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In this paper, a chitosan nitrogen-doped graphene (CNGO) electrode is synthesized by using carbon 
paper (CP). This electrode demonstrates enhanced electrochemical properties as a supercapacitor 
electrode compared to CP. The CNGO nanocomposite is synthesized using a hydrothermal method 
and is deposited on CP via dip coating method. To characterize the CNGO nanocomposite, X-ray 
diffractometer (XRD), Fourier transform infrared spectroscopy (FTIR), field emission scanning 
electron microscopy (FESEM), and energy dispersive spectroscopy (EDS) mapping analyses are 
performed. The electrochemical properties of the electrodes are studied through cyclic voltammetry, 
galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy. The specific 
capacitance is increased from 29.73 𝑚𝑚𝑚𝑚

𝑐𝑐𝑐𝑐2 for the CP to 43.6 𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐2 for the CNGO electrodes at a current 

density of  2 𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐2. The reversibility ratio is calculated to be 0.89 and 0.94 for CP and CNGO electrodes, 

respectively. The proposed electrode demonstrates exceptional performance due to its outstanding 
stability and durability over extended cycling, as evidenced by its 100% capacitance retention after 
1100 charge-discharge cycles. This remarkable retention highlights its ability to maintain consistent 
electrochemical properties under prolonged and repetitive operational conditions. The results 
indicate that the presence of CNGO nanocomposite on CP enhances the electrochemical properties of 
the electrode.  
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1. Introduction
The increasing global demand for efficient, reliable, and

sustainable energy storage solutions has driven substantial 
progress in green energy technologies. As concerns 
regarding climate change, energy security, and 
environmental degradation grow, the transition toward 
renewable energy sources has become imperative. Green 
energy sources, such as solar, wind, and hydroelectric 
power, are increasingly recognized as pivotal to reducing 
global dependence on fossil fuels, thereby mitigating their 
detrimental environmental impacts. However, the 
intermittent nature of renewable energy necessitates the 

development of advanced energy storage systems that can 
efficiently store and deliver energy as required. 

Supercapacitors have emerged as one of the most 
promising energy storage technologies, classified under 
electrochemical capacitors. They play a crucial role in 
complementing or even replacing traditional energy storage 
devices, such as batteries, in various applications. Unlike 
conventional batteries, supercapacitors utilize 
electrochemical transformations to store energy, offering a 
cleaner, greener, and more sustainable alternative for 
energy storage and delivery [1]. Their unique properties, 
including high power density, rapid charge and discharge 
cycles, and extended cycle life, position them as an attractive 
solution for applications requiring fast energy bursts and 
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long operational reliability [2]. These attributes make 
supercapacitors ideal for use in electric vehicles, grid 
stabilization, and portable electronic devices, among other 
applications. Supercapacitors effectively bridge the 
performance gap between traditional capacitors and 
batteries. Traditional capacitors are known for their 
exceptional power density but suffer from limited energy 
density, while batteries offer high energy density but are 
constrained by lower power density and shorter cycle life. 
Supercapacitors combine the strengths of both 
technologies, enhancing the performance of energy storage 
systems by improving power output and durability, which 
leads to greater system reliability and efficiency [3]. This 
unique capability allows them to augment battery 
performance, extend battery life, and provide backup power 
during peak demand periods. 

Research and development efforts in supercapacitor 
technology have largely focused on enhancing key 
performance parameters, such as energy density, power 
density, and operational stability [4]. A primary area of 
innovation lies in the development of advanced electrode 
materials, which play a vital role in determining the overall 
performance of supercapacitors. Materials such as metal 
oxides, carbon-based nanomaterials, and conductive 
polymers have demonstrated significant potential in 
enhancing the energy storage capacity and efficiency of 
supercapacitors.   

