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A B S T R A C T

Supercapacitor is one of most widely researched energy storage system because it stores more charge than 
capacitor and charges-discharges quicker than batteries. As surface reaction is prominent in the energy storage in 
supercapacitor, stable interface between electrode and electrolyte is a key to high performance. Although a 
formation of stable interface was achieved by surface modification of electrode and/or designing of novel ma
terials/composites, they were limited by their complicated processing steps, costs, scalability, and eco- 
friendliness. In this work, we have firstly introduced a novel electrolyte additive composed of conjugated 
biopolymer of gum kondagogu/sodium alginate (KS), which is widely available and recyclable. At the KS con
centration of 5 mg ml-1, the capacitance retention improved from 58 % to 93 % for 30,000 cycles at a current 
density of 4.0 mA cm-2, which was remarkable given the use of acidic H2SO4 electrolyte and carbon-based 
electrode. Postmortem analysis revealed the suitable concentration of KS necessary to ensure the interfacial 
protection as well as alleviation of side reactions by the introduction of KS, which can also be extended and 
scaled up in an industry scale.

1. Introduction

Amongst energy storage system, supercapacitor has been actively 
researched due its strong advantages in high power density and envi
ronmental friendliness (e.g., recyclability) [1–3]. The applications of 
supercapacitor include electronic devices, power supply, and electric 
vehicles, all of which are central to our daily lives [4–7]. In the super
capacitor, it is mainly governed by the surface-controlled reaction [8], in 
contrast to batteries where a diffusion-controlled reaction is also 
important. This means that an interfacial reaction between the electrode 
and electrolyte is an important contributor in determining the overall 
electrochemical performance. Therefore, building a stable interface 
between electrode and electrolyte is essential for ensuring a stable 
electrochemical performance in the supercapacitor.

Because the interfacial properties in the supercapacitor are impor
tant to ensure high electrochemical performance [9,10], many re
searchers have attempted diverse methods to improve & overcome the 
issues associated with them. For instance, Peng et al. employed an 
all-in-one integration of interface comprising of polyaniline-polyvinyl 
alcohol, which demonstrated an improved electrochemical perfor
mance [11]. Another study by Kang et al. employed a three-dimensional 
(3D) printing technology with a self-healable ink which greatly 
improved the interface between electrode and electrolyte [12]. Surface 
modification of the electrode was also shown to improve the interfacial 
properties in the supercapacitor. The atomic layer deposition method 
was carried out to coat a dielectric thin film on the electrode [13], which 
showed a remarkable 83 % capacitance retention even after 20,000 
cycles. Tavinkumar et al. introduced a rationally designed core-shell 
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structure comprising of NiCo2O4/MoO2, which was further coated with 
NiO by atomic layer deposition method [14]. The resultant NiO-coated 
core-shell structure led to improved cycling stability as well as specific 
capacitance. Recently, ultrasonication-assisted synthetic method was 
employed to synthesize a Fe3O4/reduced graphene oxide composite 
electrode [15], which also showed a high capacitance of 169.2 F g-1 at 
1.0 A g-1. Nevertheless, all previously attempted approaches had sig
nificant limitations in i) scalability, ii) multiple processing steps, iii) cost 
of methodology, and/or iv) eco-friendliness, further preventing them 
from practical exploitation/commercialization on an industry scale. It is 
indispensable to come up with a sustainable solution that meets all of the 
abovementioned criteria and still achieves the high energy/power 
density supercapacitor for a long-term operation. Recently, the intro
duction of additives into electrolytes in energy storage systems has 
attracted considerable attention as an effective and convenient strategy 
to enhance electrolyte stability and form a stable electrode-electrolyte 
interface, thereby achieving long-term cycling stability, which is bene
ficial for scalability [16–18].

In this study, we have adopted a novel aqueous electrolyte system 
composed of H2SO4 solution and conjugated gum kondagogu (Cochlo
spermum gossypium)/sodium alginate (denoted as KS) additive, which 
led to the formation of surface protective layer on the surface of the 
electrode. The rheological properties and ionic conductivity of a novel 
aqueous electrolyte system were examined at various concentrations of 
KS additives. Using a symmetric supercapacitor based on carbon-based 
electrode and H2SO4 electrolyte, the effect of KS additive was further 
examined (denoted as KS-based supercapacitor). In comparison with the 
conventional H2SO4-based supercapacitor (denoted as W/O KS), the 
introduction of KS additive (at a concentration of 5 mg ml-1) led to 
significantly improved capacitance retention (93 % capacitance reten
tion for 30,000 cycles at a current density of 4.0 mA cm-2 improved from 
58 %) and less byproducts on the surface of electrode. This is the earliest 
report on significant improvement of the long-term operation of the 
supercapacitor simply by introducing a biopolymer conjugate electro
lyte additive, which has the potential to be exploited for commerciali
zation due to its simple, low cost, environmentally friendly, applicable 
for large-scale production merits.

