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Abstract 
In this work, we report a stepwise formation method of a chitosan/sodium 

alginate polyelectrolyte complex (CS/SA PEC) membrane. The proposed 
method aiming at the utilization of the ultrasonic treatment of chitosan 
and sodium alginate solution allowed us to obtain a highly homogeneous 
hybrid membrane for electrochemical usage. The CS/SA PEC membrane 
saturated in a 2 M Li2SO4 aqueous solution was used in electrochemical 
double layer capacitor (EDLC) cell to study its applicability as quasi-solid 
electrolyte. Electrochemical characteristic of EDLC cells was determined 
by electrochemical impedance spectroscopy, cyclic voltammetry and 
galvanostatic charge/discharge methods. The results show that the EDLC 
cell with CS/SA PEC quasi-solid electrolyte exhibit a comparable specific 
capacitance (102 F g-1 for 0–0.8 V) to CS reference (100 F g-1 for 0–0.8 V) 
and commercial separator (99 F g-1 for 0–0.8 V) cells. Thus, the CS/SA PEC 
membrane can be considered as an alternative modification for chitosan-
based materials of electrochemical purpose.
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1. Introduction 
In recent years, the polymers of natural origin (biopolymers) have been one of the 

most investigated materials in medical science [1, 2]. Among them, highly abundant 
marine biopolymers such as chitin and alginate have been widely studied for their 
nontoxicity, biodegradability and biocompatibility [3–5]. At the same time, derivatives of 
chitin and alginic acid (chitosan and sodium alginate, respectively) are easily soluble in 
aqueous solvents, a feature that has attracted even more attention in high-end technology, 
due to their ease of chemical modification [6, 7]. Thus, these two biopolymers are often 
applied as vital components of bio-inspired elements in electrochemical devices such as 
fuel cells, supercapacitors and biosensors [8–11]. 

Chitosan is one of the most abundant natural polysaccharides; it is obtained from 
partial alkaline N-deacetylation of chitin, and as a natural cationic polymer, it has both 
reactive amino and hydrophilic hydroxyl groups [12]. The polycationic structure of 
chitosan confers an excellent ability to form gels [13]. Due to this unique property and 
additionally boosted by possible chemical modifications, this biopolymer has been the 
subject of intense research as a base material for forming quasi-solid electrolytes for 
electrochemical devices (mainly supercapacitors) [14, 15]. Unfortunately, unmodified 
chitosan is fragile and has relatively low mechanical strength in a swollen state. To 
overcome these problems, chitosan-based materials for electrochemical applications are 
modified by various methods [16, 17]. 

Sodium alginate is a sodium salt of alginic acid, an anionic polysaccharide derived 
mainly from cell walls of seaweeds [18]. Alginic acid, a natural biopolymer comprised of 
β-D-mannuronic acid and α-L-guluronic acid monosaccharide units, is insoluble in water 
and in living organisms it occurs in the form of a gel neutralized with calcium (Ca2+), 
magnesium (Mg2+), strontium (Sr2+) or barium (Ba2+) ions [19]. However, the monovalent 
salts of alginic acid (i.e. sodium alginate) are easily soluble in water in certain pH 
conditions. This feature, along with the nontoxicity and biocompatibility of this 
biopolymer, have led to a wide investigation of it in terms of drug delivery systems and 
wound dressings [20, 21]. The polyanionic character of sodium alginate macromolecules 
allows it to form hydrogels; although similar to chitosan, the applicability of monovalent 
alginate salts is limited by certain drawbacks as high water solubility and low mechanical 
strength. These problems must be solved before sodium alginate could be used as 
a membrane material. They can be overcome by applying various modifications of this 
polysaccharide such as crosslinking or blending with another polymer to form 
a polyelectrolyte complex [22, 23]. 

Sodium alginate and chitosan are promising materials for bio-inspired components of 
electrochemical devices, especially due to their unequalled polyelectrolyte properties, 
which allows them to form gels, sponges and hetero-composites tailored for specific 
purposes: quasi-solid electrolytes and electrode binders for supercapacitors or multilayered 
membranes for fuel cells [24–26]. The chitosan/sodium alginate polyelectrolyte complex 
(CS/SA PEC) has been described as biodegradable and biocompatible and in addition 
reported stable in pH conditions that are corrosive for pure chitosan and sodium alginate 
[27, 28]. Therefore, we decided to utilize a CS/SA blended membrane as a quasi-solid 
electrolyte in electric double layer capacitor. However, keeping in mind numerous 
drawbacks of biopolymer applications in electrochemical devices, we also proposed 
a novel method of hybrid CS/SA PEC membrane synthesis. The membrane was formed 
by a complex method that was designed by combining mixing solution and evaporation 
of a solvent technique with well-known ultrasound irradiation treatment. The first stage 
involved mixing chitosan in acetic acid with aqueous sodium alginate solution to form 
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a polyelectrolyte complex. This reaction occurred due to electrostatic interactions of the 
carboxyl residues in the sodium alginate macromolecules with the amino groups of 
chitosan polymer chains [29]. Unfortunately, the uncontrolled formation of PEC during 
this stage caused by a rapid pH decrease (due to the acetic acid), insoluble conglomerates 
formed. The irregular distribution of these conglomerates could cause inhomogeneous 
performance of the membranes as quasi-solid electrolyte; therefore, the ultrasound 
treatment of the mixed solution was applied in a stage two. After ultrasonic homogenization 
and solvent evaporation, the synthesized membrane was utilized as electric double layer 
capacitor component.

2. Materials and methods
2.1. Chemicals

CS was purchased from Sigma-Aldrich and dried before use (105°C for 72 h). The 
physicochemical properties provided by the producer were degree of deacetylation  
75%–85% and viscosity 200–800 cP in 1 wt% solution in 1% acetic acid (25°C). These 
parameters did not affect the further experiments and thus they were not more accurately 
analysed. SA powder was purchased from Sigma-Aldrich and dried before use (105°C for 
72 h). Acetic acid (≥ 99.5%) and lithium sulfate (Li2SO4) (≥ 98.5) were also provided by 
Sigma-Aldrich and used for preparation of the aqueous solutions of CS and electrolyte, 
respectively. All reagents were used without further purification and redistilled water was 
used to prepare all aqueous solutions. 

2.2. Preparation of CS Solution
A 2 wt% CS solution in 1 wt% aqueous acetic acid was prepared by dispersing an 

appropriate quantity of dry CS powder in acetic acid solution. The mixture was stirred for 
336 h at 37°C until all CS powder was completely dissolved. A transparent, homogeneous 
solution with slightly yellow colour was obtained. 

2.3. Preparation of a Raw CS Membrane
A raw CS membrane (Fig. 1A) was formed by solution casting and solvent evaporation 

techniques. In a standard procedure, 6 g of the homogeneous CS solution was poured into 

Figure 1. Samples of chitosan-based membranes: (A) chitosan and (B) chitosan/sodium 
alginate polyelectrolyte complex.
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a poly(propylene) mold, which was then left at 37°C for 24 h to evaporate the solvent. 
The dry CS membrane was carefully washed in 1:3 water:ethanol solution to remove 
acetic acid residue and dried under vacuum (25°C, 1 h).

2.4. Preparation of SA solution
A 0.2 wt% SA aqueous solution was prepared by dispersing an appropriate quantity of 

dry SA powder in redistilled water. The mixture was stirred for 6 h at 25°C until 
a transparent, homogeneous and colourless solution was obtained. 

2.5. Preparation of CS/SA Membrane
A CS/SA PEC membrane (Fig. 1B) was obtained by a three-stage method. During the 

first stage, 6 g of homogeneous CS solution was mixed with 0.2 wt% SA aqueous solution 
in a predefined ratio of 1.25:1 by weight and was for 0.5 h. The second stage was realized 
by applying an ultrasound treatment using a Sonopuls HD 2070 homogenizer (Bandelin, 
Germany) for 10 min (20 kHz, 28 W). In stage three, the post-treated CS/SA solution after 
homogenization was poured into a poly(propylene) mold in order to evaporate the solvent. 
The subsequent steps were the same as in the formation of raw CS membrane (section 2.3). 

