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Abstract

Quasi-solid bioelectrolytes based on hydroxyethyl cellulose (HEC) and sodium iodide (Nal) in three different polar aprotic
solvent systems, dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and dimethylacetamide (DMA), were fabricated and
characterized. FTIR studies revealed active solvent-ion interactions in DMF-based electrolytes in comparison to DMA and
DMSO. The effect of the solvent system on the crystallinity of HEC gel electrolytes was more significant at low Nal concen-
tration. In each solvent system, the highest ionic conductivity was achieved at 70 wt% Nal and generally DMF-based electrolytes
showed higher conductivity than the other solvents. The availability of multiple complexation sites present in DMF is ascribed to
improvement in ion mobility and hence conductivity. Rheological analysis was carried out to elucidate the mechanical properties
of the gels. Generally, the mechanical strength of the polymer gels was unaftected by the type of solvent.
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Introduction

Ever since its introduction in 1970s, polymer electrolyte has
been an active field of research. The implementation of solid
polymer electrolytes has provided the solutions to pragmatic
problems encountered in traditional liquid electrolyte such as
leakage and solvent volatility [1]. However, this is often
achieved at the expense of ionic conductivity which in turn
affects the electrolyte performance in electrochemical devices
[2]. This contradiction gave rise to the inception of gel poly-
mer electrolyte (GPE), a unique category of electrolyte which
inherits both the conductive properties of liquid and mechan-
ical properties of solid.

Typically, the preparation of GPE involves the dissolution
of inorganic salt and polymer in a non-volatile solvent system.
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The primary function of the polymer is to serve as the matrix
of the gel in order to bestow mechanical stability. Addition of
inorganic salts introduces charge carriers into the matrix
which elevates the ionic conductivity of the electrolyte.
Most often, the major composition of the electrolyte is made
of the solvent component which is regarded as packets of
liquid trapped within the polymer chains. The solvent in fact
is a crucial part of the system as it affords the space for charge
carrier migration, diminishes crystallinity of the gel, decreases
polymer-polymer interaction, and increases the free volume
and segmental mobility of the system [3]. Therefore, the
choice of solvent employed in a GPE is very salient as it
impacts the overall physical, chemical, and electrical proper-
ties of the material. In recent literature, much emphasis has
been given to explore the effect of polymers and salts on the
properties of the electrolyte [1, 4-6]. However, studies dedi-
cated to comprehend the effect of solvents on the electrolyte
properties have been scarce. Therefore, in this study, we ex-
plored the effects of three different polar aprotic solvents on
fabrication of GPE based on hydroxyethyl cellulose (HEC).
In accordance to the current pursuit for sustainable mate-
rials, polymer electrolytes fabricated from natural polymers, in
particular, cellulose derivatives, have obtained special focus
recently. Cellulose derivatives are often incorporated into a
synthetic polymer system with the purpose of improving the
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mechanical properties of the materials while at the same time
reducing its ecological footprint. Sato et al. found that com-
bining cyanoethylated cellulose, which has a rigid backbone,
with cross-linkable methacrylate monomers produces GPE of
considerable mechanical strength even at polymer concentra-
tion of 7 wt%. The interaction between the highly polar poly-
mer matrixes that included a cellulose derivative with high
dielectric constant with the liquid electrolyte aided in retarding
electrolyte evaporation in the gel [7]. A similar approach has
been done by Nirmale et al. who fabricated GPE based on
photo-induced in situ polymerization of PEG-methacrylates
along with cellulose triacetate (TCA). The presence of TCA
improved ionic conductivity, owing to its ether and carbonyl
functional groups [8]. There also have been reports of GPE
solely based on cellulose derivatives such as methyl cellulose,
carboxymethyl cellulose, hydroxypropyl cellulose, and
cyanoethylated hydroxypropyl cellulose [9-12]. These gel
electrolytes attained room temperature conductivities between
10* and 10> S cm™ " and concurrently exhibited good elec-
trochemical, mechanical, and thermal stability.

HEC is widely recognized as a gelling and thickening agent
in cosmetics, pharmaceutical, and paint industry [13]. Recent
literatures have also highlighted the prospects of HEC as poly-
mer electrolyte material with good thermal stability and favor-
able electrochemical performance [14-17]. According to
Zhang et al., a dense HEC membrane sandwiched between
two porous PVDF layers helps to avoid micro short-circuits
to a large extent which is crucial to improve the safety of the
electrochemical device [17]. The attachment of hydroxyethyl
group onto the cellulose backbone in HEC imparts
organosolubility. This enables the incorporation of various
organic solvents for the fabrication of GPE based on the bio-
polymer. For instance, Li et al. prepared gel membrane by
soaking the HEC membrane in organic electrolyte consisting
of LiPF solution in ethylene carbonate/dimethyl carbonate/
ethyl methyl carbonate [18]. The electrolyte showed uptake of
organic liquid electrolyte up to 78.3 wt% and good electro-
chemical performance including high ionic conductivity at
room temperature and a high lithium ion transference number.
Due to this ability to dissolve in various organic solvents,
HEC was utilized as the polymer host in this work.

Another unique aspect in this work is the employment of
sodium salt as the charge carrier instead of its widely recog-
nized counterpart, lithium ions. Although lithium salt is effi-
cient in achieving high ionic conductivities, but its long-term
availability and cost continue to be major drawbacks [19]. The
low-cost, naturally abundant, and non-toxic properties of so-
dium make it the most practical alternative to lithium [20]. In
fact, recent studies by Vondrak et al. and Zurina et al. have
reported higher conductivity in sodium-based electrolytes
than that in lithium [21, 22]. It has been observed that the
mobility of smaller ions is lower than that of cations with
larger ions in the gel polymer electrolytes and it is
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hypothesized that smaller cations tend to be embedded or
captured by the polymeric network, and thus their mobility
is lowered.

Materials and methods
Materials

Hydroxyethyl cellulose (HEC), dimethylformamide (DMF),
dimethylsulfoxide (DMSO), and dimethylacetamide (DMA)
were purchased from Merck. Sodium iodide (Nal) salt used
was procured from Fisher Chemicals. The materials were used
as received.

Preparation of gel polymer electrolytes

Series of gel electrolytes based on three different types of
polar aprotic solvents, DMF, DMSO, and DMA, were pre-
pared. In all three systems, the polymer to solvent weight ratio
was fixed at 1:15 and required amounts of Nal (10-90 wt%)
were added to prepare respective series of GPE. Initially, the
salt was dissolved in the respective solvents forming a homog-
enous solution into which HEC was added. The mixture was
then stirred and heated at 70 °C for 6 h.

Characterization

Fourier-transform infrared spectroscopy (FTIR) of the sam-
ples was analyzed with a Perkin-Elmer Spectrum 400 spec-
trometer via the ATR technique. The analysis was done at a
spectral range from 650 to 4000 cm™ ' with a resolution of
4 cm™" and scan number of 32.

For the electrochemical impedance spectroscopy (EIS)
analysis, the impedance data for the samples were measured
using a HIOKIT 3532-50 LCR Hi-Tester with a frequency
range of 50 Hz to 200 kHz at room temperature. The corre-
sponding ionic conductivity, o, was then calculated by the
equation: o=t/(R,A) where ¢ is thickness of the sample mea-
sured, A is the contact surface area, and Ry, is the bulk resis-
tance of the sample.

The electrochemical stability window of the GPE was mea-
sured using the linear sweep voltammetry (LSV) technique.
The LSV was carried out using a SS/electrolyte/SS cell, where
SS stands for stainless steel, at a scanning rate of 1 mV s !
from 0 to 4.0 V.

To confirm the effect of the polar aprotic solvents on the
crystallinity of gels, X-ray diffraction (XRD) spectra of the
samples were recorded on a PANalytical X’Pert® MRD dif-
fractometer. The gel samples were uniformly applied on the
surface of the sample holder which was then placed in the
diffractometer, and the samples were directly scanned at 26
angles between 5° and 60°.
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The rheological tests were performed using an Anton Paar
Physica MCR 301 rheometer with a parallel-plate geometry
(2.5-cm diameter). Amplitude sweep tests of the gel samples
were studied by recording the variations in G’ and G” modulus
as a function of strain ranging from 0.1 to 250% at a measur-
ing gap of 0.075 mm. Operation of the rheometer and analysis
of the rheological parameters (G’, G”, tan §) were carried out
using the Rheoplus/32 V3.60 software.

