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Abstract

This study reports a stepwise formation method of a chitosan membrane cross-linked
with o-phthalaldehyde and its use as a polymer matrix in a quasi-solid-state-electrolyte-
based supercapacitor. The proposed method of cross-linking in chitosan solution
and evaporation of the solvent yielded a homogeneous and durable
chitosan-o-phthalaldehyde membrane, which, after dipping in an aqueous 2 M lithium
sulfate solution, formed a quasi-solid-state-electrolyte (CS/OPAQSSE). The prepared
CS/OPA-QSSE was then used in an electric double layer capacitor (EDLC) cell to study
its electrochemical properties. The electrochemical performance of the EDLC cell
was determined by using the electrochemical impedance spectroscopy, cyclic voltammetry
and galvanostatic charging/discharging techniques. The results showed that the EDLC cell
with the CS/OPA-QSSE is a fully functional and efficient device. The specific capacitance
values calculated for the CS/OPA-QSSE EDLC (up to 115 F g') always surpassed
the reference cell based on a commercial glass fibre separator Therefore, the proposed
chitosan modification can be considered as a future alternative to produce other
polysaccharide-based materials for electrochemical use.
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1.  Introduction

To meet the newest strict environmental regulations [1-3], both science and technology
are becoming even more focused on the potential use of renewable materials in all fields.
The reasonable demands of sustainable chemistry to design energy storage devices has
led to the recognition of polysaccharides as a promising option for the replacement
of components made from conventional polymer materials [4, 5]. Among them is the highly
abundant marine polysaccharide chitin, which has been widely studied for its nontoxicity,
biodegradability and biocompatibility [6, 7]. At the same time, chitosan (CS, the derivative
of chitin), which shows good solubility in aqueous solvents, has attracted even more
attention in hydrogel science due to its ease of processing and chemical modification [8, 9].
Unfortunately, to form dimensionally stable and mechanically durable CS-based hydrogels,
this aminopolysaccharide has to be cross-linked [8—11]. Among all varieties of CS
cross-linkers, the dialdehydes (e.g. glutaraldehyde and glyoxal) are the most widely
used because permanent imine bonds can be formed easily with the neighbouring CS
polymeric chains [12, 13]. Despite the dominance of glutaraldehyde as the most common
modifier of CS, using different types of CS cross-linking agents may impact the hydrogel
physicochemical properties; therefore, it is possible to tailor the CS hydrogel for different
applications by simply changing its cross-linker [14, 15].

In the electrochemical capacitor research field, one of the leading innovations
developed to increase the electrochemical performance of these devices
is a quasi-solid-state electrolyte (QSSE) [16, 17]. These solid polymer matrices have
a liquid electrolyte trapped inside the polymer chain interspaces and use polysaccharides
of natural origin (e.g. chitin, cellulose and CS) as a matrix and an aqueous solution
of inorganic salt as the dispersed phase. They represent a promising green alternative
to conventional solid polymer electrolytes [18, 19]. CS hydrogels have been
reported as QSSEs for supercapacitors; they exhibit good electrochemical properties
and specific capacitance, even superior to devices with commercially used separators
[20]. Moreover, the CS cross-linker type exerts a significant influence on electrochemical
capacitor performance [21].

Figure 1. Schematic illustration of chitosan chemical cross-linking using
o-phthalaldehyde [22].

This study aimed to develop an electrochemical capacitor employing a QSSE based
on o-phthalaldehyde (OPA) cross-linked CS matrix and an aqueous lithium sulfate (LiSO,)
solution as a dispersed phase. It tested the hypothesis that OPA represents a replacement
for glutaraldehyde in terms of cross-linking of the CS matrix (Figure 1)
and that the introduction of the aromatic ring with delocalised electrons into
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the biopolymer chains interspaces exerts a positive impact on the electrochemical
performance of a QSSE-based supercapacitor. The prepared supercapacitor device was
evaluated with advanced electrochemical methods and compared with a reference cell
containing a commercial separator.

2.  Materials and Methods

2.1. Chemicals

Medium-molecular-weight CS in the form of flakes was purchased from Sigma-Aldrich (USA)
and dried before use (72 h at 105°C). This polysaccharide had a degree of deacetylation
of 83% = 3% and viscosity of 3.6 cP in a 2 wt% solution in 1% acetic acid (25°C).
OPA (> 99.0%) was purchased from Sigma-Aldrich and used for CS cross-linking.
Acetic acid (= 99.5%) and anhydrous Li,SO, (= 98.5) were also procured
from Sigma-Aldrich and used as received. Moreover, re-distilled water was used
to prepare all aqueous solutions.

2.2. Preparation of o-Phthalaldehyde Cross-linked Chitosan Matrix

A CS-based membrane modified by OPA was used to synthesise a QSSE as a polymer
matrix and prepared as follows (Figure 2). First, a 2 wt% CS solution in 1 wt% aqueous
acetic acid was prepared by dispersing an appropriate quantity of dry CS flakes in acetic
acid. The mixture was stirred at 37°C for 7 days to obtain a transparent, yellowish solution
without solid residues. Next, the cross-linking process was initiated by mixing 6 g
of homogeneous CS solution with 0.68 g of 0.10 wt% aqueous OPA solution (to obtain
0.5 x 107 mol of OPA) and stirred for 1 h at 25°C. The homogeneous solution was hot-cast
on a poly(propylene) plate and incubated for 24 h at 37°C to evaporate the solvent.

6 gof 2% wt % wt

0.68 g of 0.1 % wt

. CS/OPA
chitosan o-phthalaldehyde .

solution </ \/ soslistion membrane

Stepl © Homogenisation
(25°C,1h)
Step 4 )
(37°C, 24 h) | Prving
Crosslinked )
chitosan |
solution J
Step 2 Pouring on a mold and

(37°C, 24 h) evaporation of the solvent

Step 3
Rinsing the CS/OPA membrane
in the H,O/EtOH

Figure 2. Preparation of the o-phthalaldehyde cross-linked chitosan membrane
(CS/OPA).
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This process yielded a slightly blurred, yellow CS/OPA membrane. It was carefully
immersed in a water—ethanol bath (1:3, v/v) to remove acetic acid residues and redundant
OPA particles and then dried for 24 h at 37°C.

2.3. Preparation of an o-Phthalaldehyde Cross-Linked Chitosan Membrane
Quasi-Solid-State Electrolyte

The CS/OPA-QSSE was prepared by immersing a dry CS/OPA matrix in a 2 M Li,SO,

aqueous solution for 24 h at 25°C. After the incubation, the hydrogel electrolyte

was carefully removed.

2.4. Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy
Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy
was used to identify possible changes in the CS polymer chain functional groups caused
by cross-linking by OPA; this technique enables the non-destructive examination
of the sample. ATR-FTIR spectra were recorded on a Vertex 70 Series FTIR spectrometer
(Bruker, Germany) with a wave number range of 4000—500 cm™ (resolution of 1 cm™).
Before examination, the samples were dried to the constant mass at 37°C.

2.5. Atomic Force Microscopy

The topography and nanomechanical properties of the dry CS/OPA membrane
were determined using atomic force microscopy (AFM). The three-dimensional images
of the sample surface were recorded with an NX10 microscope (Park Systems, South
Korea). The examined surface area was 20 x 20 um, scanned with 512 lines per image
and an non-contact mode scan speed set at approximately 0.3—0.4 Hz. The nanomechanical
properties (adhesion force, energy dissipation and Young’s modulus) of the dry CS/OPA
membrane were examined in the PINPOINT™ mode. All measurements were performed
at 23°C, and the resulting data were analysed using the open-source Gwyddion software
and XEI (Park Systems) AFM analysis programs.