2.6. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)
Infrared spectroscopy analysis was used for the qualitative characterization of the CS 

and CS/SA PEC membranes. ATR-FTIR spectra were recorded on a Vertex 70 Series 
FTIR spectrometer (Bruker, Germany) from 4000–500 cm-1 with a resolution of 2 cm-1.

2.7. X-Ray Diffraction (XRD)
The phase composition of the investigated membranes were characterized with an X-ray 

diffractometer using Cu Kα1 radiation at 30 kV and 25 mA anode excitation. The XRD patterns 
of samples were recorded at 25°C in the 2θ angle from 5 to 30°, with a step size of 0.04°/3 s.

 
2.8. Scanning Electron Microscopy (SEM)

Morphological properties of the samples were analysed with a SEM (HitachiS-3400N) 
equipped with an energy-dispersive detector and operated with an acceleration voltage 
from 10 to 15 kV. All samples were sputter-coated with graphite before SEM examination.

2.9 Electrolyte Uptake Test 
The stability of the CS and CS/SA PEC membranes in an aqueous environment was 

evaluated using 2 M Li2SO4 solution. The vacuum-dried membranes were first 
characterized using an analytical scale (model AS 110.R2, Radwag, Poland) and Baker 
130/7 thickness gauge, and then the samples were immersed in 1.5 mL of electrolyte 
solution for 94 h. The following measurements were performed in a specified time 
intervals (1/6, 1/3, 1/2, 1, 2, 4, 8, 24, 48 and 96 h). Before each measurement, excess 
solution from the membranes surface was removed by draining it off with a filter paper. 
The degree of swelling (DS) and thickness swelling ratio (DST) based on each 
measurement were calculated by using following equations: 

DS (%) = 100 × (Wn – Wd) / Wd and  (1)

DST (%) = 100 × (Tn – Td) / Td  (2)

where Wd and Td represent the weight and thickness of the samples in a dry state, and Wn 
and Tn are the respective parameters of the examined membranes measured after a defined 
time of electrolyte treatment. 
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2.10. Ionic Conductivity Measurements 
The ionic conductivity of the CS and CS/SA PEC membranes was evaluated by 

electrochemical impedance spectroscopy (EIS). The investigated samples (8 mm discs), 
previously swelled for 96 h in a 2 M Li2SO4 aqueous solution, were placed in a test vessel 
between two planar platinum electrodes (Fig. 2A). All measurements were performed at 
25°C in the frequency range from 100 kHz to 1 Hz using blocking electrodes made of 
platinum (Pt) with a potential amplitude of 10 mV. Ionic conductivity (σ) of examined 
membranes was calculated as:

σ = ss/(A×R),  (3)

where ss is the membrane thickness, A is the surface area of the working electrode (0.0177 
cm2) and R is the resistance of the membrane obtained from EIS measurements.

2.11. Assembly of Electric Double Layer Capacitor (EDLC) Test Cells
The electrochemical performance of the CS/SA PEC membranes as a quasi-solid 

electrolyte was analysed in an EDLC cell. For the experiment, a two-electrode Swagelok® 

system was adapted (Fig. 2B). Activated carbon cloth (Kynol® No ACC-507-20; 2000 m2 
g-1) and Pt discs were utilized in test cells as an electrode material and current collectors, 
respectively. The CS/SA PEC membrane after 96 h treatment in a 2 M Li2SO4 aqueous 
solution was applied as a hydrogel electrolyte. 

For comparison, two more EDLC cells were assembled using the same electrode 
material and electrolyte as for CS/SA PEC cell. Specifically, one test cell with a raw CS 
membrane used a hydrogel electrolyte (pretreatment as for CS/SA PEC) and the second 
EDLC used a glass fibre membrane (Whatman GF/A), with a pore diameter of 1.6 µm 
and thickness of 0.3 mm, as a separator. 

Figure 2. Schematic illustration of (A) the ionic conductivity measuring system and (B) 
an inside view of the electric double layer capacitor (EDLC) test cells assembled in this 
study.
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2.12. Electrochemical Measurements 
The electrochemical analysis of the CS and CS/SA PEC membranes in EDLC test 

cells were performed using EIS, cyclic voltammetry (CV) and galvanostatic charge/
discharge (GCD) techniques. EIS was carried out using a μAutoLab FRA2 type III 
electrochemical system (EcoChemie, Netherlands) in the frequency range from 100 kHz 
to 0.01 Hz, with a potential amplitude of 10 mV. CV measurements were carried out using 
the same electrochemical system in the potential range from 0 to 0.8, 1.0, 1.2, 1.4 and 1.6 
V, with different scan rates (5–100 mV s-1). Chronoamperometric measurements were 
performed at a constant current of 5 mA with the cell voltage stepped from 0 to 0.8,  
1.0, 1.2, 1.4 and 1.6 V, using an Atlas 0461 MBI multichannel electrochemical system 
(Atlas-Sollich, Poland). All electrochemical measurements were performed at room 
temperature (25 ºC). 

3. Results and Discussion
3.1. ATR-FTIR 

Spectra obtained using ATR-FTIR analysis for CS and CS/SA PEC membranes are 
demonstrated in Fig. 3. Both spectra feature characteristic bands for chitosan, such as 
amide I at 1636 cm-1, identified as carbonyl stretching vibrations of N-acetyl groups. The 
presence of such bands as amide II (at 1546 cm-1, νN-H), amide III (at 1328 cm-1, νC-N) 
and a characteristic band for polysaccharides at 898 cm-1 (C–H deformation of the 
β-glycosidic bond, as well as the C–O–C bridge) additionally confirms a structure  
of a partially deacetylated chitosan [8]. Due to relatively low SA:CS mass ratio in the  
CS/SA PEC membrane, the characteristic for SA bands such as 1616 cm-1 (νC-O),  
1417 cm-1 (νCOOH) and 1030 cm-1 (νC-O-C) are overlapped by the dominant chitosan 
spectrum [27]. However, the significant strengthening of a wide absorption band visible 
around 3247 cm-1 for the CS/SA PEC membrane (stretching vibrations of –OH and –NH) 
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Figure 3. Attenuated total reflectance Fourier transform infrared spectroscopy spectra of 
chitosan (CS, black curve) and chitosan/sodium alginate polyelectrolyte complex (CS/SA 
PEC, green curve) membranes. 
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may be attributed to the reorganization of intermolecular hydrogen bonds between CS 
and SA due to formation of polyelectrolyte complex [30]. Thus, the slight differences in 
the wavelengths and intensity of the peaks in both spectra can also be related to this effect 
and provide additional confirmation of interactions between CS and SA molecules.

3.2. XRD Analysis
The XRD of raw CS powder and CS and CS/SA PEC membranes are shown in Fig. 4. 

Raw CS powder exhibited two typical broad diffraction peaks at 13.3 and 20.0°, which 
corresponds with literature data and confirms low crystallinity of the sample [27]. 

After the CS membrane formation, there was a marked intensity reduction of the  
2θ ~20.0° peak; this change indicates that the processing reduces the crystalline nature of 
chitosan to an amorphous state [31]. The two main peaks overlap each other; therefore, 
there is no possibility to distinguish them and only one width band can be observed. 
Notwithstanding, there is a noticeable difference in the width of the bands between the 
CS/SA PEC and CS membrane diffraction patterns. This difference can provide 
information about the influence of the formation of PEC on the crystallinity within the 
sample. However, due to low SA mass addition and possible influence of other factors 
(drying, solvent), the visible reduction in the CS/SA PEC band width cannot be undeniably 
interpreted as the effect of formation of polyelectrolyte complex and ordering of the 
macromolecules within the polysaccharides blend.