2. Results and discussion

2.1. Optimal design of KS/CNT electrode and KS additive for optimizing 
the electrochemical performance and reliability

We designed a conjugated KS composite structure for a highly stable 
supercapacitor offering biocompatibility and excellent mechanical/ 
electrochemical reliability (Fig. 1a). Sodium alginate (SA), a natural 
anionic polysaccharide, contains sodium ions that can improve ionic 
conductivity in the electrolyte. Gum kondagogu is a natural poly
saccharide that provides excellent viscosity control and stabilizing 
properties, which help disperse and support conductive fillers. The 
uniform dispersion of multi-walled carbon nanotubes (MWCNTs) within 
the KS matrix is crucial for enhancing the electrochemical performance 
of KS/CNT composite electrodes. By utilizing an aqueous cetyl
trimethylammonium (CTAB) solution followed by ultrasonication, 
nanotube agglomeration was effectively prevented, resulting in the 
formation of a continuous percolation network of MWCNTs. This 
network substantially improved the electrical conductivity of electrodes 
by enabling more efficient electron transport during charge-discharge 
cycles. Additionally, prolonged air drying (48 h at room temperature) 
strengthened the bonding and adhesive properties of KS, resulting in a 
robust free-standing nanocomposite. This enhanced structural integrity 
played a pivotal role in maintaining both mechanical and electro
chemical stability under repeated charge-discharge cycles. To further 
protect the KS matrix from dissolution in aqueous electrolytes, a tri
chloromethyl silane (TCMS) coating was applied via chemical vapor 
deposition (CVD) [19]. Even, after extended immersion in an aqueous 

electrolyte, the KS/CNT electrode retained its original morphology, 
confirming the effectiveness of the TCMS layer in preserving high 
structural stability (Fig. S1). Additionally, the average total electrode 
mass of the fabricated KS/CNT electrodes was 16.9 ± 0.03 mg for an 
identical area (1.13 cm2), and the thickness was consistently measured 
as 0.16 mm across all samples, indicating excellent uniformity (Fig. S2). 
Ultimately, the fabricated KS/CNT composite electrode can serve as a 
free-standing electrode that offers both structural stability and electro
chemical reliability (Fig. 1b and Fig. S3).

The lightweight property of the KS/CNT electrode was further 
highlighted by comparing its volumetric weight to that of commonly 
used substrates in energy storage systems, including metal-based ma
terials, plastic film, and paper (Fig. S4). Specifically, The KS/CNT 
electrode exhibits an ultralight volumetric weight of 0.935 g cm-3, which 
is nearly equivalent to that of commercial paper (0.926 g cm-3) and 
significantly lower than polyethylene terephthalate (PET) film (1.366 g 
cm-3), stainless-steel mesh (2.485 g cm-3), zinc metal foil (3.441 g cm-3), 
and titanium metal foil (3.626 g cm-3). Since the KS/CNT electrode itself 
incorporates the active material (MWCNTs), it can function without the 
need for an additional inactive substrate layer, thus maintaining a lower 
overall mass. By contrast, conventional electrodes using heavier sub
strates further increase the total weight. The lightweight of the KS/CNT 
electrode is therefore advantageous for improving the energy density 
and mechanical flexibility, particularly in wearable energy storage 
applications.

Additionally, to improve electrochemical reliability via uniform 
surface-controlled reactions, we introduced a KS-based electrolyte ad
ditive. Although high electrical conductivity and low density of the KS/ 
CNT electrodes enhance electrochemical performance, the long-term 
charge-discharge cycles lead to the formation of byproducts on the 
electrode surface and delamination of MWCNTs. Both phenomena 
degrade the overall electrochemical reliability. To address these issues, 
including the decline in electrochemical stability and the increased 
viscosity of the electrolyte, we designed a spongy KS-based electrolyte 
additive with ultra-low density, three-dimensional porosity, and a 
lightweight architecture (Fig. 1c). This spongy KS additive can remain in 
liquid form without significantly increasing viscosity of the electrolyte 
and readily dissolves in an aqueous solution. In addition, the sodium 
ions within the KS additive framework enhance the ionic conductivity of 
electrolyte, while the dissolved KS additive forms a thin protective layer 
on the electrode surface during charge-discharge cycles, thereby further 
improving electrochemical stability (Fig. 1d). Therefore, to clearly 
illustrate the advantages of our KS additive method over existing surface 
modification methods, we compared the electrochemical performance 
of our KS-based supercapacitors with previously reported interface 
enhanced supercapacitors (Table S1). The KS-based electrolyte additive 
demonstrated significantly higher ionic conductivity and improved 
cycle stability at lower additive concentrations compared to other 
existing methods. Moreover, the simple fabrication process and 
biopolymer-based composition of the KS additive method effectively 
overcome critical limitations of current approaches, including compli
cated processing steps, high costs, limited scalability, and low eco- 
friendliness (Fig. S5). These results clearly demonstrate the strong po
tential of the KS additive method for large-scale and sustainable indus
trial applications.

