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Abstract

In this work, we studied polymer electrolytes (PEs) that had the natural polymer chitosan as their matrix host. Different quantities
of an ionic liquid that contains the lanthanide dysprosium as part of the anion, were incorporated in the chitosan matrix through
the solvent casting method. The thermal, morphological and electrochemical properties of the membranes were accessed. The
results, obtained by thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), X-ray diffraction (XRD),
scanning electron microscopy (SEM), force microscopy (AFM), and complex impedance spectroscopy, revealed a minimum
thermal stability of about 139 °C; a predominantly amorphous morphology combined with the presence of small crystalline
domains and a satisfactory ionic conductivity. The sample with the highest ionic conductivity was the
chitosan;[Comim][Dy(SCN),], (where 1 corresponds to the quotient between the mass of the polymer and the mass of the IL)
which attained 6.76 x 10°® S'em ' at 30 °C and 5.62x 10* Sem™ ' at 100 °C. The results presented here suggest that these

materials are promising and may find application in practical electrochemical devices.
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Introduction

In general, ionic liquids (ILs) have distinguishing properties,
such as almost negligible vapor pressures, high thermal stabil-
ities, wide liquid ranges, considerable conductivities, and
large electrochemical windows [1-5]. Such characteristics
have proved to be valuable for a great deal of applications.
Additionally, as ILs are composed of distinct cations and an-
ions, they are widely tunable, allowing their design for specif-
ic applications through the proper choice of both cation and
anion [5, 6].

Metal-containing ILs are promising new materials that
can combine the properties of ILs with magnetic, catalytic
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or photophysical/optical properties, which are originated
from the incorporated metal. Recently, it has been shown
that solutions of lanthanide compounds in ILs are prom-
ising soft luminescent materials for use in photochemistry
and spectroscopy [7, 8]. In that sense, our goal was to
synthesize an IL that combined both the conductivity of
ILs with the luminescence of lanthanide complexes. For
this purpose, a dysprosium-based IL was synthesized and
incorporated in chitosan polymer electrolytes (PEs)
membranes.

PEs are very appealing ionically conducting materials that
can find application in solid-state electrochemical devices,
such as rechargeable batteries, electrochromic displays, capac-
itors or sensors [9, 10]. Because of its extraordinary solvating
ability toward salts, poly(oxyethylene) (POE) has been the
macromolecule most widely used to produce PEs [11].
Nevertheless, technological progress and environmental con-
cerns push towards new PEs materials with unique properties.
Recently, new PEs based on natural polymers have been suc-
cessfully proposed [12-29].

Natural polymers like chitosan, gelatin, agar-agar, pectin, cel-
lulose or starch offer sought after advantages such as biodegrad-
ability, low production cost and inexhaustible sources [12—14].
In this work we explored the preparation and characterization of
PEs membranes based on chitosan. Chitosan is a linear
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copolymer of -(1-4) linked glucosamine and N-
acetylglucosamine, that can be found in fungi, insects and crus-
tacean shells [30-33]. It is broadly used in the food packaging,
pharmaceutical and biomedical industries and its physical and
chemical properties depend on its degree of acetylation, intra-
molecular residues distribution and molecular weight [30-35].
Chitosan’s polar functional groups foment its ability to dissolve
ionic salts, which is a vital feature for a PE matrix host [36-38].

The present work is focused on the synthesis of a
dysprosium-based IL, its incorporation in chitosan PEs mem-
branes and their respective characterization. The PEs thermal,
morphological and electrochemical characterization was
attained through thermogravimetric analysis (TGA), differen-
tial scanning calorimetry (DSC), X-ray diffraction (XRD),
scanning electron microscopy (SEM), force microscopy
(AFM), and complex impedance spectroscopy.

Materials and methods
Synthesis of [C;mim][Dy(SCN),]'3(H,0)

The synthesis of [C,mim][Dy(SCN)4].3H,O is described by
egs. 1-3.