Results and discussion
FTIR analysis

The possible chemical interactions between the salt, polymer,
and solvents were studied via FTIR analysis. Owing to the fact
that a 1:15 polymer to solvent ratio was used in the electrolyte
preparation, the bands attributed to HEC are mostly
overshadowed by the intense bands of the solvents.
Therefore, the characteristic absorption bands attributed to
reactive groups in the solvents with increasing salt concentra-
tion are mainly analyzed to observe the sites of chemical
interactions.

Figure 1 shows the FTIR spectra of DMF-based GPE. The
position of absorption bands for C=0 stretch, N—(CHj3)

Fig. 1 FTIR spectra of DMF-
based HEC gel electrolytes with
varying wt% of Nal (a) 0, (b) 10,
(c) 30, (d) 50, (e) 70, and (f) 90

deformation mode, and O=C-N deformation of DMF mole-
cules is clearly observed at 1661, 1384, and 654 cm respec-
tively [23]. The strongest absorption band in the samples is the
one attributed to the most polar group present, C=0 stretch of
DMEF. This band also exhibited a downshift from 1661 cm™ " in
blank gels to 1650 cm ™" in sample with 90 wt% Nal. The shift
to a lower frequency indicates the interaction between the
carbonyl group and the Na* ions which has a polarizing effect
on the electron density of the bond [24]. The O=C—N defor-
mation band does not exhibit any appreciable shift. The effect
of the increasing salt concentration on the N—(CH3) deforma-
tion bands slightly shifts to a higher wavenumber and such
trend was also reported in the FTIR study of ion-solvent in-
teractions in DMA by D.M. Verbovy et al. [24]. It is presumed
that this trend is indicative of Na* cations interaction with the
nitrogen atom and positive inductive effect from the methyl
group.

As shown in Fig. 2, the FTIR spectra of DMA-based GPEs
have similar characteristic bands as DMF-based electrolytes
and this is expected as the chemical structures of DMA and
DMF are very similar and only differ by the presence of an
additional methyl group attached to the carbonyl. Upon addi-
tion of salt, the downshift of the C=0 stretch is similar to that
of DMF but the magnitude of the shift which is from 1624 to
1617 cm ™' is smaller and this maybe an implication of the
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Fig. 2 FTIR spectra of DMA-
based HEC gel electrolytes with
varying wt% of Nal (a) 0, (b) 10,
(c) 30, (d) 50, (e) 70, and (f) 90
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greater steric hindrance imposed by the larger size of DMA
molecules. The N—(CH;) deformation bands also show the
same upward shift in frequency from 1394 to 1403 cm™' as
observed in DMF system.

In DMSO-based GPEs, typical absorption bands are ob-
served at 1022, 698, and 667 cm” ' which correspond to
S=0 stretch and symmetrical and asymmetrical S-C vibra-
tions, respectively (Fig. 3) [25]. However, with increasing
amount of salt, only the S=O stretching band shows apprecia-
ble shift from 1022 to 1015 cm ™' which can be attributed to
cation-sulfonyl association.

Based on these FTIR peak interpretations, the carbonyl and
amide groups in the solvents are identified as the main ion
complexation sites and Scheme 1 summarizes the possible
chemical interactions that are present in the gel matrices.

Crystallinity

The XRD diffractograms (Fig. 4a) of HEC exhibit an intense
diffraction peak at around 26 of 21.5° which indicates the
characteristic diffractive peak of a cellulose I structure [26].
As shown in Fig. 4, the intensity of this peak was found to
decline in blank HEC gel electrolytes in all three solvent sys-
tems. This observation signifies diminished intermolecular
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hydrogen bonding between the polymer chains due to chem-
ical associations with the solvent molecules. Up to 30 wt% of
Nal, DMSO-based GPE shows the lowest crystallinity follow-
ed by DMA and DMF and this can be explained in terms of
polarity of the sulfonyl group opposite to that of carbonyl
group. The sulfonyl group in DMSO is more polar compared
to the carbonyl group in DMA and DMF which may give rise
to stronger hydrogen bonding of the oxygen atoms with the
hydroxyl of HEC, hence reducing their availability for
polymer-polymer hydrogen bonding. However, it is interest-
ing to note that beyond 30 wt% of Nal, the diffractograms of
DMSO-and DMF-based gels depict similar intensity at 20 of
21.5°. The small sized Na* and I ions are more efficient in
disrupting the intermolecular polymer-polymer hydrogen
bonding compared to the large solvent molecules. Thus, at
high salt concentration, the expected effect of solvent polarity
on crystallinity is renounced. In all three solvent systems,
gradual incorporation of Nal has resulted in diminishing crys-
talline peaks. Both DMSO- and DMA-based polymer gels
show declined crystallinity up to 90 wt% of Nal, but DMA-
based polymer electrolytes show a slight increase in the peak
intensity beyond 70 wt% of Nal. This slight increase may be
attributed to the occurrence of undissociated salt at higher salt
concentration due to occupancy of the complexation sites. The
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Fig. 3 FTIR spectra of DMSO-
based HEC gel electrolytes with
varying wt% of Nal (a) 0, (b) 10,
(c) 30, (d) 50, (e) 70, and (f) 90
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salt aggregates may be absorbed by adjacent polymer chains
and thus restricting their segmental motion [27].