2.2. Morphological and chemical analysis of KS/CNT electrode and KS 
additive

To evaluate the uniformity, structural stability, and surface func
tionality of the KS/CNT electrode, we carried out internal structure and 
surface analyses. Initially, scanning electron microscope (SEM) was 
performed to examine the surface morphology of the electrode and the 
dispersion of MWCNTs (Fig. S6). The SEM images reveal that MWCNTs 
are uniformly dispersed throughout the KS/CNT composite, providing 
an effective electrical percolation pathway and reinforcing its 
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Fig. 1. Schematic of the KS-based supercapacitor. Schematic representations of a) the KS-based supercapacitor, b) KS/CNT electrode, and c) fabrication process of 
the KS additive via freeze-drying. d) Illustration showing the interface between the KS/CNT electrode and the electrolyte after long-term charge-discharge cycles.
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mechanical stability. In addition, the electrode can be folded into 
various shapes without cracking, demonstrating its potential applica
bility in wearable energy storage applications (Fig. S7).

Next, we employed X-ray photoelectron spectroscopy (XPS) to 
confirm the TCMS coating on the electrode surface, which prevents 
water-induced dissolution (Fig. 2a-b). As indicated in the XPS spectra, 
the intensity of C–C and C–H bonds, abundant in both the KS and CNT, 
exhibited the highest values, along with peaks indicating polar func
tional groups such as -OH, C = O, C–O–C, and C–O. Notably, a Na 1s 
peak originating from SA was also detected (Fig. S8). The presence of Si 
2p peaks further substantiated the uniform coverage of the TCMS layer 
on the electrode surface (Fig. S9).

To analyze the effect of the KS additive in electrolyte for the KS/CNT 
electrode, we carried out XPS and Fourier transform infrared spectros
copy (FT-IR) analyses at various KS concentrations (0–20 mg ml-1) 
(Fig. 2c-d). After immersing the KS/CNT electrode in a KS-based elec
trolyte and then drying, we observed that the Si 2p peak intensity 
decreased at higher KS concentrations (Fig. 2c and Fig. S10). This sug
gests that a thicker KS-derived layer had formed on the electrode sur
face, highlighting the need to optimize KS additive concentration to 
prevent byproduct formation or MWCNTs delamination while still pre
serving beneficial surface reactions. Moreover, the gradual increase in 
carbon (C) and sodium (Na) peaks at higher KS concentrations suggests 
additional polysaccharide functional groups contributed by the KS 

additive (Fig. S11 and Table S2).
Additionally, FT-IR analysis provided further evidence of the effect 

of the KS-based electrolyte on the KS/CNT electrode (Fig. 2d and 
Table S3). In the absence of H2SO4 electrolyte, the KS/CNT electrode 
exhibited characteristic bands corresponding to O–H stretching (3360 
cm-1), C–H stretching (2920 cm-1), O = C = O stretching (2362 cm-1), 
C–O stretching (1015 cm-1), C = O stretching (1722 cm-1), and C = C 
stretching (1630 cm-1), as well as Si-CH3 bending/stretching bands 
(1267 cm-1 and 772 cm-1). However, after immersion in electrolytes 
containing KS at various concentrations, the O–H stretching peak 
shifted slightly from 3375 cm-1 (W/O KS) to 3368 cm-1 (1 mg ml-1, KS-1), 
3370 cm-1 (5 mg ml-1, KS-5), and 3372 cm-1 (20 mg ml-1, KS-20). This 
minor red shift (i.e., to lower wavenumbers) is consistent with mild or 
partial hydrogen-bond formation at the electrode-electrolyte interface, 
rather than a strong hydrogen bond (which would typically produce a 
more pronounced shift). In other words, this minor red shift suggests 
that the KS additive promotes weak hydrogen bonding among O–H 
groups, rather than the strong interactions that would result in a sig
nificant spectral shift. This slight change implies an increase in O–H 
bonding interactions and the formation of a KS-based layer on the 
electrode surface [20]. Overall, these results indicate that the 
KS-containing electrolyte helps form a protective interfacial layer on the 
KS/CNT electrode, thereby contributing to improved electrochemical 
stability.