Recent studies have showcased remarkable 
advancements in electrode material fabrication and 
optimization. Nawwar et al. (2019) developed carbon 
nanotubes decorated with magnetite particles, achieving a 
capacitance of 5.82 F/cm² in a 0.5 M sodium sulfate 
(Na₂SO₄) electrolyte [5]. Similarly, Polat et al. (2024) 
synthesized ZnFeO₄ on nickel foam with a high graphene 
content, leading to a notable increase in electrode 
performance and a specific capacitance of 622 mF/cm² [6]. 
Zhang et al. (2024) improved supercapacitor energy density 
by incorporating spherical nanocarbon clusters within a 
green, ionic electrolyte, reporting a specific capacitance of 
0.091 F/m² [7]. These advancements underscore the 
importance of electrode material design in achieving 
superior energy storage capabilities. One of the most 
effective strategies for enhancing energy density involves 
the development of doped carbon electrode materials that 
offer a high specific surface area. This approach increases 
the number of active sites available for ion adsorption and 
redox reactions, thereby improving overall capacitance and 
energy storage capacity [8]. Kishore et al. (2024) fabricated 
sponge-like porous carbon from biomass, which provided a 
fine porous structure ideal for doping with heteroatoms 
such as nitrogen and sulfur. This doping process resulted in 
improved specific capacitance and enhanced cyclic stability 
[9]. 

Building on these advancements, the present study aims 
to synthesize a novel nanocomposite of chitosan and 
nitrogen-doped graphene oxide (NGO) for supercapacitor 
electrode fabrication. Chitosan, a biodegradable and 
environmentally friendly polymer, offers excellent film-
forming ability and mechanical strength, while NGO 
contributes high electrical conductivity and enhanced 

electrochemical performance. The nanocomposite is 
deposited onto a carbon paper (CP) electrode to improve its 
efficiency and overall performance. This enhanced 
electrode holds significant potential as an effective solution 
for green energy storage applications, aligning with the 
global push toward sustainable energy technologies. 

2.  Experiment Details 

2.1. Materials  
Urea, sodium monohydrogen phosphate, sodium 

dihydrogen phosphate, and acetic acid were all purchased 
from Merck KGaA. Ethanol (99.8%) was supplied by Qazvin 
Chemical Company, while sodium hydroxide was procured 
from SISCO Research Laboratories PVT. LTD, India. Nano 
graphene oxide powder was sourced from Nano Materials 
at Tarbiat Modares University, Iran. Chitosan was acquired 
from the Shiraz Science and Technology Park in Iran. 
Carbon paper was obtained from JNTG Company in South 
Korea. 

2.2. Synthesis Method 

First, 0.25 g of graphene oxide and 7.5 g of urea were 
combined in 100 mL of ethanol in a beaker and stirred with 
a magnetic stirrer for 1 h. The mixture was then transferred 
to a sealed stainless steel autoclave reactor and heated in 
an oven at 180°C for 12 h to synthesize NGO. After cooling 
to room temperature, the product was washed with 
deionized water and ethanol through centrifugation at 
6000 RPM for 15 minutes. Finally, the product was dried on 
a watch glass at room temperature. 

Next, 0.5g of chitosan was mixed with 100 mL of 
deionized water containing 1% acetic acid and stirred for 8 
h. Separately, 1g of the NGO was mixed with 0.5g of 
ammonia in 100 mL of deionized water and stirred for 8 h. 
The two mixtures were then combined and further stirred 
for an additional 8 h. The resulting mixture was washed 
twice with deionized water and ethanol by centrifugation 
at 6000 RPM for 15 minutes, and then dried at 120°C for 5 
h. To deposit the resulting nanocomposite onto CP, the 
powder was first mixed with deionized water and 
deposited on CP by dip-coating method. The coated CP was 
then dried at 120°C for 5 h. 

2.3. Electrochemical Experiments 

Cyclic voltammetry is a technique that applies a varying 
voltage to an electrode while measuring the resulting 
current. This method provides insights into the electrode's 
charge storage capacity and the speed at which it can 
release stored charge. A buffer solution and three 
electrodes were utilized for the analysis: the fabricated 
sample, a silver/silver chloride (Ag/AgCl) electrode, and a 
platinum electrode. The voltage was swept between the 
fabricated sample and the Ag/AgCl reference electrode 
within a range of ΔV = 2V, spanning from -1V to 1V. The 
current response was recorded.
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3. Experiment Details 

3.1. Characterization 
The structural properties of the samples were analyzed by a 

Philips Xpert- MPD Model 3040 X-ray diffractometer (XRD) 
with Cu Kα radiation with λ=1.5406 Å. In Fig. 1a the peak at 2θ 
= 28° is assigned to the (002) plane of NGO, confirming the 
reduction of GO through the restoration of van der Waals 
interactions between the carbon frameworks on the graphene 
sheets during the reduction process [10, 11]. Fig 1b shows 
chitosan peaks at 2θ = 18.2, 20.1, 29.2, 31.8, 33.9, 47.1, and 50.8 
[12-14]. In the XRD pattern of the CNGO nanocomposite, peaks 
from both chitosan and NGO are present, which appear with a 
slight shift, indicating strain within the nanocomposite (Fig. 1c).  

 
Fig. 1. XRD pattern of the (a) NGO, (b) chitosan, and (c) CNGO 

Fourier transform infrared spectroscopy (FTIR) was 
obtained within the range of 600-4000 cm−1 (Thermo, AVATAR, 
US). In Fig. 2a the characteristic peaks for NGO are: a broad peak 
around 3700 cm⁻¹ (O–H stretching vibrations) indicating the 
presence of hydroxyl groups [15]. This peak indicates the 
presence of non-hydrogen-bonded hydroxyl groups on the 
surface of the material. A peak near 1720 cm⁻¹ (C=O stretching 
vibrations) is associated with carbonyl groups [16]. A peak 
around 1620 cm⁻¹ (C=C stretching vibrations) corresponds to 
the sp² hybridized carbon framework of graphene [16]. Peaks 
in the range of 1200–1350 cm⁻¹ (C–N stretching vibrations) 
indicate the C–N bonds resulting from nitrogen doping [16]. 
These peaks confirm the incorporation of nitrogen atoms into 
the graphene lattice and the presence of various oxygen-
containing functional groups. 

Chitosan peaks in Fig. 2b: a broad peak around 3450 cm⁻¹ 
(O–H and N–H stretching vibrations) indicating the presence of 
hydroxyl and amine groups. Peaks near 2920 cm⁻¹ and 2880 
cm⁻¹ (C–H stretching vibrations) corresponding to aliphatic C–
H bonds. A peak around 1650 cm⁻¹, amide I band (C=O 
Stretching), associated with the carbonyl group in the amide 
linkage. A peak around 1066 cm⁻¹ (C–O–C stretching 
vibrations) is indicative of the glycosidic linkage in chitosan [17, 
18]. The FTIR spectrum of CNGO exhibits characteristic peaks 
from both chitosan and NGO (Fig. 2c). The peak at 3440 cm⁻¹ 
for chitosan has shifted to 3435 cm⁻¹ and broadened, attributed 
to the overlapping O–H and NH₃⁺ stretching bands. The peak at 
1730 cm⁻¹ corresponds to the stretching vibrations of the 
carbonyl group (C=O). The amide I band, observed at 1650 
cm⁻¹, represents the C=O stretching vibrations of chitosan. A 
peak at 1575 cm⁻¹ is associated with C=C stretching, indicating 
the presence of aromatic rings in graphene. Amide III bands, 
occurring between 1300–1400 cm⁻¹, correspond to N–H 
bending and C–N stretching of chitosan. The peak at 1150 cm⁻¹ 
is attributed to C–O–C stretching, while the peaks between 600–
1000 cm⁻¹, representing C–H bending, serve as the fingerprint 
region for carbohydrates [19, 20]. 

