of temperature of PU, PU-Lil
and PU-Nal polymer electrolytes.
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3.5. Electrochemical Studies

The electrochemical stability window of PU electrolytes was determined by linear sweep
voltammetry [43]. Figure 6 displays the current-voltage response obtained for both polymer electrolyte
systems using stainless steel as a working electrode and reference electrode measured between the
potential ranges from —2.5 to 4.5 V with a scan rate of 0.5 mV-s™'. The onset of the current identifies the
anodic decomposition voltage of the electrolytes [44]. It is observed that PU-Nal shows decomposition
voltage at 1.8 V, whereas for PU-Lil, the decomposition voltage is 2.0 V. The results show that the PU-Lil
is slightly electrochemically stable compared to PU-Nal.
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Figure 6. Linear sweep voltammograms of PU-Lil and PU-Nal polymer electrolyte systems.

3.6. Transference Number Measurement

Using Wagner’s polarization technique, transference numbers corresponding to ionic (fion) and
electronic (felectron) Were estimated for PU-Lil and PU-Nal electrolyte systems. In this method, the DC
current is observed as a function of time on application of a fixed voltage across the SS/Polymer
electrolyte/SS cell. The normalized current versus time plots of the polymer electrolytes are shown in
Figure 7. The ionic and electronic transference numbers are estimated using equations:

— I =1

ion

3)

ele

~ |~ o~

—

where /1 is the initial current and /r is the final residual current [45]. The values of transference number are
0.99 to 0.98 for the PU-Lil and PU-Nal, respectively. This suggests that the charge transport in these
polymer electrolyte films is predominantly due to ions and only small contributions from electrons.
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Figure 7. The plots of normalized polarization current with time for PU-Lil and PU-Nal
polymer electrolytes.

4. Conclusions

Castor oil-based PU was successfully synthesized and confirmed by FTIR result. The interaction of
synthesized PU with Lil and Nal salts is indicated by the shifting of wavenumbers of C=0, C—O—C and
N-H groups. PU based polymer electrolytes containing Lil showed higher ionic conductivity than PU
based polymer electrolytes containing Nal. Both systems showed an increase in ionic conductivity up to
30 wt% of salts, which was attributed to the enhancement in the number of charge carriers. The ionic
conductivity decreased for higher salt contents. It is probably due to retarding effect of ion aggregates
acting as the barrier for the ionic movement. DMA results showed a decrease in 7y value of PU upon
addition of salts due to plasticization effect that lead to weakening the dipole-dipole interaction between
the PU chains. Electrochemical stability window of the castor oil-based PU polymer electrolytes was stable
up to 2.0 and 1.8 V for PU-Lil and PU-Nal, respectively, as determined from the onset of current in linear
sweep voltammograms. The result of transference number measurement for both polymer electrolyte
systems confirmed the ionic transport in the systems. These results showed castor oil polyurethane could be
used as alternative bio based polymer membrane in polymer electrolytes.
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