2 NaSCN + H,S0;—Na,SOy4| + 2 HSCN (1)
6 HSCN -+ Dy,03;—2Dy(SCN),.3H,0 (2)
Dy(SCN);.3H,0

+ [Cmim][SCN]—[C,mim] [Dy(SCN),].3H,0 (3)

NaSCN (6.48 g, 80 mmol) (Fluka, > 98%) was dissolved in
Milli-Q water (25 mL). The addition of H,SO,4 (2.2 mL,
40 mmol) (Merck, 96%) to this solution produced a mixture
of HSCN and Na,SO,. To enable Na,SO, precipitation, 50 mL
of ethanol (Carlo Erba Reagents, 99.9%) were added. The
precipitate was removed by filtration. Dy,05 (4.48 g, 12 mmol)
(Alfa Aesar, 99.9%) was added to the obtained filtrate (an
aqueous solution with circa 80 mmol HSCN) and the hetero-
geneous mixture was left under stirring overnight. The reaction
mixture containing Dy(SCN);.3H,0 was evaporated in a
rotavapor and dried in a vacuum line (10~ bar) [39].

A mixture of Dy(SCN);.3H,0 (2.0417 g, 4.78 mmol) and
[Comim][SCN] (0.810 g, 4.78 mmol) (Iolitec, > 98%) was
stirred for 2 h at 120 °C, following a similar procedure [40].
The mixture containing the desired IL,
[Co;mim][Dy(SCN),4].3H,0, was dried under vacuum, yield-
ing an orange solid.

NMR could not be used as a characterization technique due
to the paramagnetic properties of this IL.

Elemental analysis was used to evaluate the resulting or-
ange solid. The results confirmed the production of the
dysprosium-based IL [Comim][Dy(SCN),].3H,0.
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Calculated: % C: 21.45; % N: 15.01; % H: 3.06.
Measured: % C: 21.40; % N: 15.24; % H: 2.77.

PEs preparation

Chitosan (0.2 g) (medium molecular weight and 75-85%
deacetylated, Sigma-Aldrich 448,877) was dissolved in a 1%
acetic acid solution (10 mL) (Sigma-Aldrich, > 99.8%) and
stirred overnight at room temperature. Then, different quanti-
ties of the IL (0.05-0.4 g) and glycerol (0.2 g) (Himedia,
99.5%) were added. The obtained homogeneous and viscous
solution was poured onto Petri dishes and dried under a tem-
perature gradient (5 h at 25 °C, then 12 h at 40 °C, followed by
5 h at 60 °C and then cooled down to 25 °C for 2 h). The
resulting flexible transparent membranes thickness ranged
from 0.096 to 0.153+0.001 mm. The notation adopted
throughout this work was chitosan,[Comim][Dy(SCN),],
where n corresponds to the quotient between the mass of the
polymer and the mass of the IL.

PEs characterization

The thermal behavior of the PEs was studied by TGA and DSC.
For the DSC experiments, 40 pL aluminum crucibles with
perforated lids were sealed with each sample inside a glove
box filled with dry argon. The analyses were carried out using
a Mettler DSC 821e under a flowing argon atmosphere in the
temperature range — 60 to 140 °C and at a heating rate of
5 °C'min '. TGA analyses were performed with a Shimadzu
TGA-50 equipment. The measurements were conducted be-
tween 30 and 900 °C, at a heating rate of 10 °C'min7', under
a nitrogen atmosphere with a 60 mL'min~' flow rate. Before
each analysis and aiming to eliminate the traces of any absorbed
moisture, all samples were subject to a first run from 30 to
105 °C, at a heating rate of 20 °C'min71, followed by a second
isothermal run at 105 °C for 10 min.

XRD measurements were performed at room temperature
with X-ray Rigaku Utma 4 diffractometer, operating with a
power of 50 kV/50 mA, Cu K« irradiation, a speed of 2
®min~', and an angle range (26) from 3 to 60 °.

SEM images were obtained at 10 kV with a LEO 440
microscope.

AFM images were obtained with a Bruker AFM System
(Dimension icon with scan Asyst). In all AFM analyses the
intermittent-contact mode was employed by using silicon
AFM probes with a force constant of 48 N'm ' and a reso-
nance frequency of 190 kHz.

