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Abstract 

The escalating global demand for energy storage solutions, coupled with the pressing need for environmental 

sustainability, has driven intensive research into green, high-performance supercapacitor electrode materials. 

This review systematically examines the synthesis, characterization, and electrochemical performance of 

activated carbon nanostructures derived from diverse biomass precursors (e.g., agricultural waste, forestry 

residues, algae, and industrial by-products). These materials leverage hierarchical porosity, high specific surface 

area (often >2000 m²/g), tunable surface chemistry, and inherently sustainable sourcing to deliver exceptional 

capacitive performance. We detail the conversion pathways—including pyrolysis, physical/chemical activation, 

and hydrothermal carbonization—and their impact on the final carbon architecture. The electrochemical analysis 

covers specific capacitance (frequently reaching 200–400 F/g in aqueous electrolytes), energy density (5–10 

Wh/kg), power density, and long-term cycling stability (>10,000 cycles). The review underscores the potential 

of biomass-derived carbons to provide a cost-effective, eco-friendly alternative to conventional fossil-based or 

synthetic carbons, thereby contributing to the circular economy. Challenges in consistency, scalability, and 

competitive energy density versus batteries are also addressed. The conclusion highlights future directions for 

optimizing performance through heteroatom doping, composite formation, and advanced device engineering. 

 

Keywords: Biomass-derived activated carbon; Sustainable supercapacitors; Porous nanostructures; Green 

energy storage; Electrochemical double-layer capacitance (EDLC); Hierarchical porosity; Renewable 

electrodes; Circular economy; Carbonization; Energy density. 

 

Introduction 

Supercapacitors (electrochemical capacitors) are critical energy storage devices bridging the gap between 

conventional capacitors (high power) and batteries (high energy). Their applications span from consumer 

electronics and grid storage to electric vehicles. Commercial supercapacitors predominantly use activated 

carbons from non-renewable precursors like coal and petroleum pitch, raising environmental and cost concerns. 

The shift toward a circular bioeconomy has spotlighted biomass—a vast, renewable, and often waste carbon 

source—as a promising precursor for advanced carbon materials. Biomass-derived activated carbon 

nanostructures (BD-ACNS) offer a sustainable pathway with advantages such as natural hierarchical structures, 

intrinsic heteroatom doping (N, O, P, S), and tunable porosity. This review consolidates recent advances, 

elucidating the interplay between biomass source, processing, nanostructure, and electrochemical performance, 

while positioning BD-ACNS as a cornerstone for next-generation sustainable energy storage. 

 

Definitions of Present Research Study 

1. Biomass: Organic material originating from plants, animals, or microorganisms, available on a 

renewable basis. Examples include wood chips, rice husks, coconut shells, and algae. 

2. Activated Carbon: A porous form of carbon processed to have small, low-volume pores that 
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significantly increase its surface area available for adsorption or chemical reactions. 

3. Carbon Nanostructure: Carbon materials with structural features (pores, walls, sheets) at the 

nanometer scale (1–100 nm), such as nanoflakes, nanotubes, or nanoporous networks. 

4. Supercapacitor: An electrochemical energy storage device that stores charge via ion adsorption 

(electrical double-layer capacitance, EDLC) and/or fast surface redox reactions (pseudocapacitance). 

5. Hierarchical Porosity: A pore structure containing a combination of micropores (<2 nm), mesopores 

(2–50 nm), and macropores (>50 nm), facilitating ion transport and access to high surface area. 

6. Sustainability (in this context): The principle of designing systems that minimize environmental 

impact, utilize renewable/waste resources, and promote long-term ecological balance. 

 

Need for Present Research Study 

1. Environmental Imperative: To reduce reliance on fossil-fuel-derived carbons and valorize biowaste, 

mitigating landfill issues and greenhouse gas emissions. 

2. Economic Drive: Biomass is often low-cost or negative-cost (waste), offering a route to cheaper 

electrode materials. 

3. Performance Enhancement: Natural biomass structures can be templated to create optimal porous 

networks for ion diffusion, potentially outperforming conventional activated carbons. 

4. Strategic Material Security: Diversifying carbon sources reduces geopolitical and supply-chain risks 

associated with fossil resources. 

 

Aims & Objectives of Present Research Study 

Aim: To critically evaluate the potential of biomass-derived activated carbon nanostructures as sustainable, 

high-performance electrode materials for supercapacitor applications. 

Objectives: 

1. To catalog and classify diverse biomass precursors and their corresponding carbon synthesis methods. 

2. To correlate synthesis parameters (activation agent, temperature, time) with the resulting nanostructural 

properties (surface area, pore size distribution, surface functionality). 

3. To analyze the electrochemical performance metrics (capacitance, energy/power density, cycling 

stability) of various BD-ACNS. 

4. To assess the sustainability and life-cycle impact of BD-ACNS compared to conventional carbons. 

5. To identify key challenges, knowledge gaps, and future research directions for commercialization. 

 

Hypothesis of Present Research Study 

We hypothesize that through careful selection of biomass precursor and optimization of thermochemical 

conversion and activation processes, it is possible to synthesize activated carbon nanostructures with 

hierarchically porous networks and favorable surface chