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Abstract. The possibility to use natural polymer as ionic conducting matrix was investigated in this study. Samples of agar-
based electrolytes with different ionic liquids were prepared and characterized by physical and chemical analyses. The ionic
liquids used in this work were 1-ethyl-3-methylimidazolium ethylsulfate, [C,mim][C,SOy4], 1-ethyl-3-methylimidazolium
acetate, [Comim][OAc] and trimethyl-ethanolammonium acetate, [Ch][OAc].

Samples of solvent-free electrolytes were prepared and characterized by ionic conductivity measurements, thermal analy-
sis, electrochemical stability, X-ray diffraction, scanning electron microscopy and Fourier Transform infrared spectroscopy.
Electrolyte samples are thermally stable up to approximately 190°C. All the materials synthesized are semicrystalline. The
electrochemical stability domain of all samples is about 2.0 V versus Li/Li*. The preliminary studies carried out with elec-
trochromic devices (ECDs) incorporating optimized compositions have confirmed that these materials may perform as sat-

isfactory multifunctional component layers in the field of ‘smart windows’, as well as ECD-based devices.

Keywords: biodegradable polymers, smart polymer, thermal properties, Agar matrix

1. Introduction

Polymer electrolytes (PEs) are ionically conducting
materials that may be used in the fabrication of
solid-state electrochemical devices, particularly
rechargeable batteries, electrochromic displays,
capacitors and sensors [1, 2]. During the last decades
different systems have been extensively studied and
most of them were based on poly(ethylene oxide)
[2]. More recently new types of electrolytes based
on natural polymers (like cellulose derivatives, chi-
tosan, starch or natural rubber) have been proposed
due to their biodegradability, low production cost,
good physical and chemical properties and good
performance as SPEs (solvent-free polymer elec-
trolytes) [3—5]. Among these there is agar, which is
an heterogeneous mixture of agaropectin and agarose
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[6]. Recently, natural macromolecules are the goal
of the new materials research tendencies due to the
increasing alerts concerning the contribution of
synthetic polymers to the environmental destruction
[7, 8]. The main argument for the use of bio-macro-
molecules is their extraction from renewable sources,
as fast growing plants, animals and crustacean or
also by bacterial synthesis [9, 10] and consequently
their biodegradation properties.

In spite of SPEs potential, their application in com-
mercial devices has been delayed because of their
tendency to crystallize, substantially lower ionic
conductivity than non-aqueous liquid electrolytes
and a tendency to salt exudation at high salt concen-
tration. However, as liquid electrolytes pose signifi-
cant safety and environmental concerns, in recent
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years considerable efforts have been devoted to
increase the ionic conductivity and improve the
mechanical properties of SPEs [1, 2].

In order to do so, many research groups turned their
attention to room temperature ionic liquids (RTILs)
[11]. The introduction of ionic liquids (ILs) into
macromolecules structure has been presented as a
very interesting way to obtain good ionic conductiv-
ity without liquid components [12—14]. These poly-
mer electrolytes based on ILs have been developed
for battery electrolyte and for other solid electrolyte
applications [15, 16]. It was successfully demon-
strated that the electrochemical stability and ionic
conductivity of SPEs are enhanced by the addition
of ILs. Also, their addition ensures safety, owing to
some intrinsic properties of ILs such as their almost
zero volatility [17], zero flammability [18] and high
thermal stability [19].

This paper describes the preparation and characteri-
zation of agar-based polymer electrolytes with ionic
liquids as guest salts. Looking for good conductiv-
ity results combined with transparency, flexibility,
good adhesion, good mechanical and electrochemi-
cal properties, electrolytes were characterized by
conductivity measurements, thermal analysis (DSC
and TGA), cyclic voltammetry, X-ray diffraction
(XRD) and scanning electron microscopy (SEM).
These materials were also tested as ionic conduc-
tors in electrochromic devices with the following
configuration: glass/ITO/WOs/PolymerElectrolyte/
CeO,-TiOy/ITO/glass.

2. Experimental

2.1 Materials

lonic liquids. The ionic liquids used in this work
were 1-ethyl-3-methylimidazolium ethylsulfate (IL-
0033-HP/342573-75-5), [C,mim][C,SO4], 1-ethyl-3-
methylimidazolium acetate (IL-0189-TG/143314-
17-4), [Comim][OAc] and trimethyl-ethanolammo-
nium acetate, [Ch][OAc]. [C,mim][C,SO4] and
[Comim][OAc] were supplied by Iolitec (Heilbronn,
Germany) with a stated purity of 99 and 95%, respec-
tively. [Ch][OAc] was supplied by Solchemar with
a purity of 95%. To reduce the water and other
volatile substances contents, vacuum (10 Pa) and
moderate temperature (ca. 47°C) were always applied
to all samples of ionic liquids for several days prior
to their use. After degassing, the purity was checked
by 'H NMR. The 'H spectra confirmed purity levels

higher than 99% for [Comim][C,SO4] and 98% for
[Comim][OAc] and [Ch][OAc]. The final water
mass fraction was measured by Karl Fischer coulo-
metric titration (Metrohm 831 KF Coulometer).
The dried samples contained less than 500 ppm of
water for all ionic liquids.

2.2. Sample preparation

Samples were prepared according to a procedure
optimized by E. Raphael ef al. [6]. In a glass flask,
0.5 g of agar (W201201, Aldrich, Madrid, Spain)
was dispersed in 30 mL of Milli-Q water and heated
under magnetic stirring for a few minutes up to
100°C for complete dissolution. Next, 0.5 g of ILs,
0.5 g of glycerol (RM1027-1L, Himedia, Mumbeai,
India, 99.5%) as plasticizer, 0.5 g of formaldehyde
as crosslinking agent (131328, Panreac, Barcelona,
Spain, 37-38% wt/wt), were added to this solution
under stirring. This solution was then poured on
Petri plates, let to dry up for 810 days at ambient
temperature, to form transparent membranes. The
film was transferred to an oven at 60°C, for final
drying, and the sample was aged for a period of
1 week resulting in the homogeneous and transpar-
ent membranes with thickness of 150 pm as shown
in Figure 1.

Figure 1. Physical appearance of a sample, incorporating the
[Comim][OAc]

2.3. Measurements

2.3.1. Ionic conductivity

The total ionic conductivity of the samples was
determined by locating an electrolyte disk between
two 10 mm diameter ion-blocking gold electrodes
(Goodfellow, >99.95%) to form a symmetrical cell.
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The electrode/polymer electrolyte/electrode assem-
bly was secured in a suitable constant volume sup-
port and installed in a Biichi TO51 tube oven with a
type K thermocouple placed close to the electrolyte
disk to measure the sample temperature. Bulk con-
ductivities of the electrolyte samples were obtained
during heating cycles using the complex plane
impedance technique (Autolab PGSTAT-12 (Eco
Chemie)) between 25 and 100°C and at approxi-
mately 7°C intervals.

2.3.2. Thermal analysis

The DSC measurements were performed under a
flowing nitrogen atmosphere at 30 mL-min~! in the
temperature range of —110 to 200°C and at a heating
rate of 20°C-min~! using a TA Instruments DSC-
Q20 apparatus. The first run was up to 100°C to
remove adsorbed water and the second and third
runs were performed up to 200°C.

Samples for thermogravimetric studies were pre-
pared in a similar manner, transferred to open cru-
cibles and analyzed using a Rheometric Scientific
TG1000 thermobalance operating under flowing
argon, between 30 and 700°C and at a heating rate
of 10°C-min™".

2.3.3. Electrochemical stability

The evaluation of the electrochemical stability win-
dow of electrolyte compositions was carried out
under an argon atmosphere using a two-electrode
cell configuration. The preparation of a 25 um diam-
eter gold microelectrode surface, by polishing it
with a moist cloth and 0.05 pm alumina powder
(Buehler), was completed outside the drybox. The
cell was assembled by locating a clean lithium disk
counter electrode (cut from Aldrich, 99.9%, 19 mm
diameter, 0.75 mm thick) on a stainless steel current
collector and centering a sample of electrolyte on
the electrode surface. A small volume (2 puL) of
THF was placed on the microelectrode surface. The
microelectrode was then located on the electrolyte
surface and supported firmly by means of a clamp.
The use of THF to soften the electrolyte was neces-
sary to achieve a reproducible microelectrode/elec-
trolyte interfacial contact. An Autolab PGSTAT-12
(Eco Chemie) was used to record voltammograms
at scan rate of 30 mV/s. Measurements were per-
formed at room temperature, within a Faraday cage.

2.3.4. X-ray diffraction

The structure of the film was examined on silicon
wafer by X-ray Rigaku Utma 4 diffractometer,
power of 50 kV/50 mA and CuKa irradiation, speed
of 2 °/min, in an angle range (20) of 5 to 60°, at room
temperature.

2.3.5. SEM
SEM micrographies were obtained with LEO
model 440.

2.3.6. FTIR

Infrared spectra were measured by using an ATR-
FTIR BOMEM MB 102 spectrophotometer. The
films were placed in the holder directly in the IR
laser beam. Spectra were recorded in scanning range
from 650 to 4000 cm™! at a resolution of 4 cm™! and
16 scans.

2.3.7. Electrochromic cell assembly
Electrochromic devices with the configurations
glass/ITO/WOs/electrolyte/CeO,—TiO,/ITO/glass
were obtained by assembling the 2 pieces of coated
glasses. Electrolytes in the form of hydrated mem-
branes were deposited on glass/ITO/WOj; coatings
and 1 cm free space was left for the electrical con-
tact. Then the other coated substrate was pressed
onto the membrane in such a way that the two coat-
ings faced each other inside the assembled window.
A 1 cm wide Cu-conducting tape (3M) was glued to
the free edge of each substrate for electrical connec-
tion. The mounted cells were finally sealed with a
protective tape (3M).

The electrochemical measurements were performed
with Autolab 302N with FRA 2 module.

3. Results and discussion

3.1. FTIR analysis

The infrared spectra of the pure agar membrane and
of the membranes containing agar and ionic liquids
are shown in Figure 2. In this figure it is observed a
significant change in the FTIR spectra with the addi-
tion of ionic liquids. The broadband at 3416 cm™,
attributed to the stretching of OH hydroxyl groups
of agar that participate in hydrogen bond formation
in inter-and intramolecular bonds or in hydrogen
inter and intramolecular bond formation, shifts to
shorter wavelengths numbers with the addition of
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Figure 2. FTIR spectra of agar and agar-based membranes

ILs [20, 21]. The bands at 2934 and 2887 cm™! refer
to the CH asymmetrical stretching, which increase
in intensity due to its presence in both glycerol and
in the ILs [22, 23]. The band at 2360 cm™ is due to
the CO, from air and at 1653 cm™! is due to adsorbed
water. Samples with ILs present a new band at
1559 cm™!, probably due to C=C imidazolium ring
[24] assigned to be at 1562 cm™! [23]. The shift of
this band is also an indication of interaction between
polysaccharide and IL. The band at 1405 cm™ is
assigned to CH bending. The sharp bands at
1262 cm™! in the FTIR spectra of the samples with
[Ch][OAc] and [Comim][OAc] are probably due to
C—C stretching in the sample Agar[Comim][C,SOy4]
can be due to C—O-SO; asymmetric stretching. The
bands at 1174 cm™ can be assigned to C-O—C from
agar as in the case of cellulose dissolved in the 1-
butyl-3- methylimidazolium chloride [23] and at
1168 cm™ to ring in-plane assymetric stretching, C—C
and (N)CH, stretching [25]. The stretching of the
COH alcohol bond shifts from 1087 to 1038 cm™,
which is probably due to the hydrogen bond forma-
tion between glycerol and macromolecule. Other
bands from 920 to 960 cm™!, depending on the sam-
ple, can be assigned to C—-O—-SO3 or C—C stretching
from polymer ring [26] and at 780; 790 cm™' to IL
ring HCCH symmetric bending [22] or 3,6-anhy-
dro-p-galactose skeletal bending [26].

3.2. Thermal behaviour of electrolytes

The onset of thermal decomposition was estimated
through thermogravimetric analysis (Figure 3). All
samples show a weight loss of 5% for the pure agar
membrane, Agar[Comim][C,SO4], and Agar[C,mim]
[OAc] and 18% for the sample Agar[Ch][OAc] in
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=
i}
e
1]
2 40-
=
20~ ~
0

0 100 200 300 400 500 600 700
Temperature [°C]

