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Abstract
The growing global demand for flexible, safe, and sustainable energy storage systems has 
intensified research into advanced materials for next-generation electrochemical devices. In 
response to this need, the present study focuses on the preparation and characterization of a 
biopolymer blend electrolyte using Chitosan (CS) and Poly(ethylene)glycol 8000 (PEG) with 
incorporating lithium perchlorate (LiClO4) for solid-state supercapacitor applications.  The 
optimal blend composition 70 wt.% of CS and 30 wt.% of PEG (named CP30) was 
subsequently doped with varying concentrations of LiClO4 (10-50 wt.%, named CPLxx, with 
representing the weight percentage) to enhance ionic conductivity.  Electrochemical Impedance 
Spectroscopy (EIS) revealed a maximum room temperature ionic conductivity of 1.27 × 10-4 S 
cm-1 for the CPL40 (70 wt.% CS, 30 wt.% PEG and 40 wt.% LiClO4) composition, attributed 
to improved segmental mobility and lithium-ion dissociation. Electrochemical stability up to 
3.23 V was established via Linear Sweep Voltammetry (LSV).  Two solid state double layer 
capacitors were fabricated with this solid electrolyte, employing activated carbon, and laser-
induced graphene (LIG) as symmetric electrodes. The activated carbon-based device 
demonstrated a maximum specific capacitance of 5.32 Fg-1 at 0.01 Ag-1, while the LIG-based 
device exhibited an areal capacitance of 18.83 mF cm-2 at 0.02 mAcm-2. Both systems showed 
good cycling stability, retaining 84.2% and 89.3% of their initial capacitance after 3000 charge-
discharge cycles. Additionally, the LIG-based device maintained 97.8% capacitance retention 
after 500 mechanical bending cycles, underscoring its flexibility and electrochemical 
durability. The influence of electrode loading was carefully addressed to enable a fair and 
meaningful performance evaluation of the two systems. These findings collectively 
demonstrate the potential of CS-PEG-LiClO4 biopolymer electrolytes integrated with carbon-
based electrodes to realize eco-friendly, and flexible all-solid-state supercapacitors.

Keywords: Chitosan, Polyethylene glycol, Blend polymer electrolyte, all solid-state 
supercapacitor, flexible supercapacitor, Laser induced graphene
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1. Introduction
The growing global demand for sustainable and efficient energy storage systems has gained 
significant interest in developing environmentally friendly materials for electrochemical 
devices 1–3. As renewable energy sources such as solar and wind become increasingly 
integrated into modern power grids, the intermittent nature of these resources requires better 
and dependable energy storage solutions. Advanced storage technologies such as 
supercapacitors and solid-state batteries have become critical to provide uninterrupted power 
delivery 4,5. 

Among these technologies, Electric Double-Layer Capacitors (EDLCs) offer high power 
density, rapid charge-discharge characteristics, and long cycle life, making them highly 
attractive for advanced energy storage applications6,7.  Organic or aqueous liquid electrolytes 
were used in the traditional EDLC, which suffer from drawbacks including leakage, volatility, 
flammability, and limited mechanical stability. Solid Polymer Electrolytes (SPEs) have 
emerged as a promising alternative due to their safety, flexibility, and potential to overcome 
the limitations associated with liquid electrolytes 8,9.

In recent years, biopolymer-based SPEs have gained traction due to their abundance, 
biodegradability, and compatibility with green chemistry principles10–12. Chitosan (CS) a 
naturally derived polysaccharide obtained from the deacetylated derivative of chitin, which can 
be sustainably sourced from crustacean shell waste, supports circular economic principles and 
reduces marine biomass waste streams. In the electrolyte field CS has garnered particular 
attention due to its film-forming ability, non-toxicity, and the presence of reactive -OH and -
NH2 groups that facilitate ionic interactions13. However, pure CS films often suffer from 
limited mechanical flexibility and low ionic conductivity, which restricts their practical 
application in energy devices 14. Polyethylene glycol (PEG) is often incorporated as a 
plasticizer and co-polymer to address these challenges. PEG enhances the flexibility and 
amorphous nature of the polymer matrix, promoting ion transport by increasing the segmental 
mobility of polymer chains15. Furthermore, doping the CS-PEG matrix with lithium salts, such 
as Lithium perchlorate (LiClO4), introduces free charge carriers and creates coordination sites 
for efficient lithium-ion conduction16. 

Furthermore, in the performance of EDLCs the electrode materials play a crucial role. 
Traditionally, the activated carbon has been the material of choice due to its high surface area 
and cost-effectiveness. However, they possess limited mechanical stability due to their 
powdery morphology, which makes it challenging to integrate these devices into flexible 
systems17. Recently, Laser Induced Graphene (LIG) emerged as an electrode material for 
flexible supercapacitor devices 18. LIG can be directly converted on polymer substrates by laser 
irradiation, producing a highly conductive and porous carbon network with strong adhesion, 
hierarchical porosity, and good mechanical strength19. LIG was first reported by Tour et al. in 
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2014, who showed that CO2 laser irradiation of polyimide yields a porous, conductive, few-
layer graphene network with strong adhesion and hierarchical porosity 18. Initially explored for 
structural control without detailed electrochemical metrics20–22,  LIG research shifted toward 
performance optimization via doping23, composites24, and electrolyte tuning25. Over a decade, 
LIG has evolved from a materials novelty to a tunable platform for flexible, high-performance 
supercapacitors.

Despite its promising qualities, LIG has not yet been thoroughly combined with sustainable, 
biopolymer-based SPEs. Integration LIG electrodes with a CS-PEG-LiClO4 solid polymer 
electrolyte could pave the way for safer, more efficient, and eco-friendly energy storage 
devices, offering excellent mechanical strength and enhanced ionic transport. This work sets 
out to close that gap by developing and carefully testing a flexible EDLC system under 
electrochemical and mechanical stress.

In this work, we develop and systematically investigate CS-PEG-based SPEs, modified with 
LiClO4 to enhance ionic conductivity for potential applications in EDLC. The polymer blends 
were first optimised with varying contents of high molecular weight PEG 8000 (PEG), which 
was selected not merely as a plasticiser but as a structural modifier to fine-tune the hydrogen-
bonding network of chitosan, achieving an optimal balance between amorphous content and 
mechanical stability. Following optimisation, the blends were doped with controlled 
concentrations of LiClO4 and subjected to comprehensive structural, thermal, and 
morphological characterisation. The electrochemical stability window (ESW) of the optimised 
SPE was found to be significantly wider than that typically reported for CS systems26,27, 
enabling safe operation over an extended voltage range. To evaluate device-level performance, 
EDLCs were fabricated using both activated carbon and Laser-Induced Graphene (LIG) 
electrodes. Activated carbon served as a benchmark due to its high surface area and well-
established capacitance performance, providing a direct reference for comparison. LIG is a 
flexible electrode material was incorporated here for the first time with a CS-PEG-LiClO4 
electrolyte. Its compatibility with flexible substrates, coupled with excellent mechanical 
integrity under repeated bending tests, further highlights the potential of this electrolyte system 
for next-generation flexible solid-state energy storage.

2. Methodology
2.1. Chemicals used
Chitosan (medium molecular weight from crab shells with 75% deacetylation) was procured 
from Loba Chemie Ltd., Poly(ethylene)glycol 8000 (PEG) with a Molecular weight of 8000 
gmol-1 was obtained from S.D. Fine Chemicals. Analytical-grade LiClO4 (Molecular Weight 
of 106.39 gmol-1), utilized for electrolyte enhancement, was sourced from Tokyo Chemical 
Industry. Activated carbon was procured from Kuraray, Japan. employed as the electrode 
material in supercapacitor fabrication, and Polyvinylidene Fluoride (PVDF), used as a binder 
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in electrode preparation, were acquired from Sigma Aldrich. Additionally, N-methyl 
Pyrrolidone (NMP), serving as the solvent, and carbon black super P conductivity (SPC) as 
conducting agent were purchased from Thermo Fisher Scientific. The Stainless steel used in 
preparing the 80 µm thick electrode was purchased from local vendor. A polyimide (PI) sheet 
with a thickness of 70 µm, obtained from Dongguan LKT Electronic Tech Co., Ltd., was 
utilized to prepare LIG. Conductive silver paste (Shilpent) and self-adhesive copper tape (Euro) 
were used for device fabrication.

2.2. Preparation of CS Solution
To prepare the CS stock solution, 1g of CS was weighed and gradually added to 100 mL of 
distilled water in a clean glass beaker. The mixture was subjected to continuous magnetic 
stirring at room temperature to ensure uniform dispersion of the CS particles. Stirring was 
maintained for 10 minutes, allowing the CS to swell and hydrate. After the initial stirring 
period, 1 mL of glacial acetic acid was slowly added dropwise to the mixture while 
continuously stirring. The solution was left under constant magnetic stirring for 48 hours at 
room temperature. After the dissolution, the solution was carefully filtered to remove any 
undissolved particles, impurities, or insoluble residues.

2.3. Preparation of PEG solution
To prepare the PEG solution, 1 g of PEG was weighed and gradually added to 100 mL of 
distilled water in a clean glass beaker. The mixture was subjected to continuous magnetic 
stirring at room temperature to ensure uniform dispersion and dissolution of the PEG in water. 
The solution was stirred for 6 hours to allow complete dissolution of the PEG. After the 
dissolution process, the PEG solution was visually inspected to confirm clarity and 
homogeneity.