Fig. 2. Chemical properties of KS/CNT electrode and KS additive. X-ray photoelectron spectroscopy (XPS) analysis of the chemical composition of the KS/CNT 
electrode: a) C 1s and b) O 1s spectra. KS/CNT electrode in KS-based electrolyte: c) XPS analysis and d) Fourier transform infrared spectroscopy (FT-IR) spectrum.
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2.3. The correlation between the ionic conductivity and viscosity of KS- 
based electrolyte

Introducing the KS electrolyte additive changes the properties of the 
aqueous electrolyte through the dissolution of KS, which in turn affects 
its electrochemical performance. As the KS concentration increases, two 
main effects emerge: (i) ionic conductivity increases due to the disso
lution of sodium ions from the KS framework, and (ii) the viscosity of the 
aqueous electrolyte also increases because of the higher concentration of 
additives (increased solid content). This effect notably reduces ion 
mobility, leading to increased overpotential and subsequent electro
chemical performance degradation [21]. Therefore, determining the 
optimal KS concentration is crucial for maximizing electrochemical 
performance. To investigate this concentration-dependent effect, we 
analyzed the correlation between ionic conductivity and viscosity in 
electrolytes containing various KS concentrations (Fig. 3). The ionic 
conductivity was measured via electrochemical impedance spectroscopy 
(EIS) testing using a stainless-steel symmetric cell (Fig. 3a), and the 
results were utilized to calculate the ionic conductivity of electrolyte 
(Fig. 3b). The ionic conductivity increases linearly as the KS concen
tration approaches 5 mg ml-1 (KS-5), as the sodium ions contained 
within the KS polysaccharide structure dissolve and contribute to the 

overall charge transport of the electrolyte. In contrast to gel-type elec
trolytes which often have limited ion mobility due to their cross-linked 
polymer matrices, the KS-based electrolyte retains a predominantly 
fluidic medium, allowing for higher ionic conductivity. However, 
beyond this critical threshold, the electrolyte becomes saturated with 
sodium ions and the associated increase in viscosity begins to outweigh 
the benefits of the increased sodium ions content, leading to saturation 
in ionic conductivity. These findings indicate that the optimal KS con
centration range in which the supplementary sodium ions dissolved in 
the polysaccharide structure to enhance ionic conductivity lies within 
KS-5.

Changes in fluid behavior at various KS concentrations were 
observed to evaluate their impact on the viscosity of the electrolyte 
(Fig. 3c). As the KS concentration increased, the apparent electrolyte 
viscosity increased with the notably increased non-Newtonian behavior. 
The shear-rate-dependence of the viscosity, which is an indication of the 
degree of structuring of a fluid, became particularly severe at a KS 
concentration above 5 mg ml-1, where the low-shear viscosity increased 
logarithmically. These changes in fluid behavior due to KS concentration 
directly impact ion mobility and diffusion coefficients. To investigate 
the correlation between KS concentration in the electrolyte and ion 
mobility, the EIS was measured using a KS/CNT electrode symmetric cell 

Fig. 3. Viscosity and ionic conductivity properties of the KS-based electrolyte. a) Electrochemical impedance spectroscopy (EIS) measurement using non-active 
stainless-steel electrodes and b) ionic conductivity in Nyquist plots at various KS additive concentrations. c) Analysis of fluid behavior (viscosity). d) EIS charac
terization of KS-based supercapacitor and e) ion mobility in Nyquist plots. f) Correlation between ionic conductivity and ion mobility with respect to the KS additive 
concentration.
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(Fig. 3d). Based on the Nyquist plot from EIS measurements, the KS/CNT 
electrode with KS-1 exhibited the lower charge transfer resistance (Rct) 
compared to that with W/O KS due to supplementary ions from KS ad
ditive. However, although the number of ions was increased by adding 
KS additive, the electrode with KS-5 and KS-20 showed the increased Rct 
KS concentration. As the protective layer formed by KS on the electrode 
surface decreased the electrical conductivity of the KS/CNT electrode, 
charge transfer was impeded compared with electrode having W/O KS 
and KS-1. Furthermore, Warburg impedance slope, diffusion resistance 
of ions in electrolyte, was gradually decreased as KS concentration was 
increased, which means that the ion movements was impeded. It was 
attributed to the fact that the solid content of the salt/material in the 
electrolyte increased when KS additive was introduced. Therefore, due 
to increased viscosity of electrolyte, increased diffusion resistance of 
ions was inevitable, which was a consistent result with previous research 
[22–25].

To quantify the effect of KS concentration on electrochemical 
behavior, we calculated ion mobility based on Nernst-Einstein Eq. (1): 

μ =
eλ2ω2

kBT
(1) 

Where μ is ion mobility (cm2 V-1 s-1), λ is the thickness of the electrical 
double layer (cm), ω2 is the angular frequency corresponding to the 
minimum in the imaginary impedance (s-1), e is the electron charge, kB is 
the Boltzmann constant, and T is the absolute temperature [26,27]. The 
ion mobility of KS-1 was 1.49 times higher than that of the electrolyte 
without KS additive (W/O KS), however, unfortunately, the ion mobility 
of KS-5 and KS-20 was 0.45 times and 0.2 times that of ion mobility of 
W/O KS, which was attributed to the increased viscosity comparable to 
quasi-solid state electrolyte (Fig. 3e, Fig. S12, and Table S4). The in
crease in KS concentration in the electrolyte inevitably leads to higher 
viscosity, which in turn hinders ion movement, resulting in a decrease in 
the ion mobility and diffusion coefficient of the electrolyte. Conse
quently, the KS additive addition in electrolyte is beneficial to enhance 
the ionic conductivity of the electrolyte, while it increases the viscosity 

of the electrolyte, reducing ion mobility at high KS concentration 
(Fig. 3f). Therefore, to optimize the electrolyte with KS additive, we 
conducted electrochemical characterization with the KS-1, KS-5, and 
KS-20, represented low, medium, and high concentration region, 
respectively.