Figure 3. TGA results for membranes based agar and ionic
liquids

between room temperature and about 100°C, which
can be explained as a water loss in the sample. The
moisture content (as observed in FTIR spectra and
also DSC first run) in the Agar[Ch][OAc] is higher
when compared to agar and Agar[Comim] samples
probably due to the hydrophilic properties of the
choline ion. In the region of 220-400°C, the film of
agar matrix showed a very accentuated mass loss of
65%, which marks the decomposition of the sam-
ple, and slowly continues as the temperature is
increased up to 700°C. The remaining residue was
15% in mass of the starting material. In the case of
the samples with ILs, the loss mass behavior as a
function of temperature is different. The degrada-
tion process occurs in two stages for the agar based
electrolytes with [Comim][C,SOy4], assuming that
the negligible initial mass loss observed (<5%) is
exclusively associated with the release of solvents,
such as water adsorbed or coordinated. For these
samples the first stage starts at 200°C for a weight
percent of 90% and the second starts at 300°C for a
weight percent of 68%. These stages are due to the
agaropectin and agarose presence in the samples
and the different interactions with ILs. The onset tem-
perature of thermal decomposition was estimated
by thermogravimetric analysis using extrapolation
of the baseline and tangent of the curve of thermal
events to identify the initiation of sample weight
loss. The degradation process occurs in one stage for
the agar based electrolytes with Agar[Comim][OAc]
and Agar[Ch][OAc], assuming that the negligible
initial mass loss observed (<5% for sample Agar
[Comim] [OAc] and <20% for Agar[Ch][OAc]) is
exclusively associated with the release of solvents,
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Figure 4. DSC curves obtained for membranes of
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such as water adsorved or coordinated. The poly-
mer electrolyte Agar[Ch][OAc] loses more solvents
probably because the [Ch][OAc] IL used had more
water. The second stage of the samples degradation
for a mass loss of 80% starts at 200°C and ends at
550°C and slowly continues at 700°C. The remain-
ing residue was 10% for the samples Agar[Comim]
[OAc] and Agar[Ch][OAc].

The DSC results obtained for the materials are illus-
trated in Figure 4 and in all cases a very accentuated
change of the baseline is observed at —58, —60 and
—44°C for the samples Agar[C,mim][C,SOy4], Agar
[Comim][OAc] and Agar[Ch][OAc], respectively. It
was already reported that glass transition in agar
samples can be found or observed in the range of
temperature between 60 and 130°C depending on
the molecular mass and moisture content [27, 28].
However, no linebase changes were observed in the
agar matrix used for this study. Therefore, the
change of baseline in Figure 4 is probably due to
the T, of glycerol-rich domains [25] or also to glyc-
erol-water [29] or glycerol-agar associations. This
last supposition/possibility can be supported by
other studies on natural macromolecules gel mem-
branes with glycerol as plasticizer [5]. Above
150°C two samples, Agar[C,mim][C,SO4] and
Agar[Comim][OAc], exhibit a start of an endother-
mic peak, attributed to the start of the degradation
of the sample, as observed by TGA measurements.
No endothermic peak up to 200°C is observed for
the sample Agar[Ch][OAc]. The obtained results
confirm that all the polymer electrolytes produced
have predominantly amorphous nature.

3.3. Structure and morphology

Figure 5 shows the typical X-ray diffraction pat-
terns obtained for the sample Agar[Comim][C,SOy4]
measured at room temperature. The diffractogram
of agar matrix (not shown here) revealed an ordered
structure due to the presence of a very accentuated
peak at 18.6° 20 and a slight shoulder at 14.3° 20,
similarly to the results of 19.9 and 13.83°, respec-
tively, reported for pristine agar films [30]. The
deconvolution of the diffraction profile (Figure 5)
in different Gaussian lines reveals very broad com-
ponents on the fully disordered part of the sample
and the three narrower bands are attributed to the
ordered regions. From the deconvoluted plot, the
degree of crystallinity of this sample is found to be
about 25%. Moreover, through the SEM pictures
one can observe the homogeneity without any phase
separation and good surface uniformity of agar-
based electrolyte with ionic liquid samples (Fig-
ure 6). Agar-ILs-based SPE samples were translu-
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Figure 5. X-ray diffractogram for agar matrix and agar-
based membranes on glass XDR support

| 10 pm I

Figure 6. SEM picture of the sample, incorporating the
[Comim][C,S04]
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cent (Figure 1) and showed very good adhesion
properties to glass and steel.