The bulk ionic conductivities of the PEs were measured
using an Autolab PGSTAT-12 (Eco Chemie) and the complex
plane impedance technique on a cell GE/polymer electrolyte/
GE (GE - ion-blocking gold electrode of 10 mm diameter;
Goodfellow, > 99.95%). The cell was secured in a suitable
constant volume support. The analyses were performed from
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room temperature (~20 °C) to 100 °C and over the frequency
range from 65 kHz to S00mHz.

Results and discussion

The TGA curves of the chitosan matrix,
chitosan,[Co,mim][Dy(SCN)4] membranes and
[Comim][Dy(SCN),4] (Fig. 1) reveal that the decomposition
temperature of the PEs membranes increases with the addition
of the IL. The decomposition temperatures ranged from
135 °C, for the chitosan matrix, to about 170 °C, for the
chitosang s[Comim][Dy(SCN)4] membrane and pure IL.
These results show an IL-stabilizing effect and indicate a ther-
mal degradation influenced mostly by the polymeric matrix.
The decomposition temperatures obtained are considered ac-
ceptable for most of the envisaged practical applications and
comparable to other results in the literature [29].

The thermal properties of these materials were also
accessed through DSC (Fig. 2). The absence of any thermal
process below 165 °C is consistent with a predominantly
amorphous morphology. Above this temperature occurs the
thermal degradation of the membranes. The amorphous nature
of'these electrolytes provides a clear advantage, as the absence
of crystallinity is associated with better mechanical, optical
and electrochemical behavior [41].

The essentially amorphous nature was confirmed by the
XRD results (Fig. 3), as indicated by the Gaussian shaped
broad band, centered at around 20.5-22.0 °. A peak analogous
to the ones observed for other PEs based on natural macromol-
ecules [42]. Nevertheless, the samples with # =4 and 0.5 depict
peaks at around 10, and 33 °. Also, two weaker peaks are
detected at around 21 and 25 °for n = 0.5, and one peak around
29° for n=4, suggesting that these peaks are IL-related and
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Fig.1 TGA curves of the chitosan matrix, chitosan,,[Comim][Dy(SCN),]
membranes and [C,mim][Dy(SCN),], and respective onset degradation
temperatures
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Fig. 2 DSC thermograms of the chitosan matrix and
chitosan,[C,mim][Dy(SCN)4] membranes

similar results were found previously [29]. Such results suggest
the formation of a smaller proportion of crystalline domains,
though the polymeric chains are predominantly in a disordered
orientation. More specifically, these peaks might be linked di-
rectly to dysprosium, since similar results were found for other
PEs based on chitosan and the salt dysprosium triflate [43].

‘When the polymer host is unable to accommodate the IL, the
recombination of ions can be observed and the crystalline peaks
may be attributed to the IL out of the films surface. These
chitosan-IL peaks (around 10 and 33° for n=0.5 and n=4)
appear at higher 26 angles, when compared to the peaks of pure
IL which is an indication that some long-range order was ob-
tained due to the formation of polymer-IL complexes. [43].

The increase of intensity of peak around, 10° for n=0.5,
indicates an increase of the local crystallinity. This increase,
which is probably associated with the formation of clusters of
IL or polymer-IL complexes, might also suggest that the sam-
ple with n=0.5 reached the maximum capacity of the host
matrix to dissolve IL.

The SEM images (Fig. 4) confirm the presence of dyspro-
sium clusters, as suggested by the XRD results. The membrane
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Fig. 3 XRD patterns of the chitosan matrix,
chitosan,[C,mim][Dy(SCN),] membranes and [Comim][Dy(SCN),]
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Fig. 4 SEM images of the chitosan,[C,mim][Dy(SCN),] membranes

with the highest amount of IL, n = 0.5, is the one that exhibits a
more irregular surface, while the remaining samples show
smaller and sparser crystalline regions. Besides these irregular-
ities no other phase separation is observed.

The surface morphology of the samples was also examined
through AFM. The images of the chitosan,,[Comim][Dy(SCN),4]
membranes were acquired with a scanning area of 5.0 um x
5.0 um, while the AFM image of the chitosan matrix was acquired
with a scanning area of 10.0 um x 10.0 um. Table 1 lists the
roughness mean square (RMS) values of the analyzed mem-
branes. The RMS values ranged from 11.1 to 20.4 nm. The sam-
ple with the highest surface roughness showed the lowest ionic
conductivity, which may be explained by the association of the
surface roughness to crystalline domains; the sample with the
second lowest surface roughness showed the highest ionic
conductivity.