2.4. Electrochemical performance

To maximize the electrochemical performance by optimizing the KS 
concentration within the electrolyte, we assessed the electrochemical 
properties of KS/CNT electrodes utilizing an electrolyte with KS addi
tive. Evaluation of the electrochemical characteristics was conducted 
through galvanostatic charge-discharge (GCD), cyclic voltammetry (CV) 
(Fig. 4). Under GCD tests at a current density of 0.2 mA cm-2, the 
discharge time of KS/CNT electrode with KS-1 exhibited a negligible 
difference compared with the electrode W/O KS, while the electrode 
with higher KS concentration (KS-5 and KS-20) showed shorter 
discharge time, which means that the capacitance gradually decreased 
as KS concentration increased (Fig. 4a and Fig. S13). The areal capaci
tance depending on KS concentration was 17.9 mF cm-2, 17.22 mF cm-2, 
15.7 mF cm-2, and 13.6 mF cm-2, corresponding to W/O KS, KS-1, KS-5, 
and KS-20, respectively. This was due to the gradual increase in viscosity 
of electrolytes with increasing KS concentration, which resulted in a 
decrease in ion mobility. Interestingly, the KS/CNT electrode with KS-1 
exhibited a higher areal capacitance at a faster current density of 1.0 mA 
cm-2 than the W/O KS (Fig. S14). This was attributed to the fact that 
supplementary ions from KS prevented areal capacitance loss and 
improved electrochemical reversibility, when a fast current density was 
applied. In contrast, the relatively higher viscosity of the KS-5 and KS-20 
electrolytes negates the benefits of supplementary ions form KS. Further 
insight into the effect of KS concentration on electrochemical perfor
mance was gained through CV tests. At a scan rate of 50 mV s-1, the KS-1 
exhibited the largest enclosed area among KS concentrations (Fig. 4b). 
When the areal capacitance was calculated based on CV tests, the KS-1 
exhibited higher areal capacitance and outstanding electrochemical 

Fig. 4. Electrochemical properties of the KS-based supercapacitor at various KS additive concentrations. a) Galvanostatic charge-discharge (GCD) curves at a 0.2 mA 
cm-2, b) cyclic voltammetry (CV) profiles at a scan rate of 50 mV s-1, and c) areal capacitance at current densities in the range of 0.1–1.0 mA cm-2. d) Deconvolution 
analysis of the electrochemical behavior of the KS-based supercapacitor.
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reversibility (Fig. 4c and Fig. S15). Especially, at a scan rate of 50 mV s-1, 
the areal capacitances in descending order were KS-1 (32 mF cm-2), W/O 
KS (28 mF cm-2), KS-5 (20 mF cm-2), and KS-20 (16 mF cm-2), which is 
attributed to the viscosity of the electrolytes, as mentioned above.

Additionally, the electrochemical behavior was analyzed to scruti
nize the effect of KS concentration in energy storage mechanism by 
plotting the peak current in CV curves at various scan rates based on 

followed Eq. (2): 

i = avb (2) 

Where v is the scan rate, i the peak current, and b the electrochemical 
behavior (Fig. S16). Based on electrochemical behavior (b-value), where 
the ideal capacitive-controlled behavior is 1.0 and the diffusion- 

Fig. 5. Electrochemical reliability of the KS-based supercapacitors. a) Electrochemical reliability testing of 30,000 cycles at a current density of 4.0 mA cm-2. b) SEM 
image and c) XPS analysis of electrode surfaces showing byproduct formation after charge-discharge cycling. d) High Performance-Reliability Factor (P.R.F) as a 
function of KS concentration. e) Electrochemical performance comparison with previously reported literatures based on the Ragone plot.
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controlled behavior is 0.5, the KS-based supercapacitors mainly fol
lowed the ideal capacitive-controlled behavior with some degree of 
diffusion-controlled behavior. To accurately analyze the electro
chemical behavior with a percentage, we calculated polynomial func
tion (Eq. (3)) as below, where v term is ideal capacitive-controlled 
behavior and v1/2 term is ideal diffusion-controlled behavior (Fig. 4d). 

i(v) = k1v + k2v1/2 (3) 

Based on the calculated percentage of each KS concentration, KS-1 
ranked the highest diffusion-controlled contribution fraction (25 %), 
followed by W/O KS (20 %), KS-5 (13 %), and KS-20 (12 %). Consistent 
with these findings, the CV curves in W/O KS and KS-1 electrolytes 
exhibited pseudo-capacitive behavior with broad-enclosed area, 
whereas KS-5 and KS-20 showed more symmetric profiles typical of 
electrical double layer behavior (Fig. S15). The results suggested that 
the diffusion-controlled behavior plays a critical role in the areal 
capacitance enhancement.

