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Determination of transport properties of CS-DES films

The transport properties of CS-DES membranes were found from the results of impedance
measurements, which are given in Figure Sla, d, g, j and m for CS film prepared with LA and CS
films containing 50, 67, 75 and 82 wt% of NADES respectively. The measurements were performed
with Alpha-N High Resolution Dielectric Analyzer (Novocontrol Technologies, Germany) on films
with 20 pm thick sandwiched between two platinum electrodes with diameter 0.56 cm. The
impedance curves demonstrate the linear growth in the low frequency region, which is attributed to
the capacitance of double layer. Because of the deviation of growth from vertical direction, this
capacitance can be described with constant phase element (CPE). The depressed semicircle in the
high frequency region corresponds to the geometrical capacitance of the cell and to the volume ionic
conductivity of the material. It can be proposed, that at low frequency region the geometrical
capacitance does not influence the measured impedance, thus the equivalent circuit can be simplified
as the serial connection of CPE for capacitance of the double layer and resistor for ionic conductivity.
The impedance of this scheme can be expressed with the following equation:

1
Z=Rtgrs @

where R is the bulk resistivity of the material, Q and « are the parameters of CPE,  is the angular
frequency and i is the imaginary unit. The experimental region of low frequencies was fitted using
the Python 3.6 and module scypi. The found parameters of equivalent circuit are given in Table S1.
The estimated values of real and imaginary part of impedance found using parameters of fitting are
shown with green markers in Figure Sla, d, g, j and m. The good correlation with experimental results
(shown with blue circles) demonstrates the successful fitting.

The capacitance of double layer (Cu) can be calculated according to approach described by G.J.
Brug at al. [1] with the following equation:

1
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Then, its value can be used for calculation of thickness of double layer (A):

1
Z=R+gros ®)

where & and @ are the relative dielectric permittivity of the sample and dielectric permittivity of
vacuum respectively and A is the surface area of electrodes.

The value of & was found by fitting of dependences of real part of dielectric permittivity (&) on
the current frequency according to equation given in [2] for system with blocking electrodes:
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where 3 is the ratio between half of sample thickness and 4, = is the relaxation time and o is a constant
(a<1). Taking into account that the movement of heavy charged molecules like chlorine and choline
can disturb the dependence of ¢” on frequency at low frequencies, only the high frequency region was
used for fitting. The experimental data and the result of fitting are demonstrated in Figure Slc, f, i, 1
and o for CS prepared with LA and CS prepared with 50, 67, 75 and 82 wt% of NADES respectively.

The found values of & are listed in Table S1.

The characteristic relaxation time of mobile charge carriers (7) was found from the maximum on
the dependences of loss tangent (Figure S1 b, e, h, k and n) on the applied frequency and are listed in

Table S1.

Table 1. Parameters of equivalent circuit and electrochemical double layer for CS films prepared with

LA (CS/DES-0) and with different DES content.

Sample  (Q,Ohm's* R,Ohm o Ca, F A, cm & e
CS/DES-0 1.5x107 280,000 0.57 14x10® 6.8x10° 4 58x10*
CS/DES-50 4.4 x 1077 5700 0.67 23x10% 29x10° 3 59x10°
CS/DES-67 1.9x1°6 120 076 1.6x107 23x10° 16 4.7x107
CS/DES-75 29x10° 29 078 22x107 1.6x10° 16 1.6x1077
CS/DES-82 33x10° 4.8 085 49x107 13x10° 29 74x10°®




Polymers 2020, 12, 350

6 le5
c 41 .
NIP
0 T T
0 2 4 6
Z'/Q le5
6 le4d -
c 41
NIP
0 T T
0 2 4 6
z'/Q le4
2.0 le2 -
1.5 g
c
= 1.01
N
0.5 A
0.0 T
0 2
Z'1Q le2
6 lel -
c 41 o
NP
0 T T
0 2 4 6
Z'/Q lel
6 lel
a 41
N
0 T T
0 2 4 6
Z'[Q lel

101 .
2 10° /\
101! T
10! 104 107
f/Hz
101 4
. -—/\
107! T
10! 104 107
f/Hz
101 4
o 100 _f
10_1 T
10! 104 107
f/Hz
101 .
> 10° _J\
10_1 T
10! 104 107
f/Hz
101 .
o 100 4
1071 T
10! 104 107

f/Hz

3 of 6

104 4 C
102 -
—_— ——» |
10! 104 107
f/Hz
f
104
102
10! 104 107
f/Hz
i
104
102
10! 104 107
f/Hz

10°

103

/

10! 104 107
f/Hz

10°

103

J

10! 104 107
f/Hz

Figure 1. Impedance spectra measured at 298 K (a, d, g, j, m), dependences of loss tangent on

frequency (b, e, h, k, n) and dependences of real component of dielectric permittivity on frequency (c,
f, 1,1, o) for CS/DES-0 (a-c), CS/DES-50 (d-f), CS/DES-67 (g-i), CS/DES-75 (j-1),
CS/DES-82 (m-o) films. Blue points represent experimental results, while green crosses demonstrate

the points calculated with fitted parameters.
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b) and films containing

Figure 2. SEM micrographs of the reference CS film (CS/DES-0) (a,

(g'h) and 82 wt% (i,j) of NADES, observed with different

75 wt%
magnification. The surface (a, ¢, e, g, i) and the cross-sectional morphology (b, d, f, h, j) of films, are

’

(ef)

50 wt% (c,d), 67 wt%

presented.
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Figure 3. SAXS patterns of CS/DES-82. Extended linear section is marked by squares.
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Figure 4. TGA curves in temperature range 40-200 °C.
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