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Abstract
This study investigates the potential of Michelia Champaca, a hardwood, as a sustainable precursor for
high-performance supercapacitor electrodes. Activated carbons were prepared using single-step
carbonization at 400°C and 500°C (SSC-400°C and SSC-500°C) and double-step carbonization at 400°C
(DSC-400°C) with all samples activated using H₃PO₄. The effects of carbonization temperature on the
structural, morphological, and electrochemical properties of the resulting electrodes were examined.
SSC-400°C exhibited superior electrochemical performance, with a specific capacitance of 292.2 F g⁻¹,
energy density of 6.4 Wh kg⁻¹, and power density of 198.4 W kg⁻¹. Its optimized pore structure and
surface chemistry contributed to enhanced performance. SSC-500°C showed slightly lower performance,
while DSC-400°C demonstrated the lowest, suggesting that the double-step process may negatively
impact structural and electrochemical properties. These findings highlight the potential of Michelia
Champaca wood as a renewable source for high-quality activated carbon materials suitable for
supercapacitor applications. Future research could focus on optimizing the carbonization process and
exploring other precursors to further enhance electrode performance.

1. Introduction
Supercapacitors, renowned for their exceptional power density and rapid charge-discharge capabilities,
are indispensable components in modern energy storage systems. Sustainable activated carbons,
characterized by their extensive surface area and porous structure, are emerging as promising electrode
materials for these devices [1][2].

Michelia Champaca, a hardwood species commonly found in Nepal, possesses a dense structure and
high lignin content, making it an ideal candidate for producing high-performance activated carbon [3].
The dense structure and high lignin content of hardwood offer a rich source of carbon. Upon activation,
this carbon develops exceptional porosity and surface area, both of which are crucial for energy storage
applications.

This study explores the production of activated carbon from Michelia Champaca wood using two distinct
carbonization methods: Single-Step Carbonization (SSC) and Double-Step Carbonization (DSC). In the
SSC method, wood powder mixed with phosphoric acid is directly carbonized at the target temperature
for three hours, achieving simultaneous carbonization and activation. This approach encourages the
formation of a highly porous structure and large surface area, leveraging the high lignin content to create
a rigid carbon matrix suitable for achieving superior energy and power densities in supercapacitors [4],
[5],[6].

The DSC method follows a two-step strategy: the wood powder is initially carbonized at 400°C for one
hour, followed by overnight impregnation with phosphoric acid. The impregnated material is
subsequently carbonized again at 400°C for an additional hour. This method aims to achieve more
controlled activation and tailored pore characteristics, offering a more energy-efficient alternative by
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reducing continuous high-temperature heating. The DSC process saves one hour of carbonization time
and decreases energy consumption, making it a potentially sustainable option.

The objectives of this research are:

To prepare activated carbon electrodes from Michelia Champaca wood waste using SSC and DSC at
various temperatures.

To characterize the physical and chemical properties of the prepared electrodes.

To evaluate the electrochemical performance of the activated carbon electrodes in supercapacitor
applications.

To assess the energy efficiency of the carbonization processes.

To compare the performance of activated carbon electrodes produced by SSC and DSC to
determine the optimal carbonization method for supercapacitor applications.

Previous studies have shown that SSC often produces activated carbons with superior electrochemical
properties due to the synergistic effect of simultaneous carbonization and activation [4],[7]. However, the
influence of carbonization temperature on electrode performance remains to be explored. By addressing
these objectives, this research contributes to the development of sustainable and high-performance
energy storage materials while optimizing the production process.

2. Materials and Methods

2.1 Materials
Wood waste was collected from local joinery shops in Kathmandu, Nepal, for this study. An analytical-
grade activating agent, 85% H₃PO₄ with a specific gravity of 1.73 g/ml (15.0 M), was obtained from
Fischer Scientific, India (P) Ltd. Additional chemicals used included carbon black, polyvinylidene fluoride
(PVDF), and N-methyl pyrrolidine (NMP), sourced from Sigma-Aldrich (USA) and APS Ajax Finechem
(Australia).

The Ni-foam substrate employed in the experiments was procured from PRED MATERIALS International
(USA). Ni foam is a popular choice for current collectors and substrates in electrochemical energy
storage devices due to its unique properties. Its three-dimensional porous structure, combined with its
lightweight nature, provides a large surface area for active material deposition [8],[9],[10]. Moreover, Ni
foam's excellent electrical conductivity ensures efficient current collection and distribution, making it an
ideal substrate for supporting high-performance active materials in supercapacitors and other energy
storage applications.

2.2 Methods:
Synthesis of Activated Carbons
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To synthesize activated carbons, sun-dried wood waste was finely ground and sieved to a particle size of
100 µm. A total of 80 grams of this powder was mixed with an equal volume of 85% H3PO4 and allowed
to soak at 25°C for 24 hours. This 1:1 ratio was selected based on previous research findings [11], [12]
that indicated its effectiveness in producing optimal results. The mixture was subsequently heated to
110°C for 2 hours, following established synthesis protocols.

Carbonization Methods

To optimize the electrochemical properties of the activated carbon for supercapacitor applications, two
distinct carbonization methods were employed:

1. Single-Step Carbonization (SSC): The wood powder mixed with phosphoric acid was directly
carbonized at 400°C and 500°C separately for 3 continuous hours in an inert atmosphere of N2. This
one-step approach aims to achieve simultaneous carbonization and activation, potentially leading to
a more developed pore structure and enhanced surface area [3], [12].

2. Double-Step Carbonization (DSC): The wood powder was initially carbonized at 400°C for 1 hour,
followed by overnight phosphoric acid impregnation. Subsequently, the impregnated material was
carbonized again at 400°C for another hour, allowing for controlled activation and tailored pore
characteristics.

Post-Treatment

After carbonization, each sample was air-cooled and washed with hot distilled water until a neutral pH
was achieved. Once completely dried, the samples were finely powdered again, resulting in three distinct
activated carbons: SSC-400°C, SSC-500°C and DSC-400°C.

2.3. Instrumentation
Thermogravimetric analysis (TGA) of raw wood powder was performed using a SDT Q600 Version 20.9,
Build 20 thermogravimetric analyzer (USA).

Characterization of activated carbons (SSC-400°C, SSC-500°C and DSC-400°C):

Phase state: X-ray diffractometer (RIGAKU, Japan)

Defect analysis: Raman spectrometer (labRAM HR800, France; JOBIN YVON, Finland)

Oxygen content: Fourier transform infrared spectroscopy (FTIR) (BRUKER-OPTIK GMBH, Germany;
Vertex 70/80, USA)

Surface area and pore volume: Brunauer-Emmett-Teller (BET) method (Micromeritics ASAP 2020
system, USA)

Surface morphology: Scanning electron microscopy (SEM) (Mini SEM nanoeyes, Korea)

Porous structure: Transmission electron microscopy (TEM) (JEOL JEM 2100) for deeper analysis,
complementing SEM insights
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2.4. Assembly of Electrodes
Three different electrodes were fabricated using a blend of:

8 mg of each activated carbon (AC) powder (individually for each electrode)

1 mg of carbon black powder

1 mg of polyvinylidene fluoride (PVDF) powder

Maintaining an 8:1:1 ratio (AC:carbon black:PVDF), this mixture was dispersed in 200 mL of N-methyl-2-
pyrrolidone (NMP) solution to form a uniform electrode slurry. The slurry was then applied onto a 1 cm²
area of three separate rectangular Ni-foam electrode substrates. After drying overnight in a 70°C oven,
these standardized electrodes were ready for electrochemical testing.

[10],[11], [12].

Before further testing, all the three electrodes, were immersed in a 6M KOH aqueous electrolyte solution
overnight. This crucial step aimed to remove any contaminants and activate the electrode surfaces,
ensuring reliable and accurate electrochemical performance [3],[4],[6].

2.5. Electrochemical Characterizations
The performances of the three as-fabricated electrodes (SSC-400°C, SSC-500°C and DSC-400°C
electrodes), electrodes were evaluated individually using a three-electrode setup in a 6M KOH aqueous
solution. Pt plates and Ag/AgCl served as counter and reference electrodes, respectively. All
experiments were conducted at room temperature using a ‘Metrohm Autolab (PGSTAT 302 N)
potentiostat/galvanostat’ system [4],[5],[6].

Cyclic voltammetry (CV) analysis provided insights into the redox behavior and charge storage potential
of the electrodes. Measurements were conducted within a potential window of -1.0 to -0.2 V at various
scan rates of 2, 5, 10, 20, 50, and 100 mV s− 1 (However, only CV at 100 mV s− 1 has been shown for
clarity) [4],[5],[6].

Galvanostatic charge-discharge (GCD) tests assessed the electrodes' charge/discharge performance at
different current densities of 1, 2, 3, 5, 10, 15, and 20 Ag− 1 (only at 1 Ag− 1 has been shown for clarity).
Cyclic stability (% retention) was estimated based on data from these tests [11],[12].

Electrochemical impedance spectroscopy (EIS) data, acquired using a 10 mV perturbation signal across
a frequency range of 100 kHz to 0.1 Hz, provided insights into the impedance characteristics of the
electrodes and the resistance within the system [12],[13]. The data was analyzed using the Nova 1.11
program.

3. Results and Discussion
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3.1. Thermal Decomposition of Michelia Champaca Wood
Powder
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were employed to
investigate the thermal decomposition behavior of raw Michelia Champaca wood powder. TGA
measures mass loss during heating, while DSC monitors heat (enthalphy) flow into or out of the sample.
Figure 1 presents the TGA/DSC plot of raw wood powder.

Key Observations

Mass Loss:

Initial weight loss (0-200°C): Primarily attributed to the evaporation of moisture and volatile
compounds.

Major weight loss (200–400°C): Indicates the decomposition of cellulose, hemicellulose, and lignin,
accompanied by significant exothermic reactions. The peak at approximately 391.3°C corresponds
to the most intense decomposition.

Residual mass (400–800°C): Consists primarily of inorganic ash [12], [14].

Enthalpy Flow:

1. Exothermic peaks: Correspond to the decomposition of various wood components, with the most
prominent peak at 391.3°C, likely associated with cellulose and hemicellulose degradation.

2. Endothermic peaks: May be present at lower temperatures, indicating the absorption of heat during
moisture evaporation.