Conductivity studies

Figure 5 shows the trend in ionic conductivity at ambient
temperature for all three solvent systems. In blank gels,
DMSO-based polymer electrolyte recorded the highest value
followed by DMA and DMF. This relates with the XRD
diffractograms of the blank gels which shows the lowest crys-
tallinity for DMSO. With the introduction of Nal, the ionic
conductivity of DMF-based electrolytes emerges to be the
highest among all three systems. From the equation, o =
npe, the value of ionic conductivity is dominated by number

I ! I !
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of mobile ions (n) and mobility (). In this study, the gel
electrolytes are formed by the trapping of solvent within the
HEC matrix [28, 29]. Thus, the polymer chains behave as a
rigid framework in which mobility occurs mainly through the
interaction with the active groups of the solvent [30]. As
depicted in Scheme 1, in DMF, both the polar oxygen and
nitrogen serve as points of migration as opposed to only oxy-
gen in DMSO. Thus, for the same wt% of Nal, DMF-based
electrolytes have higher ionic mobility and thus higher ionic
conductivity compared to DMSO. Although DMA also pos-
sesses both oxygen and nitrogen in its structure, the additional
methyl group attached to the carbonyl contributes to increased
steric hindrance. In all three solvent systems, the highest ionic
conductivity is recorded upon inclusion of 70 wt% of Nal with
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Fig. 4 X-ray diffractograms of pristine HEC (a), gel electrolytes at different wt% of Nal 0 (b), 10 (c), 30 (d), 50 (e), 70 (f), and 90 (g)

values 0f 2.16 x 10 > Sem ', 1.24x 10> Sem ', and 1.12 %
102 S cm™! for DMF, DMA, and DMSO, respectively. The
decline in conductivity values beyond 70 wt% of Nal can be
the effect of salt agglomeration. As the salt concentration ex-
ceeds an optimum value, the chances of ion association to
form neutral ion pair increase. Since these ion aggregates do
not contribute toward ion conduction, it will lead to a decline
in conductivity value [31].

A brief summary of some recent work on sodium ion-based
gel polymer electrolyte is listed in Table 1. To the best of our
knowledge, sodium ion-based GPE systems utilizing biopoly-
mers are still scarce and from the table, it is evident that the
ionic conductivity attained in this work is better than that in
most other synthetic polymer GPEs.
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Fig. 5 Ionic conductivity of the electrolytes in different solvents at
varying amounts of salt
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Linear sweep voltammetry studies

During fabrication of electrolyte, it is vital to evaluate its elec-
trochemical potential window as this parameter determines the
maximum operational voltage of the electrolyte. The potential
window, which can be obtained from LSV measurements,
decides the applicability of the electrolyte in various electro-
chemical devices. Figure 6 shows the LSV curve of the
highest conducting samples in each solvent system. All three
samples have similar decomposition voltage of around 2.8 V.
In previous literatures, polymer electrolyte based on cellulose
such as carboxymethyl cellulose and sulfonated bacterial cel-
lulose has been reported to have decomposition voltage of 2.5
and 1.9 V respectively [38, 39]. The wider electrochemical
window recorded by the HEC gel electrolytes shows that the
electrolyte in this study can be employed in devices such as
EDLC and batteries.