2.4. Optimization of CS and PEG blend ratio
The optimization of the CS and PEG blend ratio was conducted to achieve the desired 
electrochemical and flexibility performance. The CS and PEG solutions were mixed in various 
weight ratios. The ratios are given in Table 1. Each mixture was stirred for 12 hours at room 
temperature. After stirring, the blended solutions were kept inside a vacuum desiccator to degas 
for 2 hours. Afterwards, it was cast into a petri dish and kept inside the oven for evaporation at 
50 °C. The films were left undisturbed until completely dried. Once thoroughly dried, the CS-
PEG blend films were gently peeled from the Petri dish.

The blend optimization was limited to CP50, as higher PEG content beyond this ratio may 
compromise film integrity, reduce mechanical strength, or hinder electrolyte performance due 
to excessive plasticization.
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Table 1. Composition and Nomenclature of CS-PEG Blends
Weight of CS (%) Weight of PEG (%) Nomenclature

100 0 CP0
90 10 CP10
80 20 CP20
70 30 CP30
60 40 CP40
50 50 CP50

2.5. Preparation of LiClO4 based CS PEG SPEs
After optimizing the CS-PEG blend ratio through structural and thermal evaluation, the 
polymer matrix was further modified with metal salts to enhance ionic conductivity. The CP30 
composition was chosen as the host matrix because it offers a favorable balance of high 
amorphous nature, uniform film formation, and adequate mechanical stability key factors that 
support effective salt incorporation and consistent electrochemical behavior.

LiClO4 was added to the CP30 blend in varying weight percentages to investigate the effect of 
metal salt incorporation. The choice of CP30 is based on the XRD and DSC analysis. The 
different compositions and their corresponding nomenclature are presented in Table 2. 

Table 2. LiClO4 Doping Levels and Nomenclature of CP30-Based Blends
Name of the Blend Amount of LiClO4 (wt%) Nomenclature

10 CPL10
20 CPL20
30 CPL30
40 CPL40

CP30

50 CPL50

The required amount of LiClO4 was weighed and added to the pre-prepared CP30 solution. The 
mixture was subjected to continuous magnetic stirring for 12 hours at room temperature to 
ensure complete dissolution of the salt. Following the stirring process, the solution was 
transferred to a vacuum desiccator and degassed for 2 hours to eliminate the air bubbles. After 
degassing, the solution was left undisturbed for 4 hours. The solution was poured into clean 
Petri dishes and evaporated at 50°C for 12 hours. Once the solvent had evaporated entirely, the 
dried films were gently peeled off from the Petri dishes and stored. LiClO4 content was limited 
to 50 wt% (CPL50) because higher salt concentrations can lead to ion-pairing or aggregation, 
which reduces the number of free charge carriers, ultimately lowering ionic conductivity. 
Excessive salt content affects the mechanical stability and film-forming ability of the polymer 
matrix, resulting in brittle or non-uniform films.
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2.6. Characterization of electrolytes
The following sections describe the techniques used to characterize the CS-PEG electrolytes 
and their LiClO4 doped variants. These include structural, thermal surface morphology and 
electrochemical evaluations such analysis. Additionally, the performance of assembled 
supercapacitor devices was tested to understand the practical applicability of the developed 
electrolytes.

2.6.1.Fourier Transform Infrared Spectroscopy (FTIR)
FTIR was employed to analyze the structural features and molecular interactions within the 
CS-PEG polymer matrix and its LiClO4-doped variants. The spectra were recorded in the range 
of 4000 cm-1 to 400 cm-1 with a resolution of 4 cm-1 using a standard Attenuated Total 
Reflectance (ATR) setup. 

2.6.2.X-ray diffraction (XRD)
XRD analysis was carried out to investigate the crystalline and amorphous characteristics of 
the CS-PEG blend films and their lithium-doped counterparts. The measurements were 
performed using Rigaku smartlab High-Resolution X-ray Diffractometer equipped with Cu-
Kα radiation with a wavelength (λ) of 1.5406 Å. The diffraction patterns were recorded over a 
2θ range of 10° to 80° with a scan rate of 4° min-1.

2.6.3.Thermal analysis
Differential Scanning Calorimetry (DSC) was conducted to evaluate the thermal transitions 
and stability of the CS-PEG-based SPEs. The analysis was performed using a PerkinElmer 
DSC 6000 instrument, controlled via Pyris software. Approximately 5-10 mg of each was 
heated from 30°C to 400°C at a constant rate of 10 °C min-1 under a continuous flow of nitrogen 
gas. 

Thermal stability and decomposition behavior were investigated using Thermogravimetric 
Analysis (TGA) on a PerkinElmer STA 6000 instrument controlled by Pyris software. The 
samples were subjected to heating from room temperature up to 600 °C at a rate of 10 °C min-

1 under a continuous nitrogen flow to maintain an inert environment.

2.6.4.Surface morphological analysis
The surface and cross-sectional morphologies of the SPE films were analyzed using an EVO 
MA18 (Carl Zeiss) Scanning Electron Microscope (SEM). Elemental composition analysis was 
performed using the Oxford X-act Energy-Dispersive X-Ray Spectroscopy (EDS) detector. An 
Atomic Force Microscope (AFM) was used to investigate the electrolyte films' surface 
topography and nanoscale roughness using a Bruker Innova SPM Atomic Force Microscope. 
The measurements are performed by tapping mode with Si (p-doped) cantilevers exhibiting 
spring constants of 20 Nm-1 - 80 Nm-1 and resonant frequencies of 250 kHz - 300 kHz. All the 
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scans were performed at room temperature. The surface roughness was measured by computing 
the Root Mean Square (RMS) surface roughness.

2.7. EIS Analysis of SPEs
The thickness of the metal-doped solid electrolyte films was measured using a micrometer to 
ensure the precise dimensional data required for ionic conductivity calculations. EIS 
measurements of the solid polymer electrolyte films were performed using a Biologic SP150 
potentiostat. The electrolyte film with the dimension of 1 cm ×1 cm was placed between two 
stainless steel(SS) electrodes in a symmetric SS|SPE|SS configuration. The impedance spectra 
were recorded in the frequency range from 1 MHz to 100 Hz with an AC amplitude of 10 mV 
at room temperature. The obtained impedance data were plotted as Nyquist plots (-Im(Z) versus 
Re(Z)). The Nyquist plots were fitted using an equivalent circuit model with the ZFit module 
in BioLogic EC-Lab software, and the bulk electrolyte resistance (Rb) was obtained from the 
fitted parameters. The ionic conductivity was measured using the equation (1).

  Ionic conductivity = L
R.A

                                                                      (1)

Where, L is the thickness of the solid electrolytes, R is the resistance measured from the Nyquist 
plot, and A is the area of the electrolyte. 

2.8. Linear Sweep Voltammetry analysis
Linear Sweep Voltammetry (LSV) measurements were carried out using the polymer 
electrolyte film sandwiched between two identical stainless steel (SS) electrodes, forming an 
SS|SPE|SS configuration. The potential was linearly swept from 0 V to 5 V at a scan rate of 10 
mVs-1. 

2.9. Transference number measurement study
Transference number measurements (TNM) were carried out on the highest conducting SPE 
films at room temperature using a Biologic SP150 potentiostat. SS electrodes were arranged in 
a symmetric SS|SPE|SS configuration. A constant potential of 100 mV was applied, and the 
current was monitored over time to provide insights into the electrochemical behavior and ion 
transport characteristics of the SPE films. 

2.10. Fabrication and performance analysis of EDLC devices
The preparation of the supercapacitor devices involved the fabrication of electrodes using 
activated carbon. The activated carbon, SPC and PVDF were mixed in the weight ratio of 8:1:1. 
NMP was added to the mixture to form a homogeneous paste. This paste was uniformly coated 
onto a 1x1 cm2 stainless-steel electrode and later dried in an oven at 50 °C. Two prepared 
electrodes were assembled into a symmetric device configuration, with a CPL40 layer placed 
between them. The devices were named SC-1.
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LIG was prepared by adjusting laser parameters such as power (40 W) and speed (180 mms-1) 
over a 2 ×2 cm area, following the method reported previously 25. Like the activated carbon 
device, two LIG electrodes were assembled into a symmetric configuration with a CPL40 
electrolyte between them. The device was named SC-2. Complete procedure of the 
synthesis and fabrication is given in Figure 1.

Figure 1. Schematic representation of the preparation and characterization of CPL SPEs

The performance of the SC-1 and SC-2 was analyzed using CV, GCD, and EIS techniques. All 
electrochemical characterizations were performed using a SP Biologic 150 potentiostat. CV 
was performed at various scan rates in the potential window of 0 V to 1.3 V. The GCD 
characteristics of the SC-1 was determined at current densities from 0.01 Ag-1 to 0.1 Ag-1 and 
SC-2 from 0.02 mAcm-2 to 0.25 mAcm-2. The EIS was performed from 1 MHz to 100 mHz 
using an AC voltage of 10 mV. 

The equations (2) and (3) were used for calculating the specific capacitance of SC-1, and (3) 
and (4) were used for calculating the areal capacitance of SC-2. 