Analysis and Conclusions:

Thermal stability: The wood powder exhibits moderate thermal stability, with most mass loss
occurring between 200 and 400°C.

Decomposition mechanism: Multiple exothermic peaks suggest a complex decomposition process
involving the breakdown of different wood components.

Composition: The presence of inorganic minerals is indicated by the residual mass.

Energy content: The exothermic peaks suggest a significant heat content, making the wood powder
a potential source of energy [15].

Carbonization Temperature Selection:

The TGA/DSC results indicate that the precursor material becomes more stable beyond 400°C. This
suggests that 400°C is a suitable temperature for the carbonization process in this study, as it minimizes
further mass loss and decomposition while ensuring the removal of volatile components [12].

3.2. Structural analysis of activated carbon
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3.2.1. XRD and Raman analysis:
Figure 2 (a and b) shows the XRD and Raman spectra of the three activated carbon samples: SSC-400°C,
SSC-500°C, and DSC-400°C respectively. These analyses provide insights into the structural properties
and potential electrochemical performance of the materials.

XRD Analysis

Figure 2a presents the XRD patterns of the as-prepared Michelia Champaca-derived activated carbon. All
three samples exhibit broad peaks around 2θ = 25°, indicative of a predominantly amorphous structure,
consistent with the expected characteristics of activated carbon. Additionally, a small, broad peak
around 2θ = 25° is likely associated with the (002) plane of graphitic carbon, suggesting the presence of
small, disordered graphitic-like domains within the samples.

Raman Analysis

The Raman spectra of the samples show clear D and G bands, confirming their carbon nature. The D
band is directly associated with defects and disorder in the carbon structure, while the G band
represents the graphitic structure. Therefore, the ratio of ID/IG provides a direct measure of structural
disorder [16][17].

The calculated ID/IG ratios for SSC-400°C, SSC-500°C, and DSC-400°C are 0.9, 1.3, and 1.9, respectively.
These values are consistent with the amorphous nature observed in the XRD patterns, as a higher ID/IG
ratio generally indicates a more disordered structure (Fig. 2b).

Electrochemical Implications

The amorphous nature of SSC-400°C, as evidenced by its lower ID/IG ratio, suggests a larger surface
area and more accessible pores, which can enhance its electrochemical performance for supercapacitor
applications. These features can improve ion diffusion and charge transfer, leading to higher specific
capacitance and better rate capability.

Summary: XRD and Raman analysis

The XRD and Raman analyses indicate that SSC-400°C exhibits a more amorphous structure compared
to SSC-500°C and DSC-400°C. This amorphous nature, as evidenced by the lower ID/IG ratio in the
Raman spectra, suggests that SSC-400°C may have favorable properties for supercapacitor applications,
such as a larger surface area and more accessible pores.

However, further characterization is necessary to confirm the relationship between the amorphous
structure and electrochemical performance. Techniques like BET surface area analysis and pore size
distribution measurements can provide more quantitative information about the material's surface
properties and porosity, which are crucial factors for energy storage applications.
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3.2.2. FTIR Analysis of Activated Carbon Samples
Fourier-Transform Infrared Spectroscopy (FTIR) was employed to identify functional groups present in
the activated carbon samples. Figure 3 presents the FTIR spectra of the samples, along with peak
assignments and corresponding functional groups.

Peak Assignments and Functional Groups

3291 cm⁻¹: O-H stretching (hydroxyl groups)

1585 cm⁻¹: C = C stretching (aromatic rings or double bonds)

1186 cm⁻¹: C-O stretching (ether or ester groups)

660 cm⁻¹: C-H bending (aliphatic or aromatic hydrocarbons)

2344 cm⁻¹: CO₂ absorption

Analysis of Oxygen-Containing Functional Groups

SSC-400°C: Exhibits prominent peaks at 3291 cm⁻¹ and 1186 cm⁻¹, indicating the significant
amount of hydroxyl and ether/ester functional groups [18].

SSC-500°C: Shows less intense peaks associated with hydroxyl and ether/ester groups compared to
SSC-400°C, suggesting a decrease in their concentration of these functional groups.

DSC-400°C: Has almost no peaks related to hydroxyl and ether/ester groups, indicating a very low or
negligible concentration.

Importance of Oxygen-Containing Functional Groups in Electrochemical Performance

Oxygen-containing functional groups, such as hydroxyl and ether/ester groups, play a crucial role in the
electrochemical performance of activated carbon materials, particularly in supercapacitors:

Enhanced Wettability

These functional groups can improve the wettability of the carbon material by interacting with electrolyte
molecules, leading to better ion transport and charge storage.

Pseudocapacitance

Oxygen-containing functional groups can contribute to pseudocapacitance, a mechanism where charge
is stored through faradaic reactions involving the functional groups. This can increase the overall
capacitance of the material [19],[20].

Summary: FTIR Analysis of Activated Carbon Samples

The FTIR analysis reveals that SSC-400°C contains a higher concentration of oxygen-containing
functional groups compared to SSC-500°C and DSC-400°C. The presence of these functional groups can
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positively influence the electrochemical performance of activated carbon materials by enhancing
wettability, contributing to pseudocapacitance, and improving overall electrochemical activity.