2.6. Contact Angle Measurements

The wettability and surface free energy of the dry CS/OPA membrane were examined
by static contact angle measurements, with ethylene glycol and diiodomethane
as the polar and dispersion components, respectively. Measurements were made using
asessile drop technique at 25°C with a DSA 100E Drop Shape Analyzer (KRUSS, Germany).
The surface free energy was calculated using the Owens—Wendt—Rabel-Kaelble model.

2.7. Swelling Test
The degree of swelling (DS) of the CS/OPA membrane in an aqueous environment
was determined using a 2 M Li,SO, aqueous solution. First, a 10-mm disc was cut out
from the dry CS/OPA membrane and weighed with an analytical scale (model AS 110.R2,
Radwag, Poland). Next, the sample was soaked in 2.0 cm® of a2 M Li,SO, aqueous solution
for 94 h. After specified times (10, 20 and 30 min, and 1, 2, 4, 8, 24, 48 and 96 h),
the sample was removed from the electrolyte, carefully cleaned of the excess surface liquid
with filter paper and weighed. DS was calculated using equation (1):
my—mqg

DS = v X 100% (1)
where m_ is the mass of the wet sample and m, is the mass of the dry sample.
All measurements were performed at 23°C.
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2.8. lonic Conductivity Measurements
The ionic conductivity of the CS/OPA-QSSE was investigated with electrochemical
impedance spectroscopy (EIS). The CS/OPA-QSSE sample (a disc with a diameter
of 5 mm) in the equilibrium state after swelling in a 2 M Li,SO, aqueous solution
for 24 h was placed between two platinum blocking electrodes within a test vessel
(a detailed description of the ionic conductivity test vessel is included in a previous
publication [23]). All measurements were performed at 25°C and in a frequency range
from 100 kHz to 1 Hz with a potential amplitude of 10 mV. The ionic conductivity (o)
of the investigated CS/OPA-QSSE was calculated using equation (2):
ts

0= ik @)
where t_is the thickness of the swollen QSSE, A is the surface area of the working electrode
(0.0177 cm?) and R is the resistance of the sample.

2.9. Assembly of an Electric Double Layer Capacitor Test Cell

The applicability of the CS/OPA-QSSE as a hydrogel electrolyte for supercapacitors
was evaluated in an electric double layer capacitor (EDLC) test cell. The symmetric EDLC
cell was assembled using a two-electrode vessel produced by Swagelok (USA) (Figure 3).

CS/OPA-QSSE

.

Carbon cloth Carbon cloth
electrode electrode

Current collector Current collector

Figure 3. Schematic view of the electric double-layer capacitor assembled in this study
using the Swagelok® system. Abbreviation: CS/OPA-QSSE, o-phthalaldehyde
cross-linked chitosan membrane quasi-solid-state electrolyte.

Activated carbon cloth (2000 m? g™', No ACC-507-20, Kynol, Japan) and gold discs
were used as electrodes and current collectors, respectively. The electrodes were shaped
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as discs (diameter = 6 mm), and the mass of a single electrode was 4.8 mg;
the CS/OPA-QSSE was also cut into 6-mm discs and placed between them. The reference
EDLC cell with a commercial glass fibre separator (pore diameter = 1.6 um and thickness
= 0.3 mm, Whatman GF/A, UK) was assembled using the same electrode material,
2 M Li,SO, solution as a liquid electrolyte and a two-electrode Swagelok vessel.

2.10. Electrochemical Measurements

The EDLC cell electrochemical performance was examined with various advanced
electrochemical techniques, including electrochemical impedance spectroscopy (EIS),
cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD). EIS was performed
using a pAutoLab FRA?2 type III electrochemical system (EcoChemie, the Netherlands)
in the frequency range from 100 kHz to 0.01 Hz, with a sinusoidal excitation signal
of amplitude 10 mV. CV measurements were realised wusing the same
electrochemical system in the potential range of 0-0.8 V and with different scan rates
(5—100 mV s™). GCD was carried out at a constant current of 5 mA with the cell voltage
stepped from 0 to 0.8 V, using a Interface 5000 (Gamry Instruments, USA).
All electrochemical measurements were performed at 25°C.