 

Fig. 2. FTIR of the (a) NGO, (b) chitosan, and (c) CNGO 

The morphology was analyzed using a field emission 
scanning electron microscope  (FESEM) (MIRA III model, 
TESCAN). Fig. 3a shows the FESEM image of the CNGO 
nanocomposite, while Fig. 3b displays that of the deposited 
nanocomposite on CP. The presence of the nanocomposite 
between the CP fibers increases the surface area-to-volume 
ratio of the electrode, allowing electrons to move more freely. 
This enhancement improves the current and electrochemical 

properties of the electrode, which will be discussed in detail 
later. Energy-dispersive X-ray spectroscopy (EDS) was 
conducted to identify the chemical elements in the synthesized 
CNGO nanocomposite (TESCAN, VEGA 3 model with a French 
SAMX detector, Czech Republic). The EDS image shows the 
distribution of different elements in the electrode, which is 
crucial for analyzing the chemical composition. 
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(a) (b) 

Fig. 3. FESEM images of (a) CNGO nanocomposite and (b) CNGO nanocomposite on CP 
 

Energy-dispersive X-ray spectroscopy (EDS) was conducted 
to identify the chemical elements in the synthesized CNGO 
nanocomposite (TESCAN, VEGA 3 model with a French SAMX 
detector, Czech Republic). The EDS image shows the 
distribution of different elements in the electrode, which is 

crucial for analyzing the chemical composition. Fig. 4 confirms 
the presence of N, C, and O in the sample, indicating that the CP 
contains the nanocomposite (Fig. 4a-c). The composition of all 
materials in the electrode is shown in Fig. 4d. 

 

Fig. 4. X-Map of the CNGO nanocomposite 

To measure the specific surface area of the nanocomposite, 
BET (Brunauer-Emmett-Teller, BEL Company, BELSORP MINI 
II, Japan)) analysis with N₂ as the carrier gas was performed at 

a constant temperature of 0°C. The gas adsorption temperature 
on the material's surface was set at -196°C (the temperature of 
liquid nitrogen) to minimize effects such as gas evaporation or 
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pressure fluctuations. The results are presented in Table 1. The 
specific surface area of the CNGO nanocomposite has increased 
compared to that of chitosan. The increase in surface area 
results in more active sites on the electrode surface for ion 
adsorption and desorption [21, 22]. The increase in surface area 
and mean pore diameter in the nanocomposite leads to an 
increase in energy density in the supercapacitor electrode, 
making it more efficient for energy storage applications [23]. 

Table 1. The calculated data from BET analysis 

Mean pore 
diameter(nm) 

Specific surface 
area (𝒎𝒎𝟐𝟐.𝒈𝒈−𝟏𝟏) 

Mass 
(g) 

Sample 

22.429 9.5891 0.1045 CNGO 
0.918 7.8977 0.1650 Chitosan 

 

 

3.2. Electrochemical Measurements 
An Autolab potentiostat/galvanostat 302N was used to 

study the current intensity response to variations in 
potential difference. A three-electrode system in an 

electrochemical cell, consisting of a working electrode with 
a surface area of 1 cm², a platinum electrode to reduce 
solution resistance and ensure current transport by 
diffusion, and a silver/silver chloride (Ag/AgCl) reference 
electrode, was employed. A buffer solution of Na₂HPO₄ and 
NaH₂PO₄ with a pH of 7.4 was used as the electrolyte, which 
is environmentally friendly and widely utilized in the water 
treatment industry. 

In Fig. 5a and 5b, the cyclic voltammetry of CP and CNGO 
electrodes at scan rates (SR) of 70, 110, 170, and 220 mV/s 
is compared. The cyclic voltammetry behavior indicates 
that the three-electrode system operates as an asymmetric 
supercapacitor [24]. This result was expected because the 
materials of the working and reference electrodes are 
different. In an asymmetric or hybrid supercapacitor, the 
behavior of electric double-layer capacitors and quasi-
capacitor supercapacitors coexist. In quasi-capacitor 
supercapacitors, chemical changes occur due to the redox 
process (oxidation and reduction). The quasi-capacitive 
behavior of the CNGO electrode is evident from the 
presence of sharp oxidation and reduction peaks. 