3.3. BET Plot Analysis
The BET plot illustrates the adsorption and desorption isotherms of nitrogen gas on activated carbon
samples prepared under different conditions (SSC-400°C, SSC-500°C, and DSC-400°C). The adsorption
isotherms represent the amount of nitrogen gas adsorbed at various relative pressures (P/P°), while the
desorption isotherms represent the amount of nitrogen gas desorbed as the pressure is reduced.
Figure 4 presents the BET plot for the activated carbon samples.

Key Observations

1. Type I Isotherms: All samples exhibit a Type I isotherm, characteristic of microporous materials.
This indicates that the majority of pores in these activated carbons are smaller than 2 nm [21].

2. Hysteresis Loops: Hysteresis loops are observed between the adsorption and desorption branches
for all samples, suggesting the presence of mesopores (pore size between 2 and 50 nm). The shape
and size of the hysteresis loops can provide information about the pore size distribution and
connectivity.

3. Adsorption Capacity: The total amount of nitrogen adsorbed at P/P° = 1 (saturation) can be used to
estimate the specific surface area of the samples.

Interpreting the Differences

Based on the provided table, we can make the following observations:

SSC-400°C:

Highest specific surface area (1894.3 m²/g), indicating the largest number of active sites for
charge storage.

Largest pore volume (2.7 cm³/g) and broader pore size distribution (5.4 nm), suggesting better
ion transport and rate capability.
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SSC-500°C:

Lower specific surface area (1390.4 m²/g) compared to SSC-400°C.

Smaller pore volume (1.8 cm³/g) and narrower pore size distribution (4.1 nm), indicating fewer
mesopores and potentially limiting ion transport.

DSC-400°C:

Lowest specific surface area (969.2 m²/g) among the samples.

Smallest pore volume (0.9 cm³/g) and narrowest pore size distribution (1.9 nm), suggesting the
least amount of mesoporosity and potentially limiting ion transport.

Implications for Electrochemical Performance

Capacitance: A larger specific surface area (SSC-400°C) generally correlates with higher
capacitance due to the increased number of active sites for charge storage[12],[22].

Rate Capability: A broader pore size distribution (SSC-400°C) can facilitate ion diffusion, leading to
better rate performance. A narrower pore size distribution (DSC-400°C) may limit ion transport,
especially at higher current densities.

Energy Density: While a wider pore size distribution can enhance rate capability, it may also lead to
lower energy density. A narrower pore size distribution (DSC-400°C) can potentially improve energy
density by allowing for more efficient packing of ions within the pores [23].

Summary: BET Plot Analysis

The BET analysis reveals that all samples are primarily microporous, with varying degrees of
mesoporosity. SSC-400°C demonstrates the highest specific surface area, pore volume, and a wider pore
size distribution, making it more suitable for supercapacitor applications requiring both high capacitance
and good rate capability. In contrast, DSC-400°C has a smaller surface area and narrower pore
distribution, which might benefit applications prioritizing energy density.

3.4. Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) provides high-resolution images of the surface morphology of
materials, making it particularly useful for visualizing the microstructure and surface features of solids.

Interpretation of the SEM Images

Based on the provided SEM images, we can make the following observations:

SSC-400°C: The image shows a relatively rough and porous surface with a heterogeneous structure.
Visible pores and cracks suggest a well-developed pore structure.
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SSC-500°C: The surface appears smoother and less porous compared to SSC-400°C. The pores
seem smaller and less interconnected.

DSC-400°C: This sample exhibits a very smooth surface with minimal porosity. The particles appear
more compact and uniform in size.

Correlating with Previous Analysis

The SEM images are consistent with the findings from the BET and FTIR analyses:

SSC-400°C: The rough and porous surface observed in the SEM image aligns with the higher surface
area and wider pore size distribution indicated by the BET analysis. The presence of oxygen-
containing functional groups, as suggested by the FTIR analysis, might contribute to the surface
roughness and porosity[12], [24].

SSC-500°C: The smoother surface and smaller pores observed in the SEM image are consistent with
the lower surface area and narrower pore size distribution found in the BET analysis. The decrease
in oxygen-containing functional groups might also contribute to the smoother surface.

DSC-400°C: The very smooth surface and minimal porosity observed in the SEM image are
consistent with the low surface area and narrow pore size distribution indicated by the BET analysis.
The absence of oxygen-containing functional groups might further contribute to the compact and
uniform structure.

Implications for Electrochemical Performance

The surface morphology observed in the SEM images can significantly influence the electrochemical
performance of the activated carbon materials:

Porosity: A porous surface can provide more active sites for charge storage, leading to higher
capacitance. However, excessive porosity might also lead to increased diffusion resistance.

Surface Roughness: A rough surface can enhance the wettability of the material, improving the
interaction with the electrolyte.

Particle Size and Distribution: A uniform particle size distribution can facilitate ion transport and
improve the rate capability of the material [25].

Summary: Scanning Electron Microscopy (SEM)

The SEM images provide valuable insights into the surface morphology of the activated carbon samples.
The observations are consistent with the findings from the BET and FTIR analyses, suggesting a
correlation between the surface structure and the electrochemical properties of these materials. By
considering the factors mentioned above, a more comprehensive understanding of the relationship
between surface morphology and electrochemical performance can be obtained.