3.  Results and Discussion
3.1. Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy

Figure 4 presents the ATR-FTIR spectra obtained for CS standard powder and the CS/OPA
membrane.

Transmittance / a.u.

—(CS powder standard —(CS/OPA membrane

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Figure 4. Attenuated total reflectance Fourier-transform infrared spectra of chitosan
standard powder (CS, black curve) and the chitosan/o-phthalaldehyde
(CS/OPA) membrane (purple curve).
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The reference sample spectrum (Figure 4, black curve) features characteristic bands
for CS, including amide I at 1654 cm™ (vC=0), amide III at 1325 cm™' (vC—N) and the band
at around 898 cm™' (vC—O—C bridge) [14, 24, 25]. Moreover, there is a distinctive band
at 1584 cm™ attributed to the N—H in-plane bending vibrations of the primary amine
group. A detailed analysis of the CS/OPA membrane spectrum (Figure 4, purple line)
reveals absorption peaks that correspond with the reference sample. However, their
wavelengths are shifted slightly and the intensity is markedly lower, which is a frequent
phenomenon observed in the spectra of heavily processed CS materials [8, 14, 21, 24, 25].
The cross-linking process caused significant changes in both the wavelength and intensity
ofthebandat 1559 cm™, which most probably corresponds to the amide I1 (N—H) vibrations
of the residual N-acetyl groups [24]. Such a band confirms the imine bond formation
between CS polymeric chains and OPA. In this reaction, the amine groups are consumed
(Figure 1); thus, the characteristic band of amide II (overlapped in the reference sample
spectrum by the SNH, " vibrations of the primary amine group) can be distinguished.

3.2. Atomic Force Microscopy Characterisation

The topography of the CS/OPA membrane in the dry state and the nanomechanical
properties were examined with AFM (Figure 5). The thickness of the investigated sample
in the dry state was 30 £ 1 pum.

700 MPa

Figure 5. The atomic force micrographs show (A) the surface topography
of the chitosan/o-phthalaldehyde membrane and (B) the distribution
of Young’s modulus on the membrane surface.

The general topography of the CS/OPA membrane (Figure 5A) shows a relatively
homogeneous and fine-grained surface with an average height of 64.5 nm,
an average grain radius of 64.5 + 2.8 nm and a mean roughness parameter of 30.74 nm,
which are within the wide range of published values for various cross-linked CS membranes
[9, 26, 27]. However, a few higher spots are visible (Figure 5A), and the maximum
height analysis yielded an h __value of 258.1 nm, which may be caused by the presence
of insoluble residues of biomineralised crustacean shell or micro air bubbles congealed
during the solvent evaporation process.

The nanomechanical properties — adhesion force, energy dissipation and Young’s
modulus — were also investigated. The average adhesion force and energy dissipation were
1.85 = 0.21 nN and 0.85 + 0.03 fJ, respectively. Young’s modulus showed a relatively

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXIX, 2024, 219
https://doi.org/10.15259/PCACD.29.016



Krzysztof Nowacki, Maciej Galiniski

regular distribution of values across the captured image (Figure 5B), with an average
of 512.0 £ 2.2 GPa. Further detailed analysis revealed that similarly to the topography
image, there are a few areas characterised with lower Young’s modulus on the membrane
surface. Interestingly, these areas correspond to the spots of inhomogeneity found across
the topography image (Figure 5A) and suggest that even small solid inclusions within
the CS-based membrane may impact the polymer matrix’s mechanical properties.

3.3. Surface Free Energy

Measurement of the contact angle is widely used to determine the wettability of polymer
membranes and matrices [23, 28]. In the present study, it was measured to obtain
a preliminary evaluation of the applicability of the CS/OPA matrix in polar and non-polar
liquid electrolytes. Figure 6 presents a detailed view of the contact angles and shapes
of liquid droplets (ethylene glycol and diiodomethane) on the CS/OPA membrane.