Figure 7 shows the optical transmittance of a 0.52,
0.12 and 0.46 mm thick layer of the Agar[C,mim]
[C2S0y4], Agar[Comim][OAc] and Agar[Ch][OAc]
electrolytes as well as almost zero transmission
intensity below 230 nm, which starts to increase
until reaching 81, 57 and 60% at 400 nm, respec-
tively. For the 400 to 1100 nm wavelength interval
the transmission is practically constant increasing
only few percent. From the obtained results it is
possible to observe that ILs with acetate ion pro-
mote a decrease of the transparency similary to a
previous study [31, 32].

3.4. Ionic conductivity of electrolytes

The ionic conductivities of various polymer elec-
trolytes over the temperature range from 25 to
105°C and as a function of different ionic liquids
are illustrated in Figure 8. From this figure we can
observe that all samples exhibit a linear variation of
log conductivity with reciprocal temperature, which
is typical of polymer electrolytes where hopping
mechanism of ionic charge species is predominant.
From this figure it is also possible to observe that
the addition of any ILs studied, produces an increase
of ionic conductivity values, when compared to the
matrix. The highest room temperature (7= 30°C)
conductivity of the electrolyte system is
2.35:107 S:cm™!, registered for the agar based on
1-ethyl-3-methylimidazolium acetate composition.
At 100°C, this electrolyte exhibits a conductivity of
about 1.58-1073 S-cm™!. The small differences in the
conductivity values as a function of temperature of
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Figure 8. Variation of ionic conductivity with 1/T for
selected electrolyte

the samples with ILs may be due to the type of ILs,
its dielectric constant, viscosity, interaction with the
host polymer and molecular weight [33]. The tem-
perature dependence of the ionic conductivity val-
ues shows an Arrhenius behavior, where the ionic
transport is promoted by the hopping of ionic
species. In this, the [Ls probably promotes a better
separation of polymeric chains and, consequently,
its more pronounced movements.

The fitted value of the E, for the electrolyte based
on 1-ethyl-3-methylimidazolium acetate is
24.27 K-J-mol™'. This is smaller than those reported
by Raphael et al. [6] for agar-acetic acid-based
electrolytes or other natural macromolecules [31,
32, 34]. The E, values decrease with the addition of
ILs and this is in agreement with the fact that the
amount of ions in polymer electrolyte increases,
and the energy barrier to the ion transport decreases,
leading to a decrease in the activation energy.

3.5. Electrochemical stability

Cyclic voltammetry was employed to evaluate the
chemical and electrochemical stability of the solid
polymer electrolytes. In the cyclic voltammetric
analysis the sweep potential was firstly scanned in
the positively going direction and then the reversed
direction. The addition of ionic liquid doesn't deplete
the electrochemical stability of the electrolytes. A
very low current flow was observed up to the
anodic breakdown voltage, thus supporting the high
purity of the RTIL-based polymer electrolytes.
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Figure 9. Voltammogram of the Agar[Comim][C,SO4] sam-
ple at a 25 um diameter gold microelectrode ver-
sus Li/Li*. Initial sweep direction is anodic and
different sweep rate.

The electrochemical stabilities of the polymer elec-
trolytes based on ILs (Figure 9) were determined by
microelectrode cyclic voltammetry over the poten-
tial ranging from —2.0 to 6.0 V at scan rate 30 mV-s™!
and at ambient temperature. The anodic current onset
may be associated with the decomposition of the
polymer electrolyte. The voltammetric stability of
the electrolytes containing ILs was checked by the
repetitive potential sweep at a scan rate of 30 mV-s~'.
The results are shown in Figure 9. The peak cur-
rents decrease with the increase of the scan num-
bers, which may be due to the detach of the samples
from the electrode surface.

It is noted that a small reduction peak around 1.5—
2.0 V appeared for the electrolytes films based on
[Comim][C,SO04] (Figure 9). Previously, the peak in
this region had been ascribed to the reduction of
low level of water present in IL or oxygen impuri-
ties. These measurements are made in glove box
and probably oxygen impurities are not present.
Similar behavior has been observed for other sys-
tems based on PEO, lithium salt and IL [35].