3.3. SEM
The CS and CS/SA PEC dry membrane morphologies were investigated with SEM 

(Fig. 5). The general topography of both samples (Fig. 5A and B) showed a regular 
surface without defects or cracks. However, the CS/SA PEC membrane exhibited 
a rougher surface, with a regular distribution of unevenness, compared with the CS 
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Figure 4. X-ray diffraction patterns of raw chitosan (CS) powder, CS and chitosan/
sodium alginate polyelectrolyte complex (CS/SA PEC) membranes.
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membrane. This phenomenon can be caused by the uncontrolled formation of insoluble 
PEC conglomerates during membrane formation (mixing solution step). Nevertheless, the 
regular distribution of them might indicate that the ultrasonic treatment that allows for the 
sample to be easily homogenized. Further investigation of the membranes cross-sections 
(Fig. 5C and D) revealed a lamellar structure with conspicuous regular layers in all tested 
samples [32]. The view of the CS membrane cross-section presented more disordered 
spatial orientation of the layers and relatively larger gaps between them than the CS/SA 
PEC cross-section. This difference might indicate that the addition of SA to the CS matrix 
influences the membrane spatial network. Moreover, the cross-sectional SEM images 
illustrate that the ultrasonic treatment have no major influence on the membrane spatial 
morphology.

3.4. Swelling Ratio 
The data obtained from the electrolyte uptake test (in 2 M Li2SO4) indicated significant 

differences between the CS and CS/SA PEC membrane in terms of volumetric growth in 
an aqueous environment. The DS vs. time dependency graph (Fig. 6) revealed that the 
non-modified CS sample exhibited an extremely high DS (up to ~250% by mass). The CS 
membrane swelled rapidly; however, equilibrium for this sample was reached after 48 h 
of electrolyte treatment. This result implies that non-modified chitosan is not useful as 
a quasi-solid electrolyte material, due to excessive swelling and long equilibrium time. 
The DS values obtained for the CS/SA PEC membrane were significantly lower than 
those for raw chitosan (up to ~130% by mass). 

Figure 5 Scanning electron micrographs: (A) chitosan (CS) membrane surface, (B) 
chitosan/sodium alginate polyelectrolyte complex (CS/SA PEC) membrane surface, (C) 
CS membrane cross-section and (D) CS/SA PEC membrane cross-section.
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Moreover, by comparing the plots of DS, the CS/SA PEC membrane reaches 
equilibrium state faster than the CS membrane (after 1 h of electrolyte treatment). This 
finding means that less electrolyte is absorbed by the CS/SA PEC membrane and that 

Figure 6. Degree of swelling (DS) vs. time of all tested membranes. Abbreviations: CS, 
chitosan; CS/SA PEC, chitosan/sodium alginate polyelectrolyte complex.
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infiltration of the 2 M Li2SO4 solution within this membrane is also rapid in the early 
stages. However, unlike the CS membrane, the chemical potential between the CS/SA 
PEC membrane and the electrolyte solution was quickly compensated. This effect is 
attributable to the incorporation of stabilizing SA polymer chains into the CS matrix, 
a phenomenon that greatly reduces the electrolyte uptake by stabilizing the spatial 
structure of the membrane with strong complexation interactions. 

The thickness swelling ratio (DST) values showed similar trends to DS, and the 
equilibrium values for the CS (thickness in the dry state: 0.070 mm) and CS/SA PEC 
(thickness in the dry state: 0.066 mm) membrane were 146% and 33%, respectively. The 
difference in dynamic DST curves illustrates that it is essential to stabilize the three-
dimensional structure of the CS polymer chains, in order to diminish the electrolyte 
absorption and exclude the impact of this process to membrane thickness. The CS/SA 
complexation seems to create strong, stabilizing interactions between this two 
biopolymers, and thus the CS/SA PEC membrane structure is more stable in the swelled 
state, which is important in view of its potential electrochemical applications [33].