3.5. Transmission Electron Microscopy (TEM) analyses:
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Transmission Electron Microscopy (TEM) provides high-resolution images of the internal structure of
materials, revealing important characteristics such as particle size, shape, and distribution.

Interpretation of the TEM Images

Based on the provided TEM images, we can make the following observations:

SSC-400°C: The image shows a relatively agglomerated structure with particles of varying sizes.
Some larger particles are visible, along with smaller, more dispersed nanoparticles.

SSC-500°C: The particles appear to be slightly smaller and more uniformly distributed compared to
SSC-400°C. The agglomeration is reduced, and the nanoparticles are more dispersed.

DSC-400°C: This sample exhibits a more uniform distribution of nanoparticles with a smaller
average size compared to the other two samples. The particles are well-dispersed with minimal
agglomeration.

Correlating with Previous Analysis

The TEM images align well with the findings from the SEM and BET analyses:

SSC-400°C: The agglomerated structure observed in the TEM image corresponds with the rough and
porous surface seen in the SEM image, indicating larger particle size and potential for
agglomeration [26].

SSC-500°C: The smaller and more dispersed nanoparticles in the TEM image are consistent with the
smoother surface and narrower pore size distribution observed in the SEM and BET analyses.

DSC-400°C: The uniform distribution of smaller nanoparticles in the TEM image matches the
compact and uniform structure seen in the SEM image and the low surface area and narrow pore
size distribution indicated by the BET analysis.

Implications for Electrochemical Performance

The particle size and distribution observed in the TEM images can significantly influence the
electrochemical performance of the materials:

Particle Size: Smaller Particle Sizes: These can provide a larger surface area for charge storage,
leading to higher capacitance. This is beneficial for applications requiring high energy density.

Agglomeration: Excessive agglomeration can hinder ion transport and reduce the effective surface
area, negatively impacting the material’s performance.

Particle Distribution: Uniform Distribution: A uniform distribution of nanoparticles can facilitate ion
diffusion, improving the rate capability of the material. This ensures better performance in
applications requiring rapid charge and discharge cycles [27].

Summary: Transmission Electron Microscopy (TEM) analyses
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The TEM images provide valuable insights into the microstructure of the nanoparticle samples. The
observations are consistent with the findings from the SEM and BET analyses, suggesting a strong
correlation between the particle size, distribution, and the electrochemical properties of these materials.

This information is crucial for optimizing the materials for specific electrochemical applications, such as
batteries or supercapacitors.

A comprehensive structural analysis of the activated carbon samples using XRD, Raman spectroscopy,
and FTIR, BET, revealed that SSC-400°C possesses an optimal pore structure and surface area,
significantly outperforming the other synthesized materials. While SSC-500°C exhibited comparable
characteristics, higher calcination temperatures led to a deterioration in performance due to pore
collapse and structural modifications. DSC-400, on the other hand, demonstrated inferior surface area
and unsatisfactory results in scanning electron microscopy (SEM), transmission electron microscopy
(TEM), XRD, Raman, and FTIR analyses. These findings strongly suggest that SSC-400°C has the
potential for exceptional electrochemical behavior, particularly in energy storage applications such as
supercapacitors. To further explore its electrochemical performance, cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) were
employed.

4. Electrochemical Performances of activated carbon electrodes

4.1. Cyclic voltammetry (CV)
Cyclic voltammetry (CV) analysis provided insights into the redox behavior and charge storage potential
of the electrodes. To determine the optimal potential window, CV curves of the electrodes were
investigated at different potential windows, i.e. (-1.2 to 0 V), (-1 to -0 V) and (-1.0 to -0.2 V) (Fig. not
shown), using current density (A g-1) versus potential (V vs Ag/AgCl). Among the three potential
windows, the potential window of (-1.0 to -0.2 V) was found to be the best, exhibiting excellent EDLC
behavior.

Capacitive Behavior: The quasi-rectangular shape of the CV curves confirms the capacitive nature of
the activated carbon materials [12], [28].

Current Response: The current response increases with increasing potential, indicating a linear
relationship between current and potential, which is typical of capacitive behavior.

SSC-400°C: This sample shows the highest current response, suggesting the highest capacitance.

DSC-400°C: This sample shows the lowest current response, indicating the lowest capacitance.

SSC-500°C: The current response of SSC-500°C falls between SSC-400°C and DSC-400°C.

Additional Observations
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Scan Rate: CV curves were obtained at multiple scan rates (2, 5, 10, 50, and 100 mV/s). Only the 100
mV/s curves are shown for clarity. Analyzing the CV curves at different scan rates can provide
insights into the rate capability of the materials [4].

Correlating with Previous Characterizations

The CV results can be correlated with the findings from the BET, FTIR, and SEM analyses:

High Surface Area: The higher capacitance of SSC-400°C is likely due to its larger surface area, as
indicated by the BET analysis.

Pore Structure: The pore structure of the materials can also influence the capacitance. A wider pore
size distribution can facilitate ion transport, leading to higher capacitance.

Functional Groups: The presence of oxygen-containing functional groups can contribute to
pseudocapacitance, enhancing the overall capacitance.

Particle Size and Distribution: The surface morphology and particle size distribution observed in the
SEM images can also affect the electrochemical performance.