Regarding these materials’ luminescence, no signal was ob-
served because the absorption bands of the polymer masked the

Table 1 RMS values of the

chitosan matrix and the RMS (nm)
chitosan,[Comim][Dy(SCN),] ]
membranes Matrix 11.9
n=4 11.1
n=2 19.5
n=1 16.1
n=0.5 20.4

@ Springer

dysprosium bands. Nevertheless, though these samples do not
combine ionic conductivity with luminescence, they do show
satisfactory ionic conductivity values. Figure 5 depicts the plot
of the temperature dependence of the ionic conductivity of the
chitosan matrix and the chitosan,[C,mim][Dy(SCN),]
membranes.
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Fig. 5 Variation of the log ionic conductivity with the inverse of
temperature of the chitosan matrix and the
chitosan,[C,mim][Dy(SCN),] membranes
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Fig. 6 Photographs of the chitosan,[C,mim][Dy(SCN),] membranes

High ionic conductivity is one of the most important properties
that a PE should fulfill. The chitosan,[C,mim][Dy(SCN),] mem-
brane shows the highest ionic conductivity with 6.76 x
10° Sem ™" at 30 °C and 5.62 % 10~ Scm™ at 100 °C. On the
opposite side, the chitosang s[C,mim][Dy(SCN),4] membrane dis-
plays the lowest ionic conductivity in the analyzed temperature
range. Generally, the ionic conductivity is expected to increase
with the increase of the IL incorporated in the sample but, when
we compared chitosan,[Co,mim][Dy(SCN)4] and
chitosany[Comim][Dy(SCN),], the higher amount of IL (for n=
2) plays opposite effect. The ionic conductivity values decrease,
which can be attributed to aggregation of ions, formation of clus-
ters or undissolved IL. This is not corroborated by XRD data, but
the SEM image for sample chitosan,[Comim][Dy(SCN),] exhibit
an irregular texture probably undissolved IL. At higher IL levels,
there is a decrease of the free volume and available coordination
sites which results in a decrease in conductivity values.
Nevertheless, the ionic conductivity of a sample depends on sev-
eral factors including the number, charge and mobility of the ionic
species present in the PE [10]. The same exact lack of pattern, i.e.,
first the ionic conductivity decreases with the increase of the
added IL, then it increases and finally it decreases again was also
found by R. Alves et al [43] for membranes based on chitosan and
dysprosium triflate. This paradigm shift probably results from the
equilibrium between the formation of ionic aggregates and the
increase/decrease of the free volume and available coordination
sites.

Along with the aforesaid thermal, morphological and elec-
trochemical properties these samples show a flexible nature and
a transparent yellowish color. The yellow’s intensity increases
with the increase of added IL (Fig. 6). These characteristics are
an advantage as they allow the application of these materials in
see-through and/or flexible electrochemical devices.

Conclusions

The thermal (TGA and DSC), morphological (XRD, SEM
and AFM) and electrochemical (ionic conductivity) properties
of a new series of chitosan polymer electrolytes doped with
different quantities of a dysprosium-based IL were evaluated.
These polymer electrolytes, which were prepared through the

solvent casting method, revealed interesting properties that
might allow them to find application in practical electrochem-
ical devices. They showed good thermal stability (Typee;>
139 °C), a predominantly amorphous morphology combined
with the presence of small crystalline domains, and a satisfac-
tory ionic conductivity (6.76 x 10°° S.em™" at 30 °C and
5.62x10° % S'em™' at 100 °C for the
chitosan;[C,mim][Dy(SCN), membrane). The characteriza-
tion techniques showed that the crystalline domains are IL-
related and that they are probably clusters of undissolved IL.
These clusters might also have influenced the values of ionic
conductivity, which did not follow a trend regarding the con-
centration of IL incorporated in the membranes. In summary,
the results presented in the work encourage further studies for
an optimization of these materials properties and future appli-
cation in solid-state electrochemical devices.
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