From CV,

 Specific capacitance(𝐶𝐴) = ∫ 𝑖𝑑𝑣
𝑣𝑚∆V

                                                               (2)

where ∫ 𝑖𝑑𝑣 is the area of the CV curve, 𝑣 is the scan rate used in the study, 𝑚 is the 
mass load on the electrode and ∆V is the potential window used.
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From GCD, 

Specific capacitance(𝐶𝐴) =
𝑖∆𝑡
S∆V                                                              (3)

 
where 𝑖 is the current (mA), ∆𝑡 is the discharge time excluding the IR drop,

From CV,

 Areal capacitance(𝐶𝐴) = ∫ 𝑖𝑑𝑣
𝑣𝑆∆V

                                                               (4)

where ∫ 𝑖𝑑𝑣 is the area of the CV curve, 𝑣 is the scan rate used in the study, 𝑆 is the 
active area of the electrode and ∆V is the potential window used.

From GCD, 

Areal capacitance(𝐶𝐴) =
𝑖∆𝑡
S∆V                                                              (5)

where 𝑖 is the current (mA), ∆𝑡 is the discharge time excluding the IR drop,

Additionally, the energy and power densities were calculated using equations (6) and 
(7) [31]. 

Energy density(𝐸) =
(∆𝑉2)𝐶𝐴

2 × 3600                                                         (6)

Power density (𝑃) =
3600𝐸

∆𝑡                                                              (7)

2.11. Flexibility and cyclic stability test
The mechanical flexibility of the SC-2 device was evaluated through repeated bending tests. 
The device was bent from its nearly flat configuration (approximately 178°) to a curved 
configuration with a bending angle of approximately 75° and then returned to its original 
position. This bending and release process was considered as one cycle. The procedure was 
repeated for up to 500 cycles to evaluate the mechanical durability of the device. 
Electrochemical performance was monitored during the test by recording CV after every 100 
bending cycles at a scan rate of 10 mVs-1, GCD was recorded before the bending and after 500 
bending, and the capacitance retention was calculated to evaluate the effect of repeated 
mechanical deformation on the device performance28,29.

Also, the cyclic stability of SC-1 device was assessed by GCD cycling at a constant current 
density of 0.05 Ag-1   for 3000 cycles. And the SC-2 device was assessed by a current density 
of 0.125 mAcm-2 Capacitance retention and coulombic efficiency were calculated throughout 
the cycling test to evaluate the long-term electrochemical stability of the electrodes in 
combination with the CS-PEG-LiClO4 solid biopolymer electrolyte. 

3. Results and discussion
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The CS-PEG blend films are prepared and named in Table 1. Various characterizations were 
performed to study the properties and optimize the best ratio. 

3.1. FTIR
FTIR spectroscopy was used to investigate the molecular interactions and structural 
organisation within the CS-PEG and CS-PEG-LiClO4 solid polymer electrolytes. In the CS-
PEG blends, CS provides primary amine and hydroxyl groups, while PEG contributes ether 
linkages and terminal hydroxyl functionalities. These functional groups readily form hydrogen 
bonds, which are central to miscibility, structural cohesion, and segmental mobility. In the 
LiClO4-doped blends, Li+ coordinate with electron-rich ether oxygens in PEG and 
amino/hydroxyl groups in CS, while perchlorate anions (ClO4

-) introduce distinct low-
wavenumber features. Such polymer-ion interactions restructure the original hydrogen-
bonding network, alter chain packing, and promote ion transport.

Figure 2. FTIR spectra of (a) CS-PEG blends (CP0-CP50), showing characteristic absorption 
bands corresponding to functional groups (b) LiClO4 incorporated blends (CPL0-CPL50)

Figure 2 presents the FTIR spectra for CS-PEG blends (CP0-CP50) and LiClO4-incorporated 
CS-PEG blends (CPL0-CPL50). These spectra show the major vibrational bands 
corresponding to functional groups present in the polymer matrices and their evolution with 
composition. The key peak assignments, along with concise inferences regarding the 
interactions they represent, are summarised in Table 3.

These cumulative FTIR observations demonstrate that PEG incorporation and lithium salt 
doping significantly alter the hydrogen bonding network, enhance polymer flexibility, and 
promote ion coordination. These interactions are more than just structural but they play a 
crucial role in the ionic conduction mechanism.  The observed spectral changes thus not only 
confirm miscibility but also highlight the functional contribution of polymer-ion and polymer-
polymer interactions to electrolyte performance. The structural rearrangements evidenced by 
FTIR analysis directly correlate with improvements in ionic conductivity and electrochemical 
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performance, validating the effectiveness of CS-PEG-LiClO4 systems as promising SPEs for 
energy storage applications.

The schematic in Figure 3 illustrates the supramolecular organization of the CS-PEG-LiClO4 
hybrid electrolyte, emphasizing the synergistic non-covalent interactions leading to its 
structural and electrochemical properties. flexible polyether backbone of PEG, coordinates Li+ 
(blue dashed lines) via ether oxygens, promoting ion dissociation and migration, while the 
chitosan backbone offers additional Li+ coordination through hydroxyl and amino groups, 
enhancing transport and providing mechanical stability. ClO4

- anions (red) form hydrogen 
bonds (red dashed lines) with PEG hydroxyls and protonated CS amines, stabilizing the 
network without stopping the movement of Li+. This dual-network architecture integrates 
segmental mobility of PEG with CS rigidity, yielding a robust, ion-conductive matrix with 
improved Li+ transference, reduced crystallinity-related barriers, and enhanced electrochemical 
stability for flexible solid-state energy devices.
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Table 3. FT-IR wavenumbers for CP and CPL films with functional group assignments and inferences
CP0 CP10 CP20 CP30 CP40 CP50 CPL0 CPL10 CPL20 CPL30 CPL40 CPL50

Functional Group
Wavenumber (cm-1)

Inference

O-H/N-H 
Stretching

3249 3241 3240 3263 3280 3274 3263 3276 3279 3256 3274 3276
Shift to higher wavenumber with PEG, Li+ coordination 
reduces H-bonding strength

C-H Symmetric 
Stretching

2921 - - - - - - 2917 2918 2918 2919 2920
Disappears in CP blends after CP0; reappears with 
LiClO4, indicating altered chain environment

C-H Asymmetric 
Stretching

2881 2877 2884 2884 2883 2881 2884 2882 2882 2883 2884 2882
Minor changes; backbone is largely intact, local packing 
affected by PEG/Li+

C=O Stretching 
(Amide I)

1632 1632 1632 1632 1632 1639 1632 1632 1632 1632 1632 1632 Backbone stable: slight upshift in CP50; unaffected by Li+

N-H Bending 
(Primary Amine)

1542 1541 1537 1542 1550 1535 1542 1546 1548 1552 1547 1548
Small shifts with PEG; upward shift in CPL blends 
indicate stronger amine-Li+ interaction.

-CH2 Bending - - - 1468 1467 1466 1468 - - - - -
Appears from CP30; disappears after LiClO4 addition due 
to CH2 environment disruption

-CH3 Bending 1407 1406 1406 1407 1411 1413 1407 1409 1411 1413 1414 1414 Minor shifts; slight conformational changes with PEG/Li⁺

C-N Stretching 
(Amide III)

- 1343 1343 1343 1342 1341 1343 1348 1349 1349 1349 1350
Emerges from CP10; upward shift in CPL blends due to 
Li⁺-amide coordination

Hydroxyl Bending 
(CS)

1256 1253 1243 1242 1241 1240 - - - - - -
PEG-hydroxyl interactions in CP blends; suppressed in 
CPL blends due to Li⁺ binding.

Asymmetric C-O-C 
Stretching

1152 1151 1150 1149 1148 1147 1242 1252 1252 1252 1252 1252
Ether oxygens interact with PEG in CP blends; coordinate 
with Li⁺ in CPL blends

C-O Stretching 1065 1065 1063 1061 1060 1060 1061 1062 1066 1065 1061 1063
Slight shift; hydrogen bonding and backbone affected by 
PEG/Li+

C-O Stretching 1020 1021 1021 1022 - - 1022 1022 - - - - Disappears in CP40-CP50; absent at high LiClO4

C-O-C Bending - - - - 960 947 - - - - - - Appears at high PEG content; not observed in CPL blends

C-H Ring Bending 
(Monosaccharide)

896 897 896 899 - - 899 895 - - - -
Present in low PEG content; lost at high PEG and in CPL 
blends
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CH2 Rocking (Out-
of-plane)

- - 841 842 841 841 842 - - - - - Appears from CP20; lost after LiClO4 addition

C-C Skeletal 
Vibration

772 772 772 772 772 771 772 - - - - -
Backbone preserved in CP blends; diminished in CPL 
blends

LiClO4 Skeletal 
Vibration

- - - - - - - 620 621 621 621 620 ClO4
- band appears only in LiClO4-containing blends
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Figure 3. Structure of CS-PEG-LiClO4 showing Li+ coordination and ClO4
- hydrogen 

bonding within the hybrid network.

3.2. XRD
XRD analysis was carried out to evaluate the crystalline and structural organization of the CS-
PEG polymer blend system across varying compositions. The evolution of diffraction patterns 
with PEG incorporation provides insights into phase transitions, miscibility, and the extent of 
molecular ordering within the blends.