Implications for Electrochemical Performance

The CV analysis provides insights into the electrochemical behavior of the activated carbon samples.
The higher capacitance of SSC-400°C suggests its potential for supercapacitor applications. The lower
capacitance of DSC-400°C might be attributed to its smaller surface area and narrower pore size
distribution [29].

Summary: Cyclic Voltammetry (CV) Analysis

The cyclic voltammetry analysis revealed the capacitive nature of the activated carbon materials. The
current response of the electrodes increased with increasing potential, indicating a linear relationship
between current and potential, which is characteristic of capacitive behavior. Among the samples, SSC-
400°C exhibited the highest capacitance, likely due to its larger surface area and favorable pore
structure. The CV results suggest that SSC-400°C is a promising candidate for supercapacitor
applications.

4.2. Galvanostatic Charge-Discharge (GCD) analysis
The GCD plot shows the potential response of the activated carbon samples (SSC-400°C, SSC-500°C,
and DSC-400°C) as a function of time during constant current charging and discharging. The x-axis
represents time (s), and the y-axis represents the potential (V vs Ag/AgCl). Though various current
densities of 1, 2, 5, 10, and 20 A g⁻¹ were used, the GCD plot at 1 A g⁻¹ is shown here for clarity, as
showing all current densities would make the plot too compact and unclear.

Specific Capacitance Calculation
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The specific capacitance (Cs) was calculated using the following equation derived from the GCD curves:

Cs =  ………..(1)

Where,

Cs (F g⁻¹) is the specific capacitance

I (A) is the discharge current

t (s) is the discharge time

m (g) is the mass of the active electrode material

ΔV (V) is the potential window

Specific Capacitance Results

Using this equation, the specific capacitance values for the activated carbon electrodes were found to be
292.2 F/g for SSC-400°C, 157.1 F/g for SSC-500°C, and 74.3 F/g for DSC-400°C.

Rate Capability Evaluation

To further evaluate the rate capability of the activated carbon samples, we analyzed the variation of
specific capacitance with current density. The resulting plot is shown in Fig. 8.

Key Observations

Specific Capacitance Trends: SSC-400°C exhibits the highest specific capacitance across the entire
current density range, followed by SSC-500°C and DSC-400°C.

Capacitance Decay: All three samples show a decrease in specific capacitance with increasing
current density, indicating diffusion limitations and ohmic losses.

Correlations and Implications

The higher specific capacitance of SSC-400°C can be attributed to its larger surface area, as indicated by
the BET analysis. Additionally, the wider pore size distribution in SSC-400°C facilitates ion transport,
leading to better rate capability and potentially higher specific capacitance at higher current densities.
The presence of oxygen-containing functional groups in the activated carbons can also contribute to the
overall capacitance [4],[12], [30].

The GCD analysis demonstrates the rate capability of the activated carbon samples. SSC-400°C exhibits
the best rate capability, maintaining a high specific capacitance even at higher current densities. This
suggests its potential for applications requiring rapid charge and discharge, such as pulsed power
devices or energy storage systems in electric vehicles.

Implications for Electrochemical Performance

\varvecIΔ \varvect

\varvecmΔ \varvecV
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The GCD analysis provides insights into the specific capacitance and rate capability of the activated
carbon samples. The higher specific capacitance of SSC-400°C suggests its potential for supercapacitor
applications in energy storage devices. The higher internal resistance of DSC-400°C might limit its
performance at high current densities, making it less suitable for applications requiring rapid charge and
discharge.

Summary: Galvanostatic Charge-Discharge (GCD) analysis

The galvanostatic charge-discharge (GCD) analysis evaluated the specific capacitance and rate
capability of the activated carbon electrodes. SSC-400°C exhibited the highest specific capacitance
(292.2 F/g) and the best rate capability, maintaining a high specific capacitance even at higher current
densities. DSC-400°C showed the lowest specific capacitance (74.3 F/g) and exhibited a significant
decrease in capacitance at higher current densities. The results suggest that SSC-400°C is a promising
candidate for supercapacitor applications, particularly those requiring high power density. The observed
trends can be correlated with the structural and morphological properties of the materials, as revealed by
the BET, FTIR, SEM, and CV analyses.

Percentage capacity retention

Key Observations

Capacity Fade: All three samples exhibit a gradual decrease in capacity retention with increasing
cycle number, indicating capacity fading.

SSC-400°C: This sample shows the best capacity retention, retaining around 96.2% of its initial
capacity after 1000 cycles.

DSC-400°C: This sample shows the worst capacity retention, retaining only 66.4% of its initial
capacity after 1000 cycles.

SSC-500°C: The capacity retention of SSC-500°C falls between SSC-400°C and DSC-400°C.

Correlating with Previous Characterizations

The capacity retention can be correlated with the findings from the BET, FTIR, SEM, CV, and GCD
analyses:

Surface Area and Pore Structure: A larger surface area and a wider pore size distribution can
contribute to better capacity retention by providing more active sites for charge storage and
facilitating ion transport.

Functional Groups: The presence of oxygen-containing functional groups can influence the stability
of the electrode material and affect capacity retention.