2.5. Electrochemical reliability

To evaluate the electrochemical reliability of KS-based super
capacitors, we performed long-term charge-discharge cycling tests at a 
current density of 4.0 mA cm-2 under controlled conditions (tempera
ture: 25 ◦C, relative humidity: 50 %) (Fig. 5a). The KS-5 demonstrated 
the highest areal capacitance retention (93 %) after 30,000 charge- 
discharge cycles, followed by KS-20 (83 %), KS-1 (73 %), and W/O KS 
(58 %). This result indicates that higher KS concentrations effectively 
sustain electrochemical performance by forming a protective layer that 
reduces delamination of the active material. SEM images of the electrode 
surface after 30,000 charge-discharge cycles confirm this protective ef
fect (Fig. 5b). In the absence of KS additive (W/O KS), the calcium ions 
originally utilized as ionic cross-linkers in the KS/CNT electrode reacted 
with SO4

2- ions from the electrolyte, leading to the nucleation and growth 
of crystalline byproducts (CaSO4). Over repeated charge-discharge 
cycling, these insoluble crystals progressively grew, locally consumed 
ions, and ultimately promoted delamination of the active material from 
the electrode surface, significantly impairing long-term electrochemical 
reliability. X-ray diffraction (XRD) patterns of cycled W/O KS electrode 
clearly exhibited diffraction peaks corresponding to CaSO4•2H2O (PDF 
#33–0311) (Fig. S17), and energy dispersive X-ray spectroscopy (EDS) 
elemental mapping further confirmed the presence of calcium and sul
fur, indicating the formation of CaSO4•2H2O (Fig. S18). However, the 
addition of KS additive to the electrolyte resulted in the formation of a 
thin, uniform KS-based protective layer on the electrode surface, 
significantly suppressing byproduct formation. In KS-1, byproduct was 
reduced but still partially present, suggesting insufficient protection. In 
contrast, KS-5 formed a more uniformly protective layer, eliminating 
these byproducts and providing the excellent electrochemical reliability. 
At an even higher KS concentration (KS-20), a thick protective layer 
formed, which reduced electrical conductivity and thus lowered the 
overall electrochemical stability compared to KS-5. XPS analysis pro
vided additional evidence supporting these observations (Fig. 5c, 
Fig. S19, and Fig. S20). As KS concentration increased, the intensities of 
S 2p and Ca 2p peaks corresponding to CaSO4•2H2O byproduct signif
icantly declined, consistent with SEM and XRD results. These compre
hensive analyses clearly demonstrate that an optimal KS additive 
concentration effectively prevents byproduct precipitation, thus 
enhancing long-term electrochemical reliability during repeated charge- 
discharge cycling.

Since a low KS concentration (e.g., KS-1) enhances ion mobility, 
leading to higher areal capacitance, while a high KS concentration (e.g., 
KS-5) facilitates the formation of a uniform protective interfacial layer, 
ensuring enhanced electrochemical reliability, determining the optimal 
KS concentration requires a balanced evaluation of both factors. 
Therefore, to systematically optimize KS concentration while consid

ering both electrochemical performance and reliability, we introduced 
our newly defined high electrochemical performance-reliability factor 
(P.R.F), as shown below (Fig. 5d). 

P.R.F = Ratio of areal capacitance × Ratio of capacitance retention
(4) 

The P.R.F factor provides a comprehensive assessment by integrating 
the key performance factors the ratio of areal capacitance, which was 
normalized based on the maximum areal capacitance, and the ratio of 
capacitance retention, which was normalized based on the capacitance 
retention after 30,000 charge-discharge cycles at a current density of 4.0 
mA cm-2. The P.R.F approach integrates both electrochemical perfor
mance and reliability, ensuring a balanced electrolyte design. As a 
result, KS-5 provides the optimal balance of electrochemical reliability 
(93 % capacitance retention after 30,000 cycles) and adequate areal 
capacitance (36.5 mF cm-2), achieving the highest P.R.F value as the 
optimized concentration for enhancing overall supercapacitor 
performance.