3.2.1.XRD analysis of CS-PEG blend
The XRD patterns of the CS-PEG blend films (CP0 to CP50) are depicted in Figure 4. The 
structural evolution of the polymer matrix with increasing PEG content was examined by 
tracking the presence, shift, and suppression of characteristic diffraction peaks associated with 
CS and PEG.

Pure CS (CP0) exhibited broad diffraction features, notably a broad halo centered around 
2θ=20°, which is a hallmark of its predominantly amorphous nature26 . Additionally, weak 
crystalline features corresponding to CS’s semi-crystalline domains were observed at 2θ ≈ 11°, 
16.5°, 18°, and 21.5°, in agreement with literature reports27,30. These reflections originate from 
inter- and intra-chain hydrogen bonding within the CS matrix and are indicative of ordered 
packing between CS chains. PEG is known to exhibit sharp crystalline peaks, with the most 
prominent reflections appearing at 2θ = 19.08° and 23.1°. These peaks become increasingly 
evident in the blends as PEG content increases. Beginning with CP10, a faint shoulder around 
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19° and a small peak near 23° appear, confirming the partial incorporation and crystallization 
of PEG within the CS matrix.

Figure 4. XRD spectra for samples with variable compositions CP0, CP10, CP20, CP30, 
CP40, and CP50. Characteristic peaks in the regions are marked with shades, crystallinity 

variation, and composition order.

In CP10 and CP20, both CS and PEG crystalline features coexist, though CS peaks begin to 
diminish in intensity, indicating partial disruption of CS's ordered regions by PEG. In the CP30 
sample, a significant reduction in peak intensity is observed across the entire 2θ range, 
especially in the region corresponding to PEG’s crystalline peaks. This decrease in diffraction 
intensity suggests a highly disordered, amorphous structure. The suppressed crystallinity at this 
composition indicates enhanced miscibility and molecular-level blending, resulting in minimal 
phase separation and the lowest degree of crystalline ordering among the blends 31. Thus, CP30 
represents a compositionally optimized blend with maximum amorphous character, likely due 
to the saturation of interaction sites and disruption of both CS and PEG crystallites. In CP40 
and CP50, the dominance of PEG crystallinity is evident, with sharp peaks at 19° and 23°, 
while CS peaks are entirely absent. This structural transition is attributed to the plasticizing 
effect and hydrogen bonding interactions between PEG and CS, which disrupt CS’s crystalline 
domains and promote PEG crystallite formation32.

3.2.1.1. XRD analysis of CS-PEG-LiClO4

Page 15 of 42 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

7:
37

:3
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6MA00162A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00162a


To investigate the structural influence of LiClO4 doping on the CS-PEG matrix, XRD analysis 
was performed for the CPL0 to CPL50, as shown in Figure 5. The incorporation of LiClO4 
induces notable changes in crystalline, reflecting the polymer-salt interactions and ionic 
coordination behavior within the blend system. 

Figure 5. XRD patterns of CS-PEG-based SPEs (CPL0-CPL50) with 
varying LiClO4 content.

The CPL0 sample (without LiClO4) exhibits a broad amorphous halo centred around 2θ ≈ 20°, 
characteristic of a disordered polymer blend with partial short-range ordering from PEG 
segments. No sharp peaks corresponding to salt or polymer crystallinity are visible in this 
composition.

Upon the introduction of LiClO4, the XRD patterns evolve distinctly. In CPL10 and CPL20, 
new sharp peaks appear at approximately 21.2°, 23.6°, 26.6°. These peaks closely match the 
known diffraction angles of pure crystalline LiClO4 reported at 21.21°, 23.74°, and 26.56°, 
confirming the partial retention of LiClO4 crystallinity in the matrix at these loading levels33,34. 
The presence of these peaks indicates that some LiClO4 remains in an uncoordinated or weakly 
interacting crystalline form. In CPL30, the intensities of these peaks begin to decrease, and the 
background halo becomes more prominent. This suggests the onset of disruption in salt 
crystallinity, potentially due to increasing interactions between Li+ ions and polar sites on the 
CS and PEG chains. 

Notably, in CPL40 and CPL50, the sharp peaks at 21.2°, 23.6°, and 26.6° are either 
significantly weakened or completely absent. The resulting XRD profiles return to a broad, 
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amorphous-like pattern, indicating enhanced salt dispersion and molecular-level complexation. 
The disappearance of salt reflections implies that Li+ ions are now largely coordinated within 
the polymer matrix, forming a polymer-salt amorphous network and suppressing long-range 
order.

This progressive amorphization with increasing LiClO4 content-particularly evident in CPL40-
suggests that the salt is no longer phase-separated but molecularly integrated. Such a structure 
is considered beneficial for improving ionic transport, as explored further in the next section 
on ionic conductivity.

3.2.2.Thermal analysis
Thermal analysis, including DSC and TGA was performed to examine the thermal transitions 
and stability of the synthesized polymer electrolytes. DSC was used to identify glass transition 
behavior, while TGA assessed thermal degradation profiles.

3.2.2.1. DSC Analysis
The DSC analysis of CS-based blends was carried out to investigate the influence of PEG and 
lithium perchlorate on the thermal behavior of the materials. Figure 6(a)(CP series) and Figure 
6(b) (CPL series) display the DSC thermograms of these systems, with the corresponding glass 
transition temperatures (Tg) determined using the tangent method summarized in Table S1. The 
procedure for calculating Tg by the tangent method is illustrated in Figure S1 for the CP series 
and Figure S2 for the CPL series.

For the CP series the pure CS sample (CP0) displayed a Tg of 55.3°C, characteristic of a 
moderately rigid polymeric matrix resulting from strong intermolecular hydrogen bonding 
between CS chains. Upon the introduction of PEG, the Tg initially increased to 52.1°C for 
CP10, suggesting that moderate PEG incorporation may promote additional hydrogen bonding 
interactions or partial network stabilization, thereby reducing chain mobility. However, with 
further PEG addition, the Tg values showed a variable pattern, with CP20 at 55.2°C, CP30 at 
50.8°C, and CP40 at 51.8°C. This behavior suggests a complex balance between the 
plasticization effect of PEG, which disrupts CS-CS interactions, and the formation of PEG-CS 
hydrogen bonds. At higher PEG contents, the plasticizing action dominates, enhancing chain 
flexibility and promoting a more amorphous and less crystalline structure, beneficial for 
improved segmental mobility.

In the CPL series, the pure CS-PEG blend (CPL0) showed a Tg of 50.8°C. Upon addition of 
lithium perchlorate salt, a variable Tg pattern was observed, reflecting changes in ionic 
coordination within the polymer matrix. CPL10 and CPL20 exhibited Tg values of 51.7°C and 
51.1°C, respectively, indicating a reduction in chain rigidity due to lithium perchlorate 
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disrupting hydrogen bonding interactions and enhancing polymer segmental mobility. 
However, CPL30 and CPL40 exhibited elevated Tg values of 50.8 °C and 48.3 °C, respectively. 

The variations observed in the Tg after LiClO4 incorporation can be due to the coordination 
interactions between Li+ ions and the polar functional groups present in the CS-PEG matrix. 
Such polymer-salt interactions can influence polymer chain mobility by introducing localized 
ionic interactions within the polymer network. Direct structural evidence for these interactions 
is provided by the FTIR and XRD results. FTIR shows shifts in the characteristic polymer 
bands after LiClO4 incorporation, confirming coordination of Li+ ions with the polar functional 
groups of the CS–PEG matrix, while XRD shows progressive suppression of the crystalline 
LiClO4 reflections and enhanced amorphization with increasing salt content. Together, these 
results support localized polymer–ion interactions that influence chain mobility and thereby 
contribute to the observed Tg variation35.

Overall, these results confirm that PEG acts as an effective plasticizer for CS, reducing 
crystallinity and increasing flexibility36, while lithium perchlorate introduces competing ionic 
interactions that can either reinforce or weaken the polymer network depending on its 
concentration37. Such glass transition behavior is highly valuable for optimizing these 
biopolymer systems in electrochemical applications38. 

Figure 6. DSC thermograms of (a). CS-PEG blends and (b) CS-PEG-and LiClO4 

In selecting the host polymer matrix for salt incorporation, CP30 was chosen based on a 
combined assessment of thermal and structural characteristics rather than Tg alone. Although 
CP40 exhibits a comparable Tg, XRD analysis showed that CP30 possesses the highest 
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amorphous content with minimal PEG crystallinity, along with better film homogeneity and 
mechanical integrity. These features are essential for uniform salt dispersion and stable ion 
transport, making CP30 a more suitable host matrix for subsequent lithium salt doping.

3.2.2.2. TGA Analysis
The thermal stability and degradation behavior of the prepared SPE films were evaluated using 
TGA as given in the Figure 7. TGA curves of the CPL series. All samples, irrespective of 
lithium perchlorate content, exhibited a multi-step decomposition pattern across the measured 
temperature range.

The initial weight loss, observed between 40°C and 120°C, ranged from 10% to 16%, which is 
primarily attributed to the evaporation of residual acetic acid solvent and the desorption of 
moisture bound to the polymer matrix39. In particular, the water molecules are likely associated 
with polar functional groups such as hydroxyl (-OH) and amine (-NH2) present in CS and 
PEG40,41. These groups form weak hydrogen bonds that break easily at low temperatures, 
resulting in early-stage mass loss42.