Particle Size and Distribution: The surface morphology and particle size distribution can also impact
the long-term stability of the material.
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Implications for Electrochemical Performance

The capacity retention curves provide insights into the cycling stability of the activated carbon samples.
The higher capacity retention of SSC-400°C suggests its superior long-term performance. The lower
capacity retention of DSC-400°C might be attributed to its smaller surface area, narrower pore size
distribution, or the presence of less stable functional groups [4],[12],[29]

Summary: Percentage Capacity Retention

The cycling stability of the activated carbon samples was evaluated using percentage capacity retention.
SSC-400°C exhibited the best capacity retention, retaining around 96.2% of its initial capacity after 1000
cycles. DSC-400°C showed the worst capacity retention, retaining only 66.4% of its initial capacity. The
capacity retention can be correlated with the surface area, pore structure, functional groups, and particle
size distribution of the samples. These factors influence the long-term stability of the electrode material
and its ability to maintain high capacitance over repeated cycles.

4.3. Electrochemical Impedance Spectroscopy (EIS)
Analysis of Activated Carbon Electrodes
Electrochemical impedance spectroscopy (EIS) is a powerful technique used to investigate the
electrochemical behavior of materials. By applying a small amplitude AC signal to an electrochemical
system and measuring the resulting impedance response, EIS can provide valuable insights into charge
transfer kinetics, diffusional limitations, and interfacial processes.

Nyquist Plot Analysis

The provided Nyquist plot shows the impedance response of the activated carbon samples (SSC-400°C,
SSC-500°C, and DSC-400°C) in a frequency range from 100 mHz to 100 kHz. The x-axis represents the
real part of the impedance (Z'), and the y-axis represents the negative imaginary part of the impedance (-
Z'').

Key Observations

Semicircle in the high-frequency region: This represents the charge transfer resistance (Rct). A
smaller semicircle indicates a lower Rct, which is desirable for better electrochemical performance.

Sloping line in the low-frequency region: This represents the Warburg impedance (Zw), associated
with diffusional limitations. A steeper slope suggests lower diffusional resistance.

Quantitative Analysis:

To quantify the Rct and Zw values, the Nyquist plot can be fitted to an equivalent circuit model, such as
the Randles circuit. This model consists of a resistor (Rs) representing the electrolyte resistance, a
capacitor (Cdl) representing the double-layer capacitance, a resistor (Rct) representing the charge
transfer resistance, and a Warburg element (Zw) representing diffusional limitations [25], [29].
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By fitting the Nyquist plot to the Randles circuit, the values of Rct and Zw can be extracted. The following
Table 2 summarizes the extracted values for the three samples:

Interpretation:

Rct: SSC-400°C exhibits the lowest Rct, indicating the fastest charge transfer kinetics. DSC-400°C
shows the highest Rct, suggesting slower charge transfer.

Zw: SSC-400°C also has the lowest Zw, implying the least diffusional limitations. DSC-400°C exhibits
the highest Zw, indicating significant diffusional resistance.

Overall impedance: SSC-400°C demonstrates the lowest overall impedance, combining the benefits
of low Rct and Zw. This suggests superior electrochemical performance [4], [12].

Correlation with Previous Characterizations

The EIS results can be correlated with the findings from other characterization techniques, such as BET,
FTIR, SEM, CV, and GCD. For example:

High surface area: A larger surface area can lead to lower Rct.

Pore structure: A wider pore size distribution can facilitate ion transport, reducing diffusional
resistance.

Functional groups: The presence of oxygen-containing functional groups can influence the charge
transfer kinetics and Rct.

Particle size and distribution: The surface morphology and particle size distribution can also impact
the electrochemical properties.

Summary: Electrochemical Impedance Spectroscopy Analysis

The electrochemical impedance spectroscopy (EIS) analysis revealed the charge transfer kinetics and
diffusional limitations of the activated carbon electrodes. SSC-400°C exhibited the lowest charge
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transfer resistance (Rct) and diffusional resistance (Zw), indicating the fastest charge transfer kinetics
and least diffusional limitations. These favorable properties suggest that SSC-400°C is a promising
candidate for supercapacitor applications requiring high power density and good rate capability

4.4. Power and Energy density
Analyzing the Ragone Plot for Activated Carbon Supercapacitors

The Ragone plot is a powerful visualization tool that illustrates the relationship between energy density
and power density for energy storage devices. By plotting these two parameters against each other, the
Ragone plot provides a clear comparison of different materials and technologies.

In this case, the Ragone plot shows the performance of three activated carbon samples (SSC-400°C,
SSC-500°C, and DSC-400°C) as supercapacitors. The x-axis represents the energy density, which is the
amount of energy stored per unit mass, while the y-axis represents the power density, which is the rate at
which energy can be delivered.

Key Observations:

Position of Samples: SSC-400°C is positioned towards the top-right corner of the plot, indicating a
high energy density and high power density. DSC-400°C is positioned towards the bottom-left corner,
indicating a low energy density and low power density. SSC-500°C falls somewhere in between.

Trade-off Between Energy and Power Density: There is a general trade-off between energy density
and power density. Materials with high energy density tend to have lower power density, and vice
versa [30].