As can be seen, all the electrolytes show good sta-
bility of 2.0 V windows versus Li/Li*. They display
a wide electrochemical window (—2.0 to + 2.0 V)
over which the polymer electrolytes based on ILs
can be used safely without decomposition. A large
electrochemical window is a valuable property for
the fabrication of stable and durable electrochemi-
cal devices.

3.6. Electrochromic device

A preliminary evaluation of the performance of the
agar based materials as electrolytes in all solid-state
ECDs was carried out using the five layer-sandwich
configuration.

Typical cyclic voltammograms of an ECD contain-
ing Agar[Comim][C,SO4] measured during the 10,
50, 100, 150" and 200" chronoamperometric
cycles are shown in Figure 10. One cathodic peak
centered at —1.3 V is observed and is accompanied
by the coloring of the device while the other, cen-
tered around —0.3 V, is anodic and is accompanied
by the bleaching of the device. The feature of the
voltammograms doesn't changes during 200 cycles,
however a small shift to more positive potentials is
observed.

The charge density responses measured by chronoam-
perometry (—2 V/+1.8 V; 15 s/15 s) of ECD contain-
ing solid electrolyte based on agar and ILs for the
cycle 10™, 50™ , 100, 150" and 200 are shown in
Figure 11. From these measurements, it can be stated
that the insertion (coloration) is fast. For instance,
for the 10th cycle, the inserted charge at—2 V reaches
—0.76 mC-cm2 in 15 s. The consecutive chronoam-
perometric cycling promotes a decrease of the
inserted charge values reaching —0.4 mC-cm™2 for
the 200 cycles. The reverse potential, i.e., +1.8 V
promotes an extraction and consequent bleaching of
the device. This phenomenon occurs faster than col-
oring and after 2 s the ECD is already transparent.
However, as can be observed from this experiment
for the initial cycles extracted charge value is lower
when compared with the inserted one, indicating

0.04
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Figure 10. Cyclic voltammetries of electrochromic window
with WO3/Agar[C2mim][CZSO4]/C602—Ti02
configuration
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Figure 11. Charges densities for ECDs electrochromic win-
dow with WO3/Agar[Comim][C,SO4]/CeO,-TiO,
configuration of 10" to 200 cycles

that some part of the charge remains in the elec-
trochromic coating and is probably responsible for
the not complete reversibility of the device. As a con-
sequence a successive decrease of the inserted
charge density as a function of number of cycles is
observed.

The UV-vis transmission spectra of the electro-
chromic device in the range from 200 to 1100 nm
for the 200™ cycle are measured (not shown). A
transmittance variation of 13% between the bleached
(63% of transmittance) and colored states (50% of
transmittance) occurs in the visible range of the
spectra with a maximum at 550 nm. This result is
comparable to the results obtained with electro-
chromic devices containing ormolytes-based elec-
trolytes with potassium salt [36]. The promising
tests performed in the present work based on ILs
support the idea that these materials may find appli-
cation in polymer science, like others [37].

4. Conclusions

Polymer electrolytes based on agar and containing
ILs were prepared and characterized. The obtained
results revealed that the ILs influence the ionic con-
ductivity of electrolytes and the best values of
2.35:107 S:em™! were registered for the agar based
on l-ethyl-3-methylimidazolium acetate composi-
tion at ambient temperature. At 100°C, this elec-
trolyte exhibits a conductivity of about
1.58:107° S-cm™!. These results show a Arrhenius
behavior with an activation energy of E,=
24.27 kJ/mol.

In ECDs very specific conditions must be fulfilled
by the electrolyte component. These include high

transparency to maximize chromatic contrast in the
case of see-through displays, adequate room tem-
perature conductivity to permit rapid color response,
mechanical flexibility to form an appropriate elec-
trode/electrolyte interface and low thermal expan-
sion or component volatility so that the device may
operate over a wide range of temperatures. The
samples applied in small electrochromic devices
evidenced the reversible insertion/extraction process
during 200 chronoamperometric cycles. The inserted
charge was —0.40 mC-cm™2 during 15 s and the
extraction occurred in 2 s.

The encouraging results of the thermal (DSC and
TGA), clectrochemical (ionic conductivity and
CV), and structural (XRD) investigation of a novel
series of agar — ILs membranes are sufficient to jus-
tify further studies. The preliminary tests performed
in this study using prototype ECDs suggest that
these materials may find application in ‘smart win-
dows’ devices, as well as other electrochromic dis-

plays.
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