Rheological analysis

The GPE system is an improvement over previous gener-
ations of liquid electrolyte systems whereupon it rectifies
the stability issues encountered in the latter. Therefore,
alongside superior electrical properties, mechanical stabil-
ity of the gel is also a significant aspect in the fabrication
polymer electrolytes. While mechanical properties have
been frequently studied in solid polymer electrolytes, the
emphasis on studying the mechanical stability of GPE has
been limited. In this work, rheological study has been
utilized as a tool to gauge the mechanical properties of
the GPE. The highest conducting sample in each solvent
system has been subjected to amplitude sweep test. The
trend in storage modulus (G') and loss modulus (G”) with
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Table 1 Comparison of some
sodium ion-based electrolytes in Electrolyte system (polymer-salt-additive) Tonic conductivity at room temperature (S cem Y References
recent literatures
PVAF-HFP-NaClO, 0.6x107 [32]
PMMA-NaPF, 13x107° [33]
PVP-PVA-NaCl 1.7x107° [34]
PVdF-HFP-NaCF;S0; 57x107° [33]
PEO-PVdJF-HFP-Nal 6.4x107 [36]
Chitosan-Nal 4.9x1072 [37]
HEC-Nal 22x1072 This work

PVAF-HFP, poly(vinylidene fluoride-co-hexafluoropropene); NaClO,, sodium perchlorate; PMMA, poly(methyl
methacrylate); NaPF g, sodium hexafluorophosphate; PVP, poly(vinylpolypyrrolidone); PVA, polyvinyl alcohol;
NaCl, sodium chloride; NaCF;S03, sodium trifluoromethanesulfonate; PEO, poly(ethylene glycol); Nal, sodium

iodide

the variation in strain is analyzed to comprehend the vis-
coelastic properties of the gels.

As shown in Fig. 7, HEC gels with 70 wt% of Nal in DMF,
DMA, and DMSO exhibit a sustained linear viscoelastic re-
sponse up to 100% strain indicating minimal disruption of the
network structure. Beyond 100% strain, both storage and loss
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moduli begin to drop slightly, suggesting a collapse in the gel
structure. According to the rheological characterization of
polymer gels proposed by Kavanagh and Ross-Murphy,
HEC-based polymer gels are categorized as biopolymer phys-
ical gels [40]. The term physical gel here is defined as phys-
ically cross-linked polymer chains in which the gel formation
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Fig. 6 Linear sweep voltammetry curves of HEC electrolytes with 70 wt% of Nal in DMF (a), DMA (b), and DMSO (c)
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Fig. 7 Amplitude sweep and tan § curves of HEC electrolytes with 70 wt% of Nal in DMF (a), DMA (b), and DMSO (c¢)

is governed by non-covalent interactions such as van der
Waals, charge transfer, and hydrogen bonding. Beyond the
critical strain value, these interactions are disrupted leading
to a collapse in the gel structure [41].

Besides the critical strain values, the physical properties of
the gel microstructure can be explained in terms of the loss
factor, tan §, which is equals to the ratio of G” to G/, i.e., the
imaginary part to the real part of the deformation energy.
When tan § < 1, G’ dominates over G”, and the gel exhibits a
quasi-elastic behavior in which the gel experiences full or
partial microstructural regeneration upon deformation. When
tan § = 1, the flow point (“cross-over”) is attained. Beyond the
flow point, G” exceeds G’ (tan ¢ > 1) and the viscous property
of the gel prevails leading to an irreversible microstructural
collapse [42]. In all three samples studied, tan 6 > 1 when the
strain applied was close to 250%. Therefore, it can be con-
cluded that HEC-based gels have similar mechanical strength
regardless of the solvent system. This can be also due to the
fact that the polymer to solvent weight ratio was similar in all
three samples.
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Conclusions

FTIR studies confirmed the enhanced interaction between
ions and solvents in DMF-based electrolytes compared to
DMA- and DMSO-based electrolytes. The crystallinity of
HEC gel electrolytes was found to be influenced by the sol-
vent system. At low salt concentration, DMSO-based electro-
lytes exhibited lower crystallinity compared to DMF and
DMA. But, at higher salt concentration, this effect was re-
nounced. The highest ionic conductivity was recorded upon
70 wt% of Nal in each solvent system, with overall maximum
value of 2.16 x 10 2 S cm ' in DMF. The pronounced ionic
conductivity in DMF-based system can be attributed to the
presence of additional ion complexation sites in this solvent
compared to DMA and DMSO. From rheological analysis, it
was found that the highest conducting HEC electrolytes in
each solvent system showed prominent solid character and
the mechanical stabilities of these gels were not affected by
the solvent systems.
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