Quantitative Analysis (Power and energy density evaluation):

To obtain quantitative values for energy and power density, the following equations were used:

ED =  ………………………. (3)

PD =  ……………………………… (4)

In the equations for energy density and power density, the following variables are used:

V: Potential window (voltage range)

t: Discharge time (seconds)

E: Energy density (Wh/kg)

P: Power density (W/kg)

Csp: Specific capacitance (F/g)

\varvecC\varvecS\varvecP
Δ \varvecv

21
8

\varvecE

Δ \varvect



Page 20/33

It's important to note that in this study, the energy density is calculated by dividing the specific
capacitance by 8. This is due to the use of a three-electrode system for measuring the electrochemical
performance. In a three-electrode system, the reference electrode effectively doubles the total
capacitance, leading to the factor of 8 in the energy density calculation [4],[12].

Explanation for Division by 8 in Three-Electrode Systems:

The factor of 8 in the energy density equation arises from the specific configuration of the three-
electrode system used in this study. In a three-electrode system, the working electrode is measured
against a reference electrode, while the counter electrode balances the current. This configuration
effectively doubles the total capacitance of the system compared to a two-electrode system [22].

Since energy density is proportional to the square of the capacitance, dividing by 8 instead of 2 accounts
for this doubled capacitance and provides an accurate representation of the energy stored in the working
electrode.

Correlation with Characterizations:

The Ragone plot can be correlated with the findings from other characterization techniques, such as BET,
FTIR, SEM, CV, GCD, and EIS. For example:

High surface area: A larger surface area can contribute to higher energy and power density.

Pore structure: The pore structure can influence both energy and power density. A wider pore size
distribution can facilitate ion transport and improve the rate capability, leading to higher power
density.

Functional groups: The presence of oxygen-containing functional groups can affect the
electrochemical properties and influence the position of the samples on the Ragone plot.

Particle size and distribution: The surface morphology and particle size distribution can also impact
the energy and power density.

Implications for Electrochemical Performance:

The Ragone plot provides a visual representation of the overall electrochemical performance of the
activated carbon samples. SSC-400°C exhibits the most desirable combination of energy density and
power density, making it a promising candidate for supercapacitor applications. DSC-400°C, on the other
hand, shows lower performance in terms of both energy and power density [22],[23].

Summary: Ragone Plot Analysis

The Ragone plot analysis revealed the energy density and power density of the activated carbon
supercapacitors. SSC-400°C demonstrated the highest energy density and power density, positioning it
towards the top-right corner of the plot. DSC-400°C exhibited the lowest energy density and power
density, located towards the bottom-left corner. The Ragone plot highlights the trade-off between energy
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density and power density, where materials with high energy density tend to have lower power density
and vice versa. These findings suggest that SSC-400°C is a promising candidate for supercapacitor
applications requiring a balance of energy and power performance.

5. Conclusion
Based on the comprehensive analysis of the activated carbon samples using various techniques (BET,
FTIR, SEM, CV, GCD, EIS, and Ragone plot), the following key findings can be summarized:

Electrochemical properties of the activated carbon samples, including specific capacitance, energy
density, power density, charge transfer resistance (Rct), and Warburg impedance (diffusional resistance)
(Zw)

As shown in Table 3, SSC-400°C exhibits superior electrochemical performance in all aspects:

Specific Capacitance: SSC-400°C demonstrates the highest specific capacitance of 292.2 Fg− 1

indicating its ability to store a larger amount of charge per unit mass.

Energy Density: The energy density of SSC-400°C is 6.4 Whkg− 1, which is significantly higher than
the other samples. This suggests its potential for storing more energy per unit mass.

Power Density: SSC-400°C also exhibits a high power density of 198.4 Wkg− 1, indicating its ability to
deliver energy at a rapid rate.

Charge Transfer Resistance (Rct): The Rct value of SSC-400°C is the lowest among the three
samples, suggesting faster charge transfer kinetics.

Warburg Impedance (Zw): SSC-400°C also has the lowest Zw value, indicating lower diffusional
limitations within the electrode material.

In contrast, DSC-400°C demonstrates inferior electrochemical properties, with the lowest specific
capacitance, energy density, and power density. This is likely due to its less favorable structural
properties, as evidenced by the BET and SEM analyses.
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SSC-500°C shows intermediate performance, with slightly lower specific capacitance and energy density
compared to SSC-400°C. This may be attributed to some degradation of the material during the higher
calcination temperature.

Overall, this study highlights the potential of activated carbon derived from sugarcane bagasse as a
promising material for supercapacitor applications. Future research and development efforts could
focus on optimizing the synthesis process to further enhance the performance of these materials and
expand their applicability in various energy storage devices.
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Figure 1

TGA/DSC plot of Michelia Champaca wood powder

Figure 2

(a)XRD pattern and (b)Raman spectra of activated carbons
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Figure 3

FTIR spectra of activated carbon samples
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Figure 4

BET plot of activated carbon samples

Figure 5

SEM images of activated carbon samples
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Figure 6

TEM images of activated carbon samples

Figure 7

CV curves of activated carbon electrodes at (-1 to -0.2 V)
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Figure 8

GCD curves of activated carbon electrodes at (-1 to -0.2 V)
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Figure 9

Specific capacitance of activated carbon electrodes Vs Current densities
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Figure 10

Fig. 9: Capacity retention (%)of activated carbon electrodes as a function of cycle number
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Figure 11

Fig.10:Nyquist plots of activated carbon electrodes

Figure 12



Page 33/33

Fig.11: Ragone plot comparing energy density and power density of activated carbon electrodes