3.5. Ionic Conductivity
From Fig. 6, there is a clear difference in electrolyte uptake between the CS and CS/

SA PEC membrane. The impact of this phenomenon on the ionic conductivity of tested 
samples was evaluated by EIS (Table 1). The ionic conductivity of the CS/SA PEC 
hydrogel reached 18.70 mS cm-1, which is nearly two times lower compared with the CS 
hydrogel (39.13 mS cm-1). Based on the weight values of the swelled membranes, this 
effect is attributable to the amount of absorbed electrolyte [34]. One possible explanation 
is that the aqueous environment of unmodified CS membrane polymer chain network 
would weaken the electron transfer resistance by simply swelling and, consequently, 
create tunnels accessible for electrolyte ions. Therefore, the complexed CS/SA membrane, 
with a tight spatial network of polymeric chains, showed a significantly lower ionic 
conductivity than the reference sample. Moreover, ionic conductivity values of both CS-
based membranes were significantly lower compared with the value of this parameter for 
dampened in the electrolyte Whatman GF/A separator (83.05 mS cm-1).

Table 1. Ionic conductivity (σ) thickness in the swollen state (ss) and mass (ms) for 
examined membranes in 2 M Li2SO4 aqueous solution (96 h) and equivalent circuit (EC) 
used in EIS fitting method. 

Membrane σ [mS cm-1] ss [cm] ms [g] EC
CS 39.13 0.0150 0.0183 R1(R2Q1)

CS/SA PEC
Whatman GF/A

18.70
83.05

0.0084
0.0300

0.0072
0.0450

R1(R2Q1)
R1(R2Q1)

Abbreviations: CS, chitosan; CS/SA PEC, chitosan/sodium alginate polyelectrolyte 
complex; GF/A, glass fibre.

3.6. Electrochemical studies 
3.6.1. EIS

Fig. 8 displays the Nyquist plots for CS, CS/SA PEC and Whatman GF/A test devices. 
All obtained EIS spectra showed the typical shape for an EDLC [35]. In the high-
frequency range, a semicircle is spotted, and in the low-frequency range, the EIS spectrum 
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is a straight line parallel to the imaginary axis. Therefore, a good capacitive behaviour 
can be expected for all tested EDLCs. The insets of Fig. 8A and B show a magnified high-
frequency region of the EIS spectra; the origin of the semicircular curve can be explained 
by three independent factors: (i) the interfacial resistances of carbon material and (ii) 
connection of current collector and electroactive material as well as (iii) distribution of 
the pores structure and electrolyte resistance therein. 

Therefore, the series resistance (Rs) is an important parameter for characterization of 
EDLC system performance; it can be easily determined by extrapolation of the  
high-frequency part of the EIS curve to the condition Z′ = 0 [36]. Both reference 
capacitors, CS and Whatman GF/A, showed relatively low Rs: 1.46 Ω and 1.03 Ω, 
respectively. This phenomenon can be attributed to the high ionic conductivity of the 
swelled, non-modified CS membrane as well as the commercial glass fibre separator. 
Among the CS-based membranes, the lowest value of Rs was registered for capacitor test 
cell assembled with the CS/SA PEC quasi-solid electrolyte (1.13 Ω), although the CS/SA 

Figure 8. AC impedance spectra for capacitors with (A) CS, (B) CS/SA PEC membrane 
and (C) Whatman GF/A glass fiber separator. Abbreviations: Abbreviations: CS, chitosan; 
CS/SA PEC, chitosan/sodium alginate polyelectrolyte complex, GF/A, glass fibre.
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PEC membrane exhibited lower values of ionic conductivity than the CS membrane. 
Given that Rs is associated with the ionic resistance across the partition between the two 
facing electrodes, this extraordinary result of the CS/SA PEC EDLC cell may be attributed 
to the thickness of the membrane in the swelled state. Analysis of the DST values (Fig. 7) 
revealed that the CS membrane in the equilibrium state swells over 4 times more than the 
CS/SA PEC in the direction of thickness. Thus, the limited swelling properties of the CS/
SA sample could positively influence the bulk resistance of the quasi-solid electrolyte.