Figure 7. TGA curves of the CPL series

The second stage of decomposition occurred within the temperature range of 120°C to 310°C, 
characterized by a more substantial mass reduction, making it the major decomposition. This 
stage corresponds to thermal cleavage of the polymer backbone, involving chain scission 
reactions and the disruption of ionic interactions between the polymer and the lithium 
perchlorate salt. The presence of Li+ ions may have initially contributed to polymer 
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stabilization through ionic crosslinking; however, at elevated temperatures, the weakening of 
these interactions facilitates degradation 43.

A third major degradation stage was identified between 450°C and 600°C, corresponding to 
the thermal decomposition of residual organic matter and char. In this region, a further 20% 
mass loss was observed, signaling the near-complete breakdown of the polymeric components. 
Notably, the decomposition temperature (Td) showed a downward trend with increasing lithium 
salt concentration30. This thermal destabilization can be attributed to the interaction between 
the polymer matrix and the dopant salt. As lithium perchlorate content increases, salt may 
interfere with the structural integrity of the polymer, weakening the network and reducing the 
thermal resistance. 

Further, the number of decomposition stages varied with salt concentration. Samples with 
moderate doping levels, such as CPL20 and CPL30, displayed a three-step degradation profile, 
suggesting a more sequential breakdown mechanism. In contrast, highly doped samples like 
CPL40 and CPL50 exhibited only two distinct decomposition steps, indicating a more rapid 
and overlapping thermal decomposition process. This change is likely due to the accelerated 
degradation of the perchlorate anion, which releases reactive by-products such as chlorine and 
oxygen, promoting aggressive chain breakdown and reducing the resolution of thermal events.

Despite the observed variations, all polymer electrolyte samples retained decomposition onset 
temperatures above 150°C, confirming their thermal adequacy for potential use in energy 
storage devices that demand moderate thermal stability during operation.

3.2.3. Ionic Conductivity Analysis of SPEs
The electrochemical performance of the CPL polymer electrolytes was evaluated using EIS 
and given in the Figure 8.  In the Nyquist plots. the experimental data (black circles) were fitted 
using equivalent circuit models (red line). For CPL10 and CPL20, the impedance spectra 
exhibit a small semicircle followed by a linear tail. Therefore, the data fitted using the 
circuit shown in Figure 8(f) consisting of Q1+(Q2/R1). In contrast, the spectra for 
CPL30-CPL50 display predominantly linear behavior without a distinct semicircle and  
fitted using the circuit R1+Q1 shown in Figure 8(g). (+ sign between the circuits 
symbols indicate series arrangement where as / sign indicate parallel arrangement)

The extracted equivalent circuit fitting parameters, including bulk resistance (R1 or Rb), 
constant phase element parameters (Q1, Q2) and the normalized χ2 values, are summarized in 
Table S2 and S3. The CPE elements represent the non-ideal capacitive behavior arising from 
interfacial heterogeneity and distributed relaxation processes in the polymer electrolyte. The 
low normalized χ² values indicate a good agreement between the experimental impedance data 
and the fitted equivalent circuit model.
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The extracted Rb values demonstrate a significant reduction from 16.651 kΩ in CPL10 to 62 Ω 
in CPL40, followed by a slight increase to 0.167 kΩ in CPL50, indicating a dependence of 
ionic transport on polymer composition. The ionic conductivity values calculated using the 
equation (1). bulk resistance and thickness of the samples are given in Table 4. 

CPL10 exhibits the lowest conductivity of 0.347 Scm-1, progressively increasing to 127 
Scm-1 in CPL40, marking the highest ionic conductivity among the samples. The 
improvement in conductivity is attributed to increased polymer chain flexibility and enhanced 
lithium-ion solutions due to PEG incorporation 44. 

Figure 8. Nyquist plots and fitting curves for sample (a) CPL10 (b) CPL20 (c) CPL30 (d) 
CPL40 (d) CPL50, demonstrating the variation in bulk resistance (Rb) with salt content, and 

(f) Equivalent electrical circuit model used for fitting the impedance data

The increase in ionic conductivity from 0.347 μScm-1 (CPL10) to 127 μScm-1 (CPL40) can be 
correlated with the progressive strengthening of polymer–salt interactions and the increase in 
amorphous character. FTIR results show measurable shifts in the O–H/N–H, N–H, and C–N 
bands upon LiClO4 incorporation, with the N–H bending band shifting from 1542 cm-1 in CPL0 
to 1546–1552 cm-1  in the salt-containing films and the C–N band shifting from 1343 cm-1 to 
1348–1350 cm-1 , indicating Li+ coordination with the CS–PEG matrix. In parallel, the 
crystalline LiClO4 reflections observed at 21.2°, 23.6°, and 26.6° become progressively 
weakened with increasing salt content and are strongly suppressed in CPL40, indicating 
improved salt dispersion and enhanced amorphization. However, despite further salt addition, 
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the conductivity decreases to 54.3 μS cm-1 for CPL50. Since no substantial additional FTIR 
shift is observed beyond CPL40, this suggests saturation of the available coordination sites, 
while the reduced conductivity is consistent with excess-salt-induced ion association or 
aggregation, which lowers the concentration of free mobile ions.

Table 4. Calculated Ionic conductivity values of SPEs

SPE Sample Thickness (m) Rb Value (kΩ) IC (Scm-1)

CPL10 57.75 16.651 0.347
CPL20 52.75 2.226 2.37
CPL30 58.75 0.108 54.40
CPL40 78.75 0.062 127.00
CPL50 90.75 0.167 54.3

3.2.4.Surface morphological analysis
The surface and cross-sectional morphologies of the polymer electrolytes were examined using 
SEM, as shown in Figure 9. The images of CP30 (Figure 9 (a) and (b)) exhibit a relatively 
smooth surface with minimal porosity, indicating a dense polymer matrix with limited phase 
separation. Small, dispersed pores suggest the initial structural modifications due to PEG 
incorporation, which influences flexibility but does not significantly enhance transport 
pathways. In contrast, the surface morphology of CPL40 (Figure 9 (c) and (d)) reveals a 
significant increase in porosity, with uniformly distributed pores across the polymer matrix. 
The enhanced porosity suggests improved phase separation and the formation of interconnected 
channels, which are essential for facilitating lithium-ion mobility within the electrolyte.
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Figure 9. SEM images of SPEs. (a) and (b) shows CP30 at different magnifications, (c) and 
(d) shows CPL40 at different magnifications, and (e) and (f) shows cross-sectional views of 

CPL40 at different magnifications.

Despite the increased porosity observed in CPL40, AFM analysis (Figure 10) indicates that 
CPL40 exhibits lower surface roughness (24 - 32 nm) compared to CP30 (39 - 45 nm). This 
suggests that although CPL40 has a more interconnected porous network, its surface texture is 
relatively smoother at the nanoscale due to a more uniform polymer phase distribution45.
The combination of SEM and AFM results confirms that porosity does not necessarily correlate 
with higher roughness, as the polymer reorganization in CPL40 leads to a more homogeneous 
structure with reduced nanoscale roughness. The cross-sectional images of CPL40 (Figure 9(e) 
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and Figure 9(f)) further confirm the highly porous and interconnected bulk structure of the 
electrolyte. The relatively lower surface roughness observed from the AFM analysis indicates 
a more homogeneous distribution of the polymer-salt complex across the electrolyte surface46. 
Such structural uniformity reduces localized barriers for ion transport and promotes continuous 
ion-conduction pathways within the polymer matrix47, thereby contributing to the higher ionic 
conductivity observed for the CPL40 composition. The presence of well-defined voids and 
interconnected pores indicates a reduction in segmental constraints, which is expected to 
enhance ion conduction by providing continuous transport pathways within the electrolyte 
matrix, consistent with the ionic conductivity trends obtained from EIS analysis48.

Figure 10. AFM images of the samples: (a) CP30 and (b) CPL40 showing 2D height images, 
and (c) CPE30 and (d) CPL40 showing the corresponding 3D surface topography

3.2.5.LSV
Figure 11(a) presents the LSV curve of the CPL40 polymer electrolyte, evaluating its 
electrochemical stability window. The current remains negligible at lower potentials and rises 
sharply at 3.23 V, indicating the start of electrolyte decomposition. This decomposition voltage 
determines the upper electrochemical stability limit of the polymer electrolyte, which is crucial 
for its application in solid-state electrochemical devices. The relatively high stability up to 3.23 
V suggests that CPL40 is suitable for moderate-voltage energy storage applications49. 
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Figure 11. (a) The LSV curve of CPL40 shows the electrochemical stability window with a 
decomposition voltage of 3.23 V. The inset image displays the degraded electrolyte and (b) 

DC polarization curve of the CS-PEG-LiClO4 electrolyte under a 10 mV bias

The inset image shows the CPL40 electrolyte after the LSV study, displaying visible 
degradation. The structural deterioration confirms the breakdown of the polymer matrix upon 
exceeding the electrochemical stability threshold, highlighting the limitations of the electrolyte 
under prolonged high-voltage conditions.

3.2.6.Transference Number study 
The TNM studies were carried out to evaluate the total ionic and electronic contributions of 
the synthesized electrolyte. The ionic transference number tion was calculated using the 
equation (2), based on the DC polarization method. The corresponding current-time profile is 
shown in Figure 11(b), where a sharp initial current drop followed by a steady-state plateau 
clearly demonstrates the ionic-dominated conduction behavior.

tion = 1 ―  Ifinal

Iinitial
                                                          (2)                     

Where, Iinitial, and Ifnitial denote the initial and steady-state currents obtained from the DC 
polarization curve, respectively

The ionic conductivity ion was then calculated using equation (3) 

ion = bulk × tion                                                              (3)

Where, bulk represents the bulk conductivity obtained from EIS and tion represents the 
measured transference number. 

From the analysis, the calculated tion was 0.9856 indicating 98.56% ionic contribution. 
Accordingly, the ionic conductivity was determined to be 125 Scm-1 and the electronic 
conductivity was 1.83 Scm-1. Confirming the suitability of the electrolyte for solid-state 
electrochemical applications.
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3.3. Performance analysis of EDLC devices
The performance was analyzed using standard electrochemical techniques including CV, GCD, 
cyclic stability and flexibility tests. These measurements provide insights into capacitive 
behavior, energy storage efficiency, long-term durability and flexibility of the device.

3.3.1.CV
The CV curves presented in Figure S3(a) and (b) demonstrate the electrochemical behavior of 
the SC-1 and SC-2 devices, under varying voltages, ranging from 1.0 V to 1.5 V at a scan rate 
of 5 mVs-1 to determine the working potential of the EDLC device The CV profiles show a 
gradual increase in current with increasing voltage, indicating enhanced electrochemical 
activity and charge transport within the system. The current response remains relatively small 
for voltages 1.0 V to 1.1 V, suggesting limited ion movement or electrode reaction kinetics. As 
the potential window increases beyond 1.2 V, the current response rises progressively, 
signifying improved ionic conduction and charge transfer processes. 

At 1.3 V, the CV curve exhibits a well-defined and stable profile, indicating an optimal balance 
between electrochemical activity and minimal polarization effects. Beyond 1.3 V, particularly 
at 1.4 V and 1.5 V, a sharper increase in current is observed, suggesting the start of side 
reactions or increased polarization, which could lead to reduced electrochemical stability over 
extended cycling. Based on this analysis, in both cases 1.3 V is identified as the optimal 
operating voltage, ensuring stable charge-discharge cycling while maintaining efficient ion 
transport within the polymer electrolyte system50,51. 

Although the CPL40 electrolyte showed a relatively wide electrochemical stability window of 
3.23 V in the LSV measurement, the practical operating voltage of the assembled 
supercapacitor device was limited to 1.3 V. This difference occurs from the fundamental 
difference between LSV measurements and device-level electrochemical behavior. LSV is 
typically performed using inert blocking electrodes (SS|SPE|SS) and involves continuously 
increasing the potential until irreversible electrolyte decomposition occurs52. Therefore, the 
resulting voltage represents the intrinsic degradation limit of the electrolyte rather than the safe 
operating voltage of a practical device. In contrast, electrochemical measurements performed 
on the assembled supercapacitor reflect the behavior of the electrolyte within a real electrode 
environment SS/AC|SPE|AC/SS (SC-1) and Cu/LIG|SPE|LIG/Cu (SC-2). The porous 
electrode materials used in this study, such as AC and LIG, possess a significantly larger 
electrode-electrolyte interfacial area53, where polarization effects, ion transport limitations, and 
interactions with surface functional groups can promote parasitic reactions at lower 
potentials54. Consequently, although LSV provides the upper electrochemical stability limit of 
the electrolyte, device-level techniques such as cyclic voltammetry and long-term cycling are 
necessary to determine the practical operating voltage. In the present study, these 
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measurements indicated increased current response and polarization effects at voltages 
exceeding 1.3 V, and therefore 1.3 V was selected as the optimal operating voltage to ensure 
stable electrochemical performance and long-term durability of the device55–57.

Figure 12. CV curves (a) SC-1(Activated carbon) (b) SC-2(LIG) in the scan rate from 1mVs-1 
to 100 mVs-1

Figure 12(a) shows the CV curves of SC-1 recorded at various scan rates ranging from 1 mVs-

1 to 100 mVs-1, demonstrating the electrochemical behaviour of the electrode material. The CV 
profiles maintain a quasi-rectangular shape at lower scan rates, indicating an ideal capacitive 
response with efficient charge storage through electric double-layer formation58. As the scan 
rate increases, the curves exhibit leaf like behaviour, likely due to increasing internal resistance 
and diffusion limitations within the electrode material. The nearly symmetrical CV loops across 
different scan rates confirm the stability and reversibility of the charge storage process. 

In SC-2, Based on the voltage-dependent CV analysis (Figure S3(b)), 1.3 V was selected as the 
optimum practical operating voltage, as it provides the best compromise between higher current 
response and acceptable electrochemical distortion. Figure 12(b) displays the CV curves of SC-
2 recorded at different scan rates within this selected voltage window, showing quasi-capacitive 
behavior characteristic of EDLC charge storage. The relatively higher current response of SC-
2 arises from the highly porous and interconnected LIG structure, which provides a larger 
electrochemically accessible surface area and facilitates ion transport at the electrode–
electrolyte interface59. However, the curves deviate from an ideal rectangular shape, 
particularly at higher potentials, where a pronounced tail indicates increasing polarization, 
internal resistance, and ion-transport limitations in the solid polymer electrolyte/LIG system. 
At lower scan rates, moderate widening and distortion of the loops are also observed, similar 
to SC-1, due to increased ohmic contribution and slower ionic mobility within the solid 
biopolymer electrolyte. Nevertheless, the CV response remains reproducible across all scan 
rates, indicating stable electrochemical operation within the selected voltage window60,61.
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The specific capacitance (Cs) values and Areal capacitance values (Ca), estimated from CV 
curves, are presented in Table 5 and show a decreasing trend with increasing scan rates. At a 
scan rate of 1 mVs-1, the highest specific capacitance (Cs) of 5.98 Fg-1 for SC-1 and an areal 
capacitance of 26.10 mFcm-2 for SC-2 were observed, indicating efficient charge accumulation 
due to extended ion diffusion time. However, as the scan rate increased to 100 mVs-1, the 
capacitance values declined to 1.33 Fg-1 for SC-1 and 3.69 mFcm-2 for SC-2. This decrease can 
be attributed to the limited time available for ion penetration into the deeper active sites of the 
electrode material at higher scan rates, which reduces charge storage efficiency.

Table 5. Cs of EDLC estimated from CV at different scan rates
Capacitance valueScan rate

(mVs-1) SC-1 (Fg-1) SC-2(mFcm-2)
100 1.33 3.69
75 1.50 4.12
50 1.65 4.88
25 2.05 6.40
10 2.73 8.87
5 3.59 12.79
1 5.98 26.10

3.3.2.GCD
Figure 13 presents the GCD profiles of SC-1 (Figure 13a) and SC-2 (Figure 13b) at varying 
current density  ranging from 0.01 Ag-1 to 0.1 Ag-1  for SC-1 and 0.02 mAcm-2 to 0.25 mAcm-

2 for SC-2. For SC-1, the nearly linear and symmetric charge-discharge curves demonstrate 
stable capacitive behavior with minimal resistive losses, confirming efficient charge storage 
within the CPL40 biopolymer electrolyte combined with activated carbon electrodes. As the 
current density increases, the discharge time shortens, indicating reduced charge storage 
capability due to restricted ion diffusion at higher charge-discharge time 62. 

Similarly, SC-2 exhibits well-defined, nearly triangular GCD curves with good symmetry 
across all current densities, highlighting the favorable capacitive response and low internal 
resistance of the LIG electrodes. The prolonged discharge times observed at lower current 
densities for SC-2 further support enhanced ion transport and efficient utilization of the 
electrode surface. Overall, these results confirm the reliable and stable electrochemical 
performance of both SC-1 and SC-2 devices under various current densities.
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Figure 13. GCD plots of (a) SC-1 at varying current density from 0.1Ag-1 to 0.01 Ag-1  and 
(b) SC-2 at varying current density from 0.02 mAcm-2 to 0.25 mAcm-2 

Table 6. Cs of EDLC calculated from GCD at a different current density 
SC-1 SC-2

Current density 
(Ag-1)

Specific Capacitance 
(Fg-1)

Current density
(mAcm-2)

Areal Capacitance 
(mFcm-2)

0.10 0.21 0.25 0.118
0.09 0.26 0.225 0.145
0.08 0.32 0.20 0.184
0.07 0.41 0.175 0.239
0.06 0.53 0.15 0.327
0.05 0.67 0.125 0.471
0.04 1.09 0.10 0.689
0.03 1.24 0.075 1.075
0.02 1.87 0.05 1.912
0.01 5.32 0.025 7.350

- - 0.0225 10.17
- - 0.02 18.83

The discharge profiles exhibit longer retention times at lower current densities, indicating 
higher charge accumulation and improved capacitive performance. The capacitance values 
calculated from the GCD curves are summarized in Table 6. For SC-1 at 0.01 Ag-1, the highest 
specific capacitance of 5.32 Fg-1 is observed, demonstrating enhanced charge storage efficiency 
at lower current densities, while SC-2 records a maximum areal capacitance of 18.83 mFcm-2 
at 0.02 mA cm-2. As the current density increases, the capacitance decreases to 0.12 Fg-1 at 0.1 
Ag-1 for SC-1 and gradually declines for SC-2, likely due to diffusion constraints that limit 
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accessibility to the active sites of the electrode. A noticeable IR drop is observed particularly 
at higher current densities, which can be attributed to internal resistance within the electrode-
electrolyte system. This IR drop contributes to energy loss and indicates non-ideal behaviour 
under rapid charge-discharge conditions. The discharge time becomes shorter at higher current 
densities, suggesting reduced charge storage capacity due to limited ion diffusion at faster 
charge-discharge rates.

3.3.3.EIS
The Nyquist plots of the devices are presented in Figure 14.  Figure 14(a) corresponds to the 
AC based device (SC-1) and Figure 14(b) represents the LIG-based device (SC-2) assembled 
with the CPL40 SPE. 

For the SC- in Figure 14(a) the impedance spectrum shows a small high-frequency intercept 
followed by a slanted capacitive line toward the low-frequency region, which is characteristic 
of porous carbon electrodes. The spectra were fitted using the equivalent circuit 
R1+Q2/(R2+Q3). Here, the additional constant phase element (Q3) accounts for the distributed 
capacitive behavior arising from the highly porous activated carbon structure. In this model, 
R1 represents the series resistance (Rs) of the device, Q1 and Q2 correspond to the constant 
phase elements describing the non-ideal capacitive behavior of the porous electrode and 
electrode-electrolyte interface, while R2 denotes the interfacial resistance. The fitting yielded 
Rs = 81.53 Ω and R2 = 411.2 Ω, with a normalized χ2 value of 4.60 × 10-3, indicating a good 
agreement between the experimental and fitted data.

For the LIG-based device Figure 14(b), a similar intercept followed by a capacitive tail is 
observed, reflecting the porous and conductive nature of the LIG electrode. The impedance 
data were fitted using the equivalent circuit R1 + Q2/(R2 + W), where the Warburg element 
(W) represents ion diffusion within the interconnected porous graphene network. The obtained 
parameters include Rs = 36.08 Ω and R2 = 182.4 Ω, with a normalized χ2 value of 0.1145, 
indicating an acceptable fit for the porous electrode system.

Overall, the EIS results confirm that both devices exhibit capacitive-dominated 
electrochemical behavior, while the LIG electrode shows lower series and interfacial 
resistances, suggesting improved ion transport and charge transfer characteristics compared to 
the activated carbon electrode.
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Figure 14. Nyquist plots of (a) SC-1 and (b) SC-2 based device with CPL40 SPEe with the 
equivalent circuits

3.3.4.Cyclic stability studies of the devices
The Figure 15 shows the variation in Coulombic efficiency (%) as a function of the cycle 
number for two supercapacitor, SC-1 and SC-2. SC-1 exhibits near-ideal coulombic efficiency, 
consistently maintaining values close to 97% throughout the entire cycling, indicating highly 
reversible charge storage processes and minimal parasitic side reactions. However, SC-2 shows 
comparatively lower and more fluctuating efficiency values, stabilizing in the 85% range after 
3000 cycles.  The slightly lower and more fluctuating coulombic efficiency observed for SC-2 
can be due to the highly porous and defect-rich structure of the LIG where non-uniform pore 
distribution and the binder-free electrode architecture may introduce localized polarization 
effects and minor irreversible charge losses during repeated cycling.

Figure 15. Long-term cycling performance of the supercapacitor devices: (a) capacitance 
retention and (b) coulombic efficiency of SC-1 and SC-2 over 3000 charge–discharge cycles.
The electrochemical performance of SC-1 and SC-2 can be comprehensively understood in 
terms of their underlying structural and electronic characteristics, as reflected in the CV, GCD, 
and EIS analyses.

Structurally, the AC electrode used in SC-1 exhibits a microporous, powder-based morphology 
with a high specific surface area, which facilitates efficient electric double-layer formation and 
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stable ion movement. The presence of a PVDF binder improves mechanical integrity and 
maintains consistent electrode–electrolyte contact during repeated cycling, resulting in stable 
electrochemical behavior and a coulombic efficiency of about 97%. In contrast, the LIG 
electrode in SC-2 is a binder-free, three-dimensional interconnected graphene network with 
accessible porous channels for ion transport. However, its defect-rich nature and non-uniform 
pore distribution can introduce localized polarization and interfacial instability, leading to a 
comparatively lower and more fluctuating coulombic efficiency of about 85%.

From an electronic perspective, EIS provides quantitative insight into charge transport and 
interfacial kinetics. The Nyquist plots (Figure 14) show that SC-2 has much lower resistance 
values, with Rs = 36.08 Ω and Rct = 182.4 Ω, compared to SC-1 (Rs = 81.53 Ω and Rct = 411.2 
Ω). This improved conductivity is attributed to the continuous graphene network in LIG, which 
supports efficient electron transport and faster charge-transfer kinetics, whereas the higher 
resistance in SC-1 arises from interparticle contact limitations in the powder-based AC 
electrode.

These differences are reflected in electrochemical behavior. SC-1 shows a more ideal CV shape 
and symmetric GCD response, indicating stable capacitive performance, whereas SC-2 exhibits 
distortion at higher potentials and lower coulombic efficiency due to polarization and 
interfacial losses. Overall, activated carbon offers structural robustness and stable capacitive 
behavior, while LIG provides faster charge transport and higher conductivity, but with greater 
susceptibility to polarization.

3.3.5.Mechanical flexibility studies for the fabricated device
The mechanical durability of the fabricated flexible solid-state supercapacitor under repeated 
bending conditions is presented in Figure 16.  In Figure 16(a), CV curves recorded at 10 mVs-

1 across 500 bending cycles display quasi-rectangular and nearly symmetric profiles, indicating 
a preserved electric double-layer capacitive mechanism and stable ionic transport behaviour. 
The absence of significant distortion or redox features after repeated bending suggests that the 
electrode-electrolyte interface retains its structural and functional integrity under mechanical 
stress.

The capacitance retention shown in Figure 16(b) tells that the device maintains 97.5% of its 
initial capacitance after 500 bending cycles, reflecting exceptional electrochemical stability 
and mechanical endurance, both of which are critical for reliable flexible and wearable energy 
storage systems.
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Figure 16. (a) CV curves of the flexible supercapacitor device recorded at 10 mVs-1 0 to 500 
bending cycles (b) Capacity retention as a function of bending cycles (c) GCD curves at 

current density of 0.05 mAcm-2 before and after 500 bending cycles (e) Photographs of the 
fabricated flexible device: (e) before bending (178°) and (f) during bending (75°).

Figure 16(c) illustrates GCD curves at a current density of 0.2 mAcm-2 before and after 500 
bending cycles. The device achieves a capacitance retention of 97.8% highlighting the robust 
charge-discharge kinetics and sustained ionic conduction pathways despite repeated flexural 
deformation. Additionally, Figure 16(e) and (f) provide direct photographic evidence of the 
device before and after a single bending cycle, with no observable mechanical delamination or 
fracture. This outcome substantiates the better mechanical flexibility and structural stability of 
the supercapacitor architecture. Collectively, these results confirm that the proposed flexible 
solid-state supercapacitor demonstrates outstanding mechanical durability and stable 
electrochemical performance.

Overall, these results highlight the good long-term cycling durability and high Coulombic 
efficiencies of both devices, supporting their suitability for flexible solid-state supercapacitor 
applications. The detailed electrochemical performance parameters of SC-1 are given in Table 
7 and SC-2 in Table 8

Table 7. Comparison of Electrochemical Performance Parameters SC-1
Parameters SC-1

Specific at a Scan rate of 1 mVs-1 obtained from CV (Fg-1) 5.50 
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Specific capacitance at a current density of 0.01 mAg-1  obtained using GCD (Fg-1) 5.32 
Energy density (Whkg-1) 1.13
Power density (Wkg-1) 68.49
Capacity retention (%) at the end of 3000 cycles 84.20
Coulombic efficiency (%) at the end of 3000 cycles 97.27

Table 8. Comparison of Electrochemical Performance Parameters SC-2
Parameters SC-2

Areal capacitance at a Scan rate of 1 mVs-1 obtained from CV (mFcm-2) 26.100
Areal capacitance at a current density of 0.02 mAcm-2 obtained using GCD (mFcm-2) 18.830
Energy density (µWhcm-2) 4.150
Power density (mWcm-2) 0.025
Capacity retention (%) at the end of 3000 cycles 89.300
Coulombic efficiency (%) at the end of 3000 cycles 86.063
Bending test (%) at the end of 500 bending cycles 97.500

The capacitance values of SC-1 and SC-2 are reported using different normalization methods 
because the two devices represent distinct electrode configurations. For SC-1, which is based 
on powdered activated carbon electrodes, the capacitance is expressed as gravimetric specific 
capacitance (Fg-1). In contrast, SC-2 is a flexible, binder-free planar supercapacitor based on 
LIG formed directly on a PI substrate. Since the LIG is generated in situ and remains strongly 
adhered to the PI substrate, it cannot be practically separated and weighed independently 
without damaging the electrode structure. Therefore, areal capacitance (Fcm-2) is the more 
appropriate metric for evaluating SC-2 and is commonly used for planar and flexible LIG-
based devices.