Izl Ethylene glycol Diiodomethane

Figure 6. Estimated equilibrium contact angles for the chitosan/o-phthalaldehyde
membrane with (A) ethylene glycol and (B) diiodomethane as a drop of liquid.

The drop shape analysis revealed that the CS/OPA membrane was well wetted
by the non-polar liquid (Figure 6B, contact angle = 36.6°) and wetted slightly less
by the polar liquid (Figure 6A, contact angle = 56.0°). Because unmodified CS membranes
are often characterised in the literature as extremely wettable by water, it can be assumed
that cross-linking CS with OPA decreased its hydrophilic character [8, 9, 21, 28].
The surface free energy dispersive and polar components calculated for the CS/OPA
membrane (41.8 and 0.7 mN m™, respectively) also confirmed that covalent
cross-linking of CS reduced its hydrophilicity, possibly by due to the increase in London
forces [8, 29]. Thus, the results suggest that CS cross-linked with OPA might be applied
for both aqueous and non-aqueous electrolyte systems and simultaneously eliminate
the excessive swelling hazard.

3.4. Degree of Swelling and Ionic Conductivity Measurements

The electrolyte uptake test (25°C, 2 M Li,SO,) provided essential data for evaluating
the effectiveness of the cross-linking process and possible application of the CS/OPA
membrane as a QSSE polymer matrix. The non-cross-linked CS membrane was utilised
as a reference sample, and the results of this test are shown in Figure 7. Analysis
of the DS versus time dependency graph registered for the unmodified CS membrane
revealed an extremely high DS (up to 250% by mass, 96 h), which unambiguously implies
that without cross-linking of its polymer structure, CS is not applicable as a QSSE matrix
due to the excessive swelling and possible electrolyte leakage.
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Figure 7. The degree of swelling (DS) versus time in a 2 M lithium sulfate
(Li,SO,) aqueous solution of wunmodified chitosan membrane (CS)
and the chitosan/o-phthalaldehyde (CS/OPA) membrane.

The swelling curve obtained for the CS/OPA membrane featured a typical cross-linked
CS shape, where immediately after the sample contact with neutral aqueous media,
there was a dynamic increase in DS. This effect is attributed to the osmotic pressure
and the diffusion of water molecules into the polymer network [26, 30]. Next, a small drop
in DS can be observed, indicating the relaxation of hydrated CS chains. Finally, the polymer
network expands into the solvent until swelling forces balance the osmotic pressure and
the CS-based hydrogel reaches its equilibrium state [26, 27, 30]. The maximum DS
measured for the CS/OPA hydrogel was 135% by mass (after 24 h), and the equilibrium DS
was 112% by mass (after 96 h); both are significantly lower than the respective parameters
of the reference sample (Figure 7). Therefore, the CS/OPA membrane used in this study
should be recognised as a possible QSSE polymer matrix due to its well-stabilised
three-dimensional polymer chain network and balanced swelling behaviour.

One of the most essential factors describing a QSSE is its ionic conductivity.
A reduction in electrolyte absorption below a certain level will negatively impact
this parameter [21, 31]. Table 1 presents the ionic conductivity, thickness and bulk
resistance of the standard glass fibre separator soaked in the 2 M Li,SO, aqueous solution
and hydrogel electrolyte used in this study. Based on EIS, the ionic conductivity
for CS/OPA QSSE was 26.1 S cm™, which is comparable to other polysaccharide-based
hydrogel electrolytes [21, 23, 32-37].