To evaluate the electrochemical performance of our KS-based 
supercapacitor, the areal energy and power densities were calculated 
and compared with recently reported supercapacitors based on a Ragone 
plot (Fig. 5e and Table S5). The KS/CNT electrode with KS-1 exhibited 
areal power densities ranging 0.21–3.68 mW cm-2 and areal energy 
densities ranging 5.01–8.15 μWh cm-2. Additionally, the KS/CNT elec
trode with KS-5 showed areal power densities ranging 0.2–4.55 mW cm- 

2 and areal energy densities ranging 2.6–7.33 μWh cm-2. At the KS-5, 
ideal electrical double layer behavior was observed unlike the KS-1, 
resulting in an increased areal power density but a decreased areal en
ergy density. Furthermore, as shown in the Ragone plot, the designed 
KS-based supercapacitors demonstrate higher areal energy and power 
densities compared with previously reported gel-type electrolyte and 
free-standing composite electrodes [28–32]. The KS-based super
capacitor exhibited improved areal energy and power densities 
compared with supercapacitors utilizing PAM/SA/Na2SO4-based 
hydrogel electrolyte (0.2–1.64 mW cm-2 and 3.6–1.8 μWh cm-2 of areal 
energy and power densities) [28], ZnO nanowire on plastic film (0.014 
mW cm-2 and 0.027 μWh cm-2) [29], and carbon nanotube fiber (0.493 
mW cm-2 and 0.08 μWh cm-2) [30]. Furthermore, compared to 
PPy/CNTs/urethane elastic fiber-based supercapacitors (0.133 mW cm-2 

and 6.13 μWh cm-2) [31] and flexible PEDOT:PSS-based supercapacitors 
(4.98 mW cm-2 and 0.183 μWh cm-2) [32], KS-based supercapacitors 
exhibited higher areal energy and power densities. While these 
polymer-based supercapacitors exhibit excellent functionality, their 
areal energy and power densities are relatively lower.

Thus, the KS/CNT electrode and KS additive designed in this study 
were achieved through a simple process using inexpensive materials. 
The free-standing KS/CNT electrode is binder and substrate free, 
biocompatible, flexible, and can be manufactured in large-scale appli
cations. By adding the KS additive to form a thin protective layer, the 
electrochemical reliability was improved even under long-term charge- 
discharge cycles and the device demonstrated improved electrochemical 
performance. Additionally, our previous studies have extensively eval
uated the environmental characteristics of KS biopolymer composites, 
confirming their excellent biodegradability and recyclability. Specif
ically, KS-based sponges and films exhibited outstanding biodegrad
ability (up to 92 % within 28 days) and high recyclability (91 %) [33,
34]. Thus, the high biodegradability and eco-friendly properties of the 
KS-based supercapacitor developed in this study highlight its strong 
potential for applications across various industries.

3. Conclusion

In summary, novel additive concept was firstly employed in the 
supercapacitor system to build a stable interface between electrode and 
electrolyte, leading to enhanced electrochemical reliability. With the 
introduction of conjugated KS, the protective layer is formed on the 
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surface of electrode, suppressing the formation of byproducts and facile 
ionic/electron transport. Even a slight addition of conjugated KS in the 
H2SO4-based electrolyte (in the range of 0.5–5 mg ml-1) led to signifi
cantly improved interfacial properties and long-term operation 
(improving from 58 % to 93 % of capacitance retention for 30,000 cycles 
at a current density of 4.0 mA cm-2), ideal for practical utilization of 
supercapacitors. Introducing a novel additive is straightforward, simple, 
and industrially applicable, which can be extended to the commercial 
production line used for producing the supercapacitor.

4. Experimental section

4.1. Materials

Gum kondagogu (Cochlospermum gossypium) was purchased from the 
Girijan cooperative society in India. Sodium alginate (SA), calcium 
chloride (CaCl2, ≥ 93.0 %), trichloromethyl silane (TCMS), multi-walled 
carbon nanotubes (MWCNTs), cetyltrimethylammonium bromide 
(CTAB), and sulfuric acid (H2SO4) were purchased from Sigma-Aldrich 
Co. and used without further purification. Deionized water used in all 
of the experiments.

4.2. KS/CNT composite electrode preparation

The MWCNTs was dispersed with a CTAB (0.8:1.0 wt %) for 1 hour 
using an ultrasonic homogenizer (Sonopuls HD 3400, Bandelin, Berlin). 
Then, The Ca2+-crosslinked KS solution (40:60 w/w) was added using a 
magnetic stirrer at a concentration of 15 % of MWCNTs dispersion based 
on the total gum kondagogu/sodium alginate weight for 2 h. After 
mixing, the final dispersion was dispensed into dishes and the solvent 
was left to evaporate at room temperature till it dried for 48 h. And then, 
in order to realize the structural stability of the KS/CNT composite 
electrode, a thin silane layer was deposited on the surface using chem
ical vapor deposition (CVD) for 30 min starting the reaction at 50 ◦C 
with TCMS at 65 % relative humidity. Then, the residual byproducts 
were removed through vacuum drying at 50 ◦C for 2 h [19].