3.4. Ion Transport Mechanism
In Figure 17, SC-1 represents activated carbon-based nonflexible device and SC-2 is the 
flexible device fabricated using LIG. Both the devices consist of hybrid polymer electrolyte 
made from CS and PEG doped with LiClO4. The flexible chains of PEG host oxygen atoms 
that temporarily bind to Li+ ions, helping them break free from ClO4

-
 anions and move through 

the electrolyte. Chitosan adds another layer of functionality that, its hydroxyl and amine groups 
also coordinate Li+, while its natural backbone strengthens the electrolyte and forms hydrogen 
bonds with ClO4

- keeping ion movement stable over time.

In SC-1, a stainless-steel sheet is coated with a mixture of activated carbon and binder. The 
large surface area of activated carbon makes it easy access for ions. While the CS-PEG network 
ensures Li+ can travel efficiently between electrodes. Here, ion motion mainly follows the 
PEG-coordination pathways, with CS ensuring structural reinforcement and reducing anion-
cation recombination. In SC-2, the electrode is built differently. A polyimide sheet is patterned 
into LIG using a CO2 laser. The LIG features a sponge-like network of interconnected pores 
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that the SPEs penetrate, enabling conformal interfacial contact and efficient transport 
pathways. Even when the device is bent, the LIG structure bends without losing contact with 
the electrolyte, keeping transport pathways open. The rigidity caused due to bending in the 
SPEs is compensated with the flexibility of LIG. SC-2, in particular, benefits from the LIG’s 
ability to let ions flow in multiple directions, making it a strong candidate for flexible, wearable, 
and long-lasting energy storage devices.

Figure 17. Illustration of CPL electrolyte mechanism in activated carbon (SC-1) and LIG 
(SC-2) supercapacitors

3.5. Comparative analysis with existing studies
Recent studies have explored alternative polymer blends and doping strategies to enhance the 
ionic conductivity of CS-based electrolytes further. For instance, Samsudin et al. investigated 
an Alginate-PVA-based polymer electrolyte with Li+ charge carriers for supercapacitor 
applications, achieving improved electrochemical performance 63. Similarly, Fadzallah et al. 
studied CS-oxalic acid solid polymer electrolytes and identified the relaxation process that 
influences their conductivity 64. Nayak et al. developed an eco-friendly CS-dextran polyblend 
electrolyte for primary magnesium batteries, demonstrating enhanced ionic conductivity and 
improved performance 65. Additionally, Rathod et al. conducted extensive studies on lithium 
perchlorate-doped PVA/CS composites, reporting improved conductivity due to optimized 
transport parameters 66. In a related study, Rathod et al. further examined LiClO4-doped 
PVA/CS composites, highlighting their ionic conductivity and dielectric properties, which are 
essential for their practical application in energy storage devices 67.  The outcome of all these 
studies is summarized in Table 9. The CS-PEG-LiClO4 system developed in this work shows 
a well-balanced performance compared to other reported biopolymer-based SPEs. While some 
systems offer higher ionic conductivity, they lack data on electrochemical stability or 
capacitance. In contrast, our system delivers moderate conductivity (127 μScm-1), a broader 
electrochemical window (3.23 V), and a specific capacitance of 5.1 Fg-1. This combination of 
properties highlights its potential for safe and efficient use in energy storage applications.
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Table 9. Comparison of ionic conductivity, electrochemical stability, and capacitance of 
reported biopolymer-based SPEs with this work.

SPE system IC (Scm-1) LSV (V) Cs (Fg-1) Ref.
CS-Oxalic Acid 0.49 - - 64

CS- Dextran- Mg(ClO4)2 699.00 2.66 - 65

CS -PVA-LiClO4 300.00 - - 66

CS -PVA-LiClO4 86.10 - - 67

CS-PEG (35000)-LiClO4 110.00 11

CS -PEG-LiClO4 127.00 3.23 5.1 This Work

A comparison with previously reported LIG-based supercapacitors using different polymer 
electrolytes is presented in To further evaluate the electrochemical performance of the 
assembled supercapacitor device, a Ragone plot was made using the calculated energy density 
and power density values. As shown in Figure 18, the LIG-based supercapacitor developed in 
this work delivers an areal energy density of approximately 4.15 µWh cm-2 at a power density 
of 0.025 mW cm-2, which is higher than previously reported LIG-based supercapacitors 
employing polymer electrolytes such as PVA-[EMIM][EtSO4] and PPC-[EMIM][OTf]. 
Although the power density of the present device is relatively lower, the significantly improved 
energy density indicates enhanced charge storage capability, which can be attributed to the 
efficient ion transport and strong interfacial interaction provided by the CS-PEG-LiClO4 
polymer electrolyte. These results demonstrate the potential of the developed electrolyte 
system for high-energy flexible supercapacitor applications.

Table 10. The LIG/PVA/[EMIM][EtSO4] system exhibits an areal capacitance of 15.10 mFcm-

2 with an energy density of 1.94 µWhcm-2, while LIG/PVA/H2SO4 shows 13.27 mFcm-2 but 
without reported energy and power densities. In contrast, LIG/PPC/[EMIM][OTf] delivers a 
much lower capacitance of 1.75 mFcm-2 despite excellent cycling stability.

Notably, the LIG device using the CS-PEG-LiClO₄ electrolyte in this work achieves a higher 
areal capacitance of 18.83 mF cm-2 and a significantly improved energy density of 4.150 µWh 
cm-2. This enhanced performance can be attributed to the synergistic polymer network of 
chitosan and PEG, which facilitates better ion transport, along with the high mobility of Li+ 

ions from LiClO4, leading to improved charge storage at the LIG electrode interface.
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Figure 18. Ragone plot comparing the areal energy density and power density of the LIG-
based supercapacitor developed in this work with previously reported LIG-based 

supercapacitors LIG/PVA-[EMIM][EtSO4]68 and LIG/PPC-[EMIM][OTf]68. 
To further evaluate the electrochemical performance of the assembled supercapacitor device, 
a Ragone plot was made using the calculated energy density and power density values. As 
shown in Figure 18, the LIG-based supercapacitor developed in this work delivers an areal 
energy density of approximately 4.15 µWh cm-2 at a power density of 0.025 mW cm-2, which 
is higher than previously reported LIG-based supercapacitors employing polymer electrolytes 
such as PVA-[EMIM][EtSO4] and PPC-[EMIM][OTf]. Although the power density of the 
present device is relatively lower, the significantly improved energy density indicates enhanced 
charge storage capability, which can be attributed to the efficient ion transport and strong 
interfacial interaction provided by the CS-PEG-LiClO4 polymer electrolyte. These results 
demonstrate the potential of the developed electrolyte system for high-energy flexible 
supercapacitor applications.

Table 10. Areal capacitance (Ca), Energy density (ED), Power density (PD), and cyclic 
stability(CS) of LIG-based supercapacitors with various polymer electrolytes

Electrode Electrolyte
Ca

(mFcm-2)
ED

(µWhcm-2)
PD

(mWcm-2)
CS
(%)

Ref.

LIG PVA/[EMIM][EtSO4] 15.10 @ 2 mAcm-2 1.94 0.92 80 68

LIG PVA/H2SO4 13.27 @ 0.05 mAcm-2 - - 103 69

LIG PVA/H2SO4 9 @ 0.02 mAcm-2 - - 98 70

LIG PPC/[EMIM][OTf] 1.75 @ 5.0 mVs-1 0.256 0.11 98 71

LIG CS-PEG-LiClO4 18.83 @ 0.02 mAcm-2 4.150 0.025 86 This 
work

4. Conclusion
In this study, a sustainable and biodegradable SPE system based on CS and PEG, doped with 
LiClO4, was systematically developed, characterized, and evaluated for flexible 
electrochemical energy storage applications. The Optimized CS-PEG blend, followed by Li+ 
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incorporation, resulted in a composition (CPL40) with enhanced ionic conductivity (127 Scm-

1) and a wide electrochemical stability window up to 3.23 V. FTIR and XRD analysis 
confirmed strong polymer-salt interactions and an increased amorphous nature conducive to 
ion transport. Thermal analysis showed improved segmental mobility, while morphological 
studies indicated a well-connected porous architecture supporting ion diffusion.

The fabricated supercapacitor devices (SC-1 and SC-2) exhibited promising specific 
capacitances of 5.32 Fg-1 and 18.83 mFcm-2 at low current densities, along with excellent cyclic 
stability, retaining up to 84.2% and 89.3% capacitance over 3000 charge-discharge cycles. 
Furthermore, the devices maintained superior electrochemical behaviour under repeated 
mechanical bending, achieving 97.5% capacitance retention after 500 bending cycles and 
conserving their structural integrity. These findings confirm that the CS-PEG-LiClO4 SPEs are 
a promising eco-compatible and scalable platform for next-generation flexible, and safe solid-
state supercapacitors. Future studies may focus on further optimizing the polymer-salt 
interactions and integrating functional nanofillers to push the boundaries of ionic conductivity 
and mechanical durability.
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