  

Fig. 5. Cyclic voltammetry of (a) CP and (b) CNGO electrodes 

To calculate the capacitive capacity, the cyclic 
voltammetry technique is used. This method is one of the 
widely employed techniques in electrochemistry, aiding in 
the analysis of the electrochemical behavior of materials 
during charge and discharge processes. The equation 1 
calculates the specific capacitance of the electrode material 
[25-27]: 

𝐶𝐶 =
∫ 𝐼𝐼 𝑑𝑑𝑑𝑑
𝑣𝑣 𝐴𝐴 ∆𝑉𝑉

=  
∫ 𝐼𝐼𝐴𝐴𝑑𝑑𝑑𝑑
𝑣𝑣 ∆𝑉𝑉

 (1) 

 
where the stored charge during the cyclic voltammetry 
process (the integral of current versus potential over a 
cycle) is divided by the scan rate (mV/s), the electrode 
surface area A (cm-2), and the potential window(ΔV).  The 
area under the cyclic voltammetry curve represents the 
variations in current as a function of potential differences 
during the process.  

A comparison of the results in Fig. 6 shows that the 
specific capacitance of the CNGO electrode is higher than 
that of the CP electrode at the corresponding scan rate. 
Therefore, the presence of the nanocomposite in the CNGO 

electrode has improved the performance of the 
electrochemical supercapacitor electrode.  

Two conventions are generally used to report CV data: the 
US and IUPAC conventions. Visually data reported in the 
two conventions will appear to be rotated by 180⁰ [28].  

 

 
Fig. 6. Specific capacitance of CP and CNGO electrodes 

 
In carbon-based materials, an anodic peak in the 

forward reaction and two cathodic peaks in the reverse 
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process are often observed in electrochemical 
measurements such as cyclic voltammetry. The anodic 
peak arises due to the oxidation of functional groups on the 
carbon surface or quinone groups or from faradaic redox 
reactions. In the reverse scan, two distinct cathodic peaks 
may appear, corresponding to different reduction 
processes. The first cathodic peak typically results from the 
reduction of oxidized functional groups, while the second 
peak may be attributed to processes like oxygen reduction, 
electrolyte ion adsorption, or additional faradaic reactions 
[29]. In Fig. 7a and 7b, one anodic peak in the forward 
reaction and two cathodic peaks in the reverse process are 
observed. The main reduction reaction in an 
electrochemical system is crucial because it determines the 
fundamental redox process governing the system’s 
behavior. However, identifying the primary reduction 
reaction can be challenging due to overlapping signals from 
side reactions, surface interactions, or electrolyte effects. 
Reversibility is generally determined based on the primary 
reaction associated with the anodic and cathodic peaks. 
Intermediate reactions often arise from indirect chemical 
interactions, such as the formation of complexes or 
unstable species that are rapidly reconverted into the 
original reactants or products. These reactions are usually 
treated as independent of the main reaction since they 

respond differently to changes in voltage sweep rate and 
are not necessarily linked to the number of electrons 
exchanged in the primary reaction [30]. Phosphate buffer 
is primarily used to maintain the system's pH and 
conductivity, with a low likelihood of direct 
electrochemical reactions involving phosphate ions [30]. 

The Anodic peak is labeled as (AP) and the Cathodic 
peak is marked as (CP). From equation 2, the reversibility 
ratio of this reaction can be estimated by considering the 
kinetics of electron transfer and a scan rate of 70 mV/s, as 
follows [31]: 

�
𝐼𝐼𝐴𝐴𝐴𝐴
𝐼𝐼𝐶𝐶𝐶𝐶

� ≅ 1 (2) 

In equation 2, the closer this ratio is to 1, the greater the 
reversibility of the electrode. The values of ∆E and � 𝐼𝐼𝐴𝐴𝐴𝐴

𝐼𝐼𝐶𝐶𝐶𝐶−2
� 

for the redox peak of the CP and the CNGO electrode are 
presented in Table 2. The smaller absolute value of ∆E in 
the CNGO electrode indicates improved stability and more 
controlled electrochemical reactions in the cell. The ratio of 
the anodic peak to the cathodic peak in the CNGO electrode 
is closer to 1, indicating better electrode efficiency and 
improved energy storage [32]. 