3.6.2. CV 
Cyclic voltammograms at different scan rates (from 5 to 100 mV s-1) registered for the 

CS/SA PEC test cell as well as CS and Whatman GF/A comparison cells are shown in 
Fig. 9A–C. Regarding the shape of this CV curves, the nearly ideal rectangular line for all 
EDLC characteristics (up to 10 mV s-1) proves a good charge propagation in the potential 
range from 0 to 0.8 V. Moreover, the Whatman GF/A reference EDLC cell showed 
comparable CV characteristics with the CS/SA PEC membrane capacitor and there were 
no significant deviations (such as redox peaks). Thus, the assembled test capacitor cells 
should be treated in further calculations as regular EDLC devices [37].

Analysis of the cyclic voltammograms in Fig. 9A–C allowed us to predict the optimal scan 
rate for further CV curves with expanded potential range (up to 1.6V). Given that the deviation 
from the ideal box shape was the smallest for 10 mV s-1, this value was utilized as a standard 
scan rate. Fig. 9D–F displays the cyclic voltammograms recorded in expanded potential range 
from 0 to 0.8, 1.0, 1.2, 1.4 and 1.6 V, for CS, CS/SA PEC and Whatman GF/A EDLCs. The 
CV curves exhibited the standard EDLC rectangular shape with visible deviations for higher 
potential values (over 1.0 V), which are probably caused by electrochemical decomposition of 
water. However, these peaks are relatively small compared with the whole voltammogram 
area. Thus, the tested EDLCs can be treated as a model system [38], and the specific 
capacitance values for all capacitor cells were calculated using the equation:

Csp = ∫Idt/(dE/dt)m-1, (4)

where I is the current, dE/dt is the potential scan rate and m is the mass of the active 
electrode material. Table 2 gathers obtained results and shows their dependency on the 
potential range. 

Table 2 Specific capacitance (Csp) of electrochemical double layer capacitor (EDLC) 
cells, calculated from a cyclic voltammetry. 

EDLC
Csp [F g-1]

0–0.8 V 0–1.0 V 0–1.2 V 0–1.4 V 0–1.6 V

CS 97 122 145 171 203

CS/SA PEC
Whatman GF/A

101
98

125
122

150
150

179
176

211
209

Abbreviations: CS, chitosan; CS/SA PEC, chitosan/sodium alginate polyelectrolyte 
complex, GF/A, glass fibre.

There were small differences between specific capacitance values of CS and CS/SA 
PEC EDLCs. Nevertheless, the capacitor cell with the CS/SA PEC membrane showed 
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Figure 9. Cyclic voltammetry curves of electrochemical double layer capacitors (EDLCs) 
with (A) CS, (B) CS/SA PEC membrane and (C) Whatman GF/A glass fiber separator at 
different scan rates. Voltammograms of EDLCs with (D) CS, (E) CS/SA PEC membrane and 
(F) Whatman GF/A separator at different potential range (10 mV s-1). Abbreviations: CS, 
chitosan; CS/SA PEC, chitosan/sodium alginate polyelectrolyte complex, GF/A, glass fibre.

higher values of specific capacitance than the reference test cell, and the trend is clearly 
visible for all applied potential ranges. These phenomena can be related to dimensional 
stability differences of the tested membranes discussed in section 3.4. The dimensional 
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stability of the CS/SA PEC quasi-solid electrolyte caused by intermolecular interactions 
between CS and SA has a positive effect on the capacitance of the EDLC cell, despite the 
decreased membrane ionic conductivity after modification process (Table 1). The balance 
between electrolyte uptake and reduction of swelling means that the CS/SA PEC 
membrane ensures excellent penetration of the electrolyte into the pores of the electrode 
material while maintaining constant membrane dimensions. Moreover, analysis of CV 
curves recoded in expanded potential range (Figs. 9D–F) revealed that chitosan membrane 
modified with SA can be successfully applied at higher voltages because it maintains its 
excellent properties working without any trace of redox reactions, comparable even with 
commercially used Whatman GF/A separator. 