4.3. Fabrication of electrolyte with KS additive

Gum kondagogu and sodium alginate 1.5 w/w % solution was 
completely mixed at a ratio of 1:1 w/w % and then stirred at room 
temperature at 1500 rpm for 2 h. After stirring, the resulting KS solution 
was poured into a mold and lyophilized at − 80 ◦C for 72 h to prepare a 
KS additive [34,35]. 1 M H2SO4 aqueous solution was prepared, added 
to the solution at various KS additive concentrations (from 0 to 20 mg 
ml-1), and stirred at room temperature for 30 min to prepare KS-based 
electrolyte.

4.4. Characterizations

Field-emission scanning electron microscope (FE-SEM, SIGMA 300 
Carl Zeiss) was used to characterize the morphology of electrodes. En
ergy dispersive X-ray spectroscopy (EDS) coupled to FE-SEM was used to 
determine the chemical elements present in the byproducts on the 
electrode surface. Fourier transform infrared attenuated total reflection 
(FTIR-ATR) spectroscopy was used to determine the functional groups 
on the electrode in the range 400–4000 cm-1 on Nicolet iS50 (Thermo 
Fisher Scientific Instrument). In addition, the interaction between the 
electrode and the electrolyte according to the concentration of the KS 
additive was confirmed. The measurement of X-ray photoelectron 
spectroscopy (XPS) including the elements of C, O, Na, Si, S, and Ca was 
conducted on K-alpha (Thermo VG Scientific). In addition, XPS was used 
to determine the chemical composition of the samples and confirmed the 
formation of byproducts before and after charge-discharge cycles. To 
examine the presence of byproducts, X-ray diffraction (XRD) measure
ments were performed using Cu Kα radiation with a High Power X-Ray 

Diffractometer. XRD patterns were collected in the 2θ range between 10◦

and 60◦ with a scan speed of 5◦ min-1.

4.5. Rheological characterization of electrolytes

The apparent viscosities of KS-based electrolyte solutions with 
various KS additive concentrations (0.5, 1.0, 2.5, 5.0, 10, and 20 mg ml- 
1) were measured by using a Haake MARS 40 rheometer (Thermo 
Fischer Scientific) with parallel-plate geometry (diameter: 35 mm, gap 
distance: 0.1 mm). The measurements were performed in the shear rate 
range between 102 and 103 s-1; during the measurements, a shear rate 
corresponding to each data point was maintained until the measured 
shear stress for the sample reached a plateau value, which was used to 
calculate the reported apparent viscosity.

4.6. Electrochemical characterization

For the electrochemical tests, CR2032-type coin cell was used with a 
symmetric electrode configuration with a voltage window between 
0 and 0.85 V. electrode was prepared by punching a circular disk with a 
diameter of 12 mm. The electrolyte was composed of 1 M H2SO4 
aqueous solution. All the electrochemical tests were performed using a 
BCS-805 (BioLogic) cell test system. Cyclic voltammetry (CV) tests, 
galvanostatic charge-discharge (GCD) tests, and electrochemical 
impedance spectroscopy (EIS) were conducted to measure the electro
chemical properties of electrodes and electrolytes based on conjugated 
KS. The CV tests were conducted at scan rates of 0.01, 0.02, 0.05, 0.1, 
and 0.2 V s-1, while the GCD tests were performed under current den
sities of 0.1, 0.2, 0.5, 1.0, and 2.0 mA cm-2. The long-term charge- 
discharge cycles test was conducted with a current density of 4.0 mA cm- 

2 for 30,000 cycles under controlled environmental conditions: room 
temperature of 25 ◦C and relative humidity of 50 %. All electrochemical 
tests were conducted inside a controlled chamber to maintain these 
conditions consistently. EIS test was performed between 10 kHz to 100 
mHz of frequency range with a voltage amplitude of 10 mV. We calcu
lated the areal capacitance (Ca) using CV test and GCD test, and the 
following Eqs. (5–8) were utilized to calculate the areal energy density 
(Ea) and the power density (Pa). Here, i/A is the areal current density, µ 
is the scan rate, ΔV is the potential window, v is the potential, and t is the 
discharge time. 

Ca =

∫
ivdv

2μAΔV
(5) 

Ca =
it

AΔV
(6) 

Ea =
1
2
Ca(ΔV)2 (7) 

Pa =
Ea × 3600

t
(8) 

The EIS test was used to measure ionic conductivity (σ) from Nyquist 
plot. Ionic conductivity was evaluated by impedance test of symmetric 
stainless-steel mesh. Impedance measurements were carried out be
tween 100 kHz to 100 mHz of frequency range with a voltage amplitude 
of 10 mV using a ZIVE SP1 (WonAtech Co.). The following Eq. (9) was 
utilized to calculate ionic conductivity (σ). l is thickness (the distance 
between the stainless-steel meshes), A is area of the surface, and Rb is the 
bulk resistance. 

σ = l (RbA)− 1 (9) 
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