 

 

 

Fig. 7. Anodic and cathodic peaks of (a) CP and (b) CNGO electrodes for 70 mV/s scan rate 

Table 2. Reversibility ratio and ∆E calculation in the main redox peak of cyclic voltammetry (Fig. 5) 

�
𝑰𝑰𝑨𝑨𝑨𝑨
𝑰𝑰𝑪𝑪𝑪𝑪−𝟐𝟐

� 𝑰𝑰𝑪𝑪𝑪𝑪−𝟐𝟐(𝒎𝒎𝒎𝒎) 𝑰𝑰𝑨𝑨𝑨𝑨(𝒎𝒎𝒎𝒎) ∆𝑬𝑬 = 𝑬𝑬𝑪𝑪𝑪𝑪−𝟐𝟐 − 𝑬𝑬𝑨𝑨𝑨𝑨(𝑽𝑽) Electrode 

0.89 -4.66 4.16 -0.473  CP 
0.94 -4.89 4.61 -0.443 CNGO 

 

The GCD method is used to study the performance of CP 
and CNGO electrodes (Fig. 8a and 8b). The selected current 
density rates were 2, 7, and 15 mA/cm² for both the CP and 
CNGO electrodes. A comparison of the results shows that, 
with increasing current density, the charging and 
discharging times decrease [33]. As current density 
increases, a greater electric charge crosses the electrode 
surface per unit of time. Increasing current density reduces 
the time required to charge, implying that less energy is 
stored within this time frame. Similarly, in the discharging 
the stored energy is released more rapidly. As observed, 
the charging and discharging times for the CNGO electrode 

are longer than those for the CP electrode at various 
current densities. The presence of nanocomposite between 
the carbon paper fibers increases the contact surface area, 
enhancing the likelihood of electrochemical reactions. 

The specific capacitance from Fig. 8 is calculated using 
equation 4[25, 34, 35]: 

𝐶𝐶𝑠𝑠 =
𝑖𝑖 × ∆𝑡𝑡
𝐴𝐴 × ∆𝑉𝑉

=
𝑖𝑖𝐴𝐴 × ∆𝑡𝑡
∆𝑉𝑉

 (3) 

where 𝑖𝑖𝐴𝐴 is the electric current density in ( 𝐴𝐴
𝑐𝑐𝑐𝑐2), ∆t is the 

discharge time in (s) and ∆V is the potential window in 
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volts (V). For a current density of 2 𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐2 the specific 

capacitance increased from 29.73 𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐2 for the CP to 43.6 𝑚𝑚𝑚𝑚

𝑐𝑐𝑐𝑐2 
for the CNGO electrodes.  

In Fig. 9(a-c), GCD diagram of the CP and CNGO 
electrodes in currents at current densities of 2, 7, and 15 
mA are compared. In all currents current densities, the 
charging and discharging times of the CNGO electrode have 
increased compared to CP. Additionally, it is evident that 

charging and discharging occur more quickly as the current 
current density increases, due to reduced ion transfer 
resistance. Higher current density increases the charge 
passing through the electrode. During charging, higher 
current density shortens the charging time, reducing 
energy storage, while during discharging, stored energy is 
released faster. The longer discharge time leads to higher 
specific capacitance. The nanocomposite increases surface 
area, enhances electrochemical reactions, and improves 
conductivity.

 

 

 

 
Fig. 8. Galvanostatic charge and discharge diagram of the (a) CP and (b) CNGO electrodes at different current densities 

Fig. 10a shows the specific capacitance vs. current density 
for CP and CNGO electrodes in the current density range 
from 2 mA/cm2 to 15 mA/cm2. The presence of the 
nanocomposite in the CNGO electrode leads to a more 

porous structure, larger surface area, and higher 
conductivity, which can increase the accumulation of 
electrical charge on the electrode. 