3.6.3. GCD 
The cyclical repeatability of the CS, CS/SA PEC and Whatman GF/A test cells was 

examined by a GCD method. Fig. 10 displays the GCD profiles in all used potential 
ranges. Detailed analysis of potential/time dependency curves showed that all registered 
GCD profiles exhibited a triangular shape for both the 1st and 1000th cycle. This is a typical 

Figure 10. Galvanostatic charge/discharge curves at the 1st and 1000th cycle for 
electrochemical double layer capacitor (EDLC) cells with (A) CS, (B) CS/SA PEC 
membrane and (C) Whatman GF/A separator. Abbreviations: CS, chitosan; CS/SA PEC, 
chitosan/sodium alginate polyelectrolyte complex, GF/A, glass fibre.
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characteristic for EDLCs; it indicates the non-Faradaic nature of the capacitive properties 
and good cyclic repeatability [39]. 

Of note, the 1000th cycle GCD profiles recorded for broader potential range (1.2 V 
inclusive) exhibited a slight shift of the curve relative to the initial ones. This phenomenon 
can be related to the well-known electro-decomposition of water particles (over 1.23 V) 
and is more visible for the CS/SA PEC EDLC test cell. It can affect the repeatability of 
the EDLCs, and thus future investigations should involve a long term GCD tests (over 
10,000 cycles). 

The specific capacitance values were obtained from the corresponding GCD curves 
according to:

Csp = I/(dU/dt)m-1, (5) 

where I is the discharge current, dU/dt is the slope of the discharge curve and m is the mass 
of the electrode. Table 3 gives specific capacitance values obtained after the 1000th GCD 
cycle with a constant current of 5 mA, for all tested potential ranges and EDLC cells

Table 3 Specific capacitance (Csp) of electrochemical double layer capacitor (EDLC) 
EDLC cells, calculated from a galvanostatic charge/discharge test after 1000th cycle. 

EDLC
Csp [F g-1]

0 – 0.8 V 0 – 1.0 V 0 – 1.2 V 0 – 1.4 V 0 – 1.6 V

CS 100 104 109 114 122

CS/SA PEC
Whatman GF/A

102
99

107
104

114
111

120
119

124
125

Abbreviations: CS, chitosan; CS/SA PEC, chitosan/sodium alginate polyelectrolyte 
complex, GF/A, glass fibre.

The CS/SA PEC cell exhibited the highest specific capacitance values, in all applied 
potential ranges (from 102 F g-1 for 0–0.8 V to 124 F g-1 for 0–1.6 V). These results 
correspond with the values obtained by cyclic voltammetry and the trend shows a superior 
electrochemical performance of EDLC with the CS/SA PEC membrane over non-
modified CS (Csp values from 100 F g-1 for 0–0.8 V to 122 F g-1 for 0-1.6 V). Moreover, 
the specific capacitance values for the CS/SA PEC capacitor were comparable even with 
the Whatman GF/A cell (Csp values from 99 F g-1 for 0–0.8 V to 125 F g-1 for 0-1.6 V). 
These results suggest that the CS/SA PEC quasi-solid electrolyte can be an alternative 
modification for CS-based materials of electrochemical purpose due to its excellent 
performance even in higher work potential (over 1.2 V) and good repeatability of charge/
discharge cycles.

4. Conclusions
Following physicochemical characterization (using XRD, SEM and ATR-FTIR) the 

modification of the CS/SA PEC membrane was confirmed and then used in an EDLC cell 
to study it applicability as quasi-solid electrolyte. The results showed that the CS/SA PEC 
membrane saturated with aqueous 2 M Li2SO4 exhibits good dimensional stability and 
lower than reference chitosan sample ionic conductivity. The tested EDLC cell with  
a CS/SA PEC membrane exhibits good electrochemical performance and superior specific 
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capacitance compared to raw CS membrane and Whatman GF/A glass fiber separator 
reference cells. Thus, the CS/SA PEC quasi-solid electrolyte can be considered as an 
alternative modification for CS-based materials of electrochemical purpose.
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