Table 1. The ionic conductivity (o), bulk resistance (R), thickness in the swollen state (t )
and equivalent circuit (EC) used in the electrochemical impedance spectroscopy

fitting method.
Electrolyte o [mS ecm™| R [Q] t [cm] EC
CS/OPA-QSSE 26.1 15.8+0.8 0.0073 £ 0.0001 R (R,CPE)
Whatman GF/A 58.3 11.9+04 0.0123 £ 0.0001 R (R,CPE)

Note. Abbreviation: CS/OPA-QSSE, o-phthalaldehyde cross-linked chitosan membrane
quasi-solid-state electrolyte.
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3.5. Electrochemical Studies

The applicability of the CS/OPA-QSSE as a component of a supercapacitor was evaluated
using standard electrochemical methods, namely EIS, CV and GCD. Moreover, the EDLC
was selected as the best system for the electrochemical performance tests of the CS-based
hydrogel electrolyte.

Figure 8A and 8B display the Nyquist plots for the CS/OPA-QSSE -capacitor
and the Whatman GF/A reference cell, respectively, before the GCD test. The shapes
of the registered EIS spectra for both investigated devices fit well with the typical EDLC
characteristics, including the ability to see the visible arc in the high-frequency area
and a straight line parallel to the imaginary part of the impedance axis in the low-frequency
range [16, 19, 38].
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Figure 8. Nyquist plots for the electric double-layer capacitor with (A)
the o-phthalaldehyde cross-linked chitosan membrane quasi-solid-state
electrolyte (CS/OPA-QSSE) and (B) the Whatman GF/A glass fibre separator.
(C) Evaluation of the real part of capacitance (C') versus frequency and (D)
the imaginary part of capacitance (C") with characteristic frequencies.

Further detailed analysis of the insets in Figure 8A and 8B provided two crucial
parameters: series resistance (R,) and charge transfer resistance (R.) [16, 39].
Ry is attributed to the resistance between the working electrode and the counter electrode
within the electrochemical device; it can be calculated by extrapolating the high-frequency
part of the EIS spectra to the condition Z'=0[16, 39]. R ., is associated with the ion electron
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transfer resistance across the electrode electrolyte interface; it can be extracted
as the diameter of the first semi-circle within the Nyquist plot [16, 39]. Therefore,
knowing both parameters provides complete information about the internal resistances
within the tested EDLC. Table 2 provides the R and R ., extracted from Figure 8A and 8B.

Table 2. Series resistance (R), charge transfer resistance (R.,) and relaxation time
constant (z,) extracted from electrochemical impedance spectroscopy.

Electric double-layer capacitor R, [Q] R [Q] T, [s]
CS/OPA-QSSE 0.7+0.1 0.7+0.1 4
Whatman GF/A in 2 M Li,SO, 0.3+0.1 0.2+0.1 3

Abbreviations: CS/OPA-QSSE, o-phthalaldehyde cross-linked chitosan membrane quasi-solid-state
electrolyte.

Figure 8C and 8D show the dependence of real (C') and imaginary (C") parts
of capacitance versus frequency registered for the tested EDLCs [38]. Detailed analysis
of the C"(w) curves, including determining their peak frequencies (Figure 8D), allowed
us to calculate another crucial EDLC parameter, namely the relaxation time constant (z,),
which represents the time during EIS needed for the adsorption and desorption of electrolyte
ions in the pores of carbon cloth electrodes [38, 40]. 7, was calculated with equation (3):

= G)
£,
where f, is the maximum of the C"(®) curve [38, 40]. The results are presented in Table 2.

Summarising the EIS investigation, the internal resistance parameters calculated
for the CS/OPA-QSSE test cell were relatively low (R, and R . are both 0.7 + 0.1 Q)
and comparable to the published values for other polysaccharide-based QSSEs
[18, 19,21, 23, 35-37, 41]. However, it should be noted that compared with the Whatman
GF/A reference cell (R, =0.3 = 0.1 Q and R., = 0.2 £ 0.1 Q), the resistance between
the working electrode and counter electrode was nearly two times higher, a phenomenon
that corresponds to diminished ionic conductivity of the CS/OPA-QSSE described
earlier. Nonetheless, 7, was similar for both EDLCs (3 s for the reference cell and 4 s
for the CS/OPA-QSSE); hence, CS/OPA-QSSE should exhibit good capacitive
behaviour [16, 40].

The voltammetry curves recorded for both tested EDLCs (a sweep rate of 10 mV s™
in the potential range of 0-0.8 V) are shown in Figure 9. The CS/OPA-QSSE cell
exhibited the standard quasi-rectangular shape of the CV curve with no visible redox
peaks and good charge propagation (Figure 9A). Thus, the non-Faradic nature
of the capacitive processes during the cycling work of the device can be expected
[31, 33, 35]. Interestingly, the voltammogram recorded for the Whatman GF/A
reference EDLC showed nearly the same shape as the CS/OPA-QSSE cell, consistent
with the relatively small differences in the internal resistances of the investigated devices
based on the EIS analysis.

Figure 9B shows a comparison of voltammograms registered after 10,000
charging/discharging cycles in the potential range of 0-0.8 V. In general, the recorded
CV curves maintained their box-type shape and good charge propagation even after
an extended GCD test, which indicates excellent electrochemical stability
of the CS/OPA-QSSE in the operational voltage range [18, 19, 21, 23, 35-37, 41].
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Figure 9. Comparison of the cyclic voltammetry curves recorded at the scan rate
10 mV s' (A) before the galvanostatic charge/discharge test and (B)
after 10,000 charging/discharging cycles.

The cyclic repeatability and the specific discharge capacitance (Cg,) of the CS/OPA-QSSE
and Whatman GF/A test cells were estimated with the GCD method. Figure 10A and 10B
show the potential/time dependency recorded for the 1% and 10,000" charging/discharging
cycles of the investigated EDLCs.
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Figure 10. Galvanostatic charge/discharge curves at the 1% and 10,000" cycle
for the electric double-layer capacitor test cells with the (A) o-phthalaldehyde
cross-linked chitosan membrane quasi-solid-state electrolyte (CS/OPA-QSSE)
and (B) the Whatman GF/A glass fibre separator.

All registered GCD profiles exhibited a symmetric and triangular shape for both
the 1% and 10,000 cycle. This is a typical characteristic of EDLCs, which indicates
the non-Faradaic nature of the capacitive processes within the device [33, 35, 41].
Unfortunately, the last GCD profile captured for the CS/OPA-QSSE EDLC did not
overlap the initial one, which suggests that the cyclic repeatability
of the CS/OPA-QSSE device will be slightly diminished. Nonetheless, the observed
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phenomenon (manifested by narrowing the triangle base of the GCD profile) also occurred
for the Whatman GF/A reference cell; therefore, it can be considered a frequent EDLC
problem caused by clogging of the electrode material pores [42].

Thus, the GCD curves of the CS/OPA-QSSE test cell (Figure 10A) do not depart
from the reference cell GCD characteristic (Figure 10B). Because both feature relatively
low ohmic drops, their specific capacitance (CSP) can be calculated from equation (4):

I
Cp=au 4)
dt Mgl
where [ is the discharge current, dU/dr is the slope of the discharge curve
and m, is the total mass of the active electrode material.

The CS/OPA-QSSE test cell exhibited the highest specific discharge capacitance values
for the 1t and 10,000™ cycles (115 and 103 F g, respectively). Although the specific
discharge capacitance was slightly lower for the Whatman GF/A cell (113 and 101 F g
for the 1 and 10,000" cycles, respectively), the electrochemical performance of both
EDLCs may be described as comparable with previous data published for analogous
systems [33, 37].

Figure 11 provides a visualisation of the repeatability of the CS/OPA-QSSE EDLC.
There was good cyclic stability of the investigated capacitors. The CS/OPA-QSSE
and Whatman GF/A capacitors had relatively high capacitance retention
(89.6% and 89.4%, respectively) [19, 28, 40, 41].
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Figure 11. Cyclic stability of the tested electric double-layer capacitors over 10,000
galvanostatic  charge/discharge cycles. Abbreviation: CS/OPA-QSSE,
o-phthalaldehyde  cross-linked chitosan membrane quasi-solid-state
electrolyte.
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Conclusively, the GCD investigation of the CS/OPA-QSSE as a component
of a supercapacitor proves that despite its lower ionic conductivity (over two times lower
than for the reference separator material), the electrochemical performance of the EDLC
that contains it was comparable to the reference cell with a commercial glass fibre separator.
These results also suggest that OPA as a CS cross-linker is electrochemically stable
(within the 0-0.8 V potential window) and does not cause redox reactions within QSSE.
Based onareview ofthe literature (Table 3), the electrochemical properties of the investigated
CS/OPA-QSSE capacitor are in the range of previously published data. Moreover,
the specific capacitance calculated for the CS/OPA-QSSE EDLC surpasses the majority
of other reported cells with similar architecture.

Table 3. Electrochemical performance of the electric double-layer capacitor systems
with the quasi-solid-state-electrolytes based on chitosan matrix reported
in the literature.

. c Voltage
Polym.er Modifier Dispersed [mS window CSI: Ref
matrix phase em] V] [Fg
Chitosan | o-Phthalaldehyde | Li, SO, 26.1 0-0.8 (}(1)2) This
Chitosan Glutaraldehyde | CH,COOLi, | 13.0 0-0.8 106.0 | [21]
Chitosan NaOIH CH,COOLi,, | 143 0-0.8 106.0 | [21]
Chitosan Chitin CH,COOLi,, ] 0-0.8 98.0 | [43]
Chitosan - LSO, 39.1 0-0.8 97.0 | [37]
Chitosan Sodium alginate Li,SO,.0 18.7 0-0.8 101.0 | [37]
Chitosan PEG/PPG H,50,,, ] 0-1.0 132.0 | [44]
Chitosan - Na,SO, o - 0-1.6 35.0 | [28]
Carboxymethyl
R ; Na,SO,., ; 0-1.8 725 | [28]
Carboxymethyl | , - lic acidMBA | KOH 75.6 0-0.9 | 391 | 32]
chitosan ’ (a)
Carboxymethyl |, o1+ e acid/fect, KOH 47.1 0-0.9 335 | [32]
chitosan E (aq)
Carboxymethyl |\ i\ B A Li,SO 17.4 0-1.4 319 | [33]
chitosan 29 4(aq)
Chitosan PC/EC LiCIO, 5.5 0-1.0 80.0 | [34]
Carboxymethyl - HCI 86.9 0-0.9 459 | [35]
chitosan (aq)
Chitosan PAEK-g-PEG LiCIO, 8.0 0-1.5 1208 | [36]
Chitosan Glyoxylic acid KOH - 0-0.8 95.0 | [45]

4.  Conclusions

A novel polysaccharide-based QSSE with a polymer matrix — CS cross-linked
with OPA — was developed successfully, and a 2 M Li,SO, aqueous solution was utilised
as a dispersive phase. Characterisation of the physicochemical properties (using ATR-FTIR
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spectroscopy, AFM and contact angle measurements) confirmed that OPA-mediated
cross-linking modified the CS matrix. The CS/OPA-QSSE possessed excellent ionic
conductivity and, therefore, its applicability as a hydrogel electrolyte in an EDLC
was evaluated. The symmetric EDLC based on the CS/OPA-QSSE showed good
electrochemical performance (without visible redox processes) and superior specific
discharge capacitance (up to 115 F g™') compared with the reference cell with a commercial
Whatman GF/A glass fibre separator (up to 113 F g™'). This study represents the first
successful realisation of OPA-cross-linked CS as a QSSE polymer matrix.
It can be considered as a future alternative for other polysaccharide-based materials
for electrochemical purposes.
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