   

Fig. 9. Galva nostatic charge and discharge diagram of the electrodes in (a) 2 mA, (b)7 mA, and (c) 15 mA 

Thus, the increase in electrical conductivity results in an 
increase in capacitance, energy density, and power density 
[36]. Fig. 10b shows the energy density versus power 
density for CP and CNGO electrodes in the range of 2 

mA/cm2 to 15 mA/cm2. Comparing the two electrodes 
shows that the presence of quasi-capacitive materials in the 
CP fibers has led to an increase in electrode capacitance, 
energy density, and power density. 
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Fig. 10. (a) the specific capacitance versus current density and (b) the energy density versus power density for CP and CNGO electrodes 

The Bode plots of electrochemical impedance vs. the 
logarithm of frequency and phase vs. the logarithm of 
frequency for CP and CNGO electrodes under open-circuit 
potential, VOCP (potential under zero current), are shown in 
Fig. 11a and 11b, respectively. The charge transfer 
behavior in the electrolyte can be inferred from the 
electrode-electrolyte resistance in the low-frequency 
range, but only at the equilibrium position, i.e., the VOCP. At 
potentials other than VOCP, the electrode-electrolyte 
characteristics are not reflected in the impedance spectrum 
due to the complexity of the system conditions. Fig. 11a 

demonstrates that the electrochemical impedance of the 
CNGO electrode is lower compared to the CP electrode [37]. 
The closer the phase angle is to |90°| at low frequencies, the 
higher the capacitive property of the supercapacitor. At low 
frequencies, the phase angle (Fig. 11b) of the CNGO 
electrode is about |−62°|, which is greater than the phase 
angle of the CP electrode, about |−52.7°|, indicating 
improved quasi-capacitive properties and better electrode 
performance. At higher frequencies, the CNGO electrode 
with a phase angle of |−92.7°| shows a higher capacity than 
the CP electrode with a phase angle of |−69.5°| [37]. 

  

Fig. 11. (a) electrochemical impedance vs. logarithm of frequency and (b) phase diagram vs. logarithm of frequency for CP and CNGO electrodes under 
open circuit voltage 

To evaluate the capacitance retention of the electrode, 
1100 cycles were conducted using the GCD method. The 
sample was repeatedly charged and discharged at room 
temperature with a current density of 20 mA/cm2 to assess 
the effect of cycling on its capacitance [38, 39]. The results 
in Fig. 12a indicate that after 1100 cycles, the specific 
capacitance remains at 100%. In Fig. 12b the potential vs. 
time for the first charge-discharge cycle is presented. Fig. 
12c compares the electrode's response at a current density 
of 20 mA/cm2 during the first three cycles and the last three 
cycles. The findings demonstrate that the proposed 
electrode exhibits excellent stability. These attributes make 
the electrode an excellent candidate for applications 
requiring long-term stability, high energy efficiency, and 
sustainable energy storage, such as supercapacitors for 
green energy technologies.  

 

 
Fig. 12. (a) capacity retention vs. cycle number, (b) potential vs. time 
for the first charge-discharge cycle, and (c) comparison of the first 
three charge-discharge cycles with the last three cycles 
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The provided Nyquist plot (Fig. 13) compares the 
electrochemical impedance spectra of the CP and CNGO 
electrodes. The x-axis (Z') represents the real impedance, 
while the y-axis (-Z'') corresponds to the imaginary 
impedance. The semicircle's diameter corresponds to the 
charge transfer resistance at the electrode/electrolyte 
interface. A smaller diameter means that the electrode 
material facilitates easier electron transfer and ion 
movement. In Fig. 13 the semicircle observed in the high-
frequency region indicates charge transfer resistance, 
where the CNGO electrode shows a smaller arc compared 
to the CP electrode. This suggests that the CNGO electrode 
has improved charge transfer characteristics, likely due to 
the enhanced surface area and conductivity introduced by 
the nanocomposite. At lower frequencies, the steeper curve 
for the CNGO electrode indicates better capacitive 
behavior, confirming its potential for use in energy storage 
applications [40]. The straight line in the Nyquist plot, 
particularly at the low-frequency region, represents the 
diffusion behavior of ions within the electrode material, 
known as the Warburg impedance. A steeper slope 
indicates better capacitive behavior, suggesting that the 
electrode material facilitates efficient ion diffusion and 
storage. The CNGO electrode exhibits a straighter line 
compared to the CP electrode, implying that the 
incorporation of the CNGO nanocomposite enhances the 
diffusion of ions into the electrode structure (Fig. 13). This 
improvement can be attributed to the increased surface 
area, porosity, and conductivity provided by the CNGO 
composite, making it more suitable for energy storage 
applications such as supercapacitors. 

 

Fig. 13. Nyquist plot of the CP and CNGO electrodes 

Table 3 reports the specific capacitance at current 
densities of 1 and 2 mA/cm2 for several supercapacitor 
electrodes based on carbon materials. The results indicate 
that the CNGO electrode in sodium phosphate buffer (NaP 
buffer) electrolyte exhibits higher specific capacitance at a 
current density of 2 mA/cm2. NaP buffer (Na₃PO₄ or 
Na₂HPO₄/NaH₂PO₄) is commonly employed as an 
environmentally friendly, non-toxic, and highly conductive 
electrolyte in supercapacitors and other electrochemical 
systems. This outcome suggests the optimization of the 
electrochemical performance of carbon structures in 
supercapacitors, with a focus on advancing green energy 
resources.  

Table 3.  Comparison of the results of this study with the values reported in previous research 
 

Reference Specific 
capacitance 

(𝒎𝒎𝒎𝒎
𝒄𝒄𝒄𝒄𝟐𝟐) 

Current 
density (𝒎𝒎𝒎𝒎

𝒄𝒄𝒄𝒄𝟐𝟐) 
Electrolyte  

[41] 33.18 1 𝑃𝑃𝑃𝑃𝑃𝑃/𝐻𝐻3𝑃𝑃𝑃𝑃4 Banana PEEl Carbon 
[42] 30 1 𝑃𝑃𝑃𝑃𝑃𝑃/𝐻𝐻3𝑃𝑃𝑃𝑃4 VACNFs/Diamond 
[42] 25 2 𝐻𝐻2𝑆𝑆𝑆𝑆4 0.1𝑀𝑀 VACNFs/Diamond 
[43] 15 2 𝑃𝑃𝑃𝑃𝑃𝑃/𝐻𝐻3𝑃𝑃𝑃𝑃4 AC/Cu-BFO 

This work 29.73 2 NaP Buffer CP 
This work 43.6 2 NaP Buffer CNGO 

4. Conclusion  
In this study, a chitosan nitrogen-doped graphene oxide 

(CNGO) nanocomposite electrode was successfully 
synthesized and applied to supercapacitor systems. The 
electrochemical performance of the CNGO electrode was 
compared to that of CP electrodes, which showed 
significant improvements. The specific capacitance 
increased from 29.73 mF/cm² for the CP to 43.6 mF/cm² 
for the CNGO electrode at a current density of 2 mA/cm². 
Additionally, the energy density and power density of the 
CNGO electrode showed substantial enhancement, 
demonstrating its potential for higher efficiency in energy 
storage applications. Bode plots and galvanostatic charge-
discharge analysis revealed that the CNGO electrode 
exhibited better stability, faster charge-discharge rates, 

and improved capacitive behavior. The phase angle data 
also confirmed superior quasi-capacitive properties at both 
low and high frequencies, indicating the enhanced 
electrochemical performance of the CNGO electrode. The 
reversibility ratio, an important factor for the performance 
and stability of the electrode, was calculated to be 0.89 for 
CP and 0.94 for the CNGO electrode, indicating improved 
charge-discharge reversibility in the CNGO electrode. This 
higher reversibility ratio, along with increased capacitance 
and stability, confirms the CNGO nanocomposite's 
effectiveness in enhancing supercapacitors' performance. 
The electrode's robust structure ensures minimal 
degradation during cycling, which is critical for long-term 
use in energy storage applications. Maintaining 100% 
capacitance retention showcases its efficiency in storing 
and releasing energy without significant losses. The choice 
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of materials, such as nitrogen-doped graphene oxide and 
chitosan, provides a synergistic combination of high 
conductivity, a large surface area for ion transport, and 
enhanced electrochemical activity. These findings highlight 
the significant improvements in the electrochemical 
properties of the CNGO electrode, making it a promising 
candidate for advanced energy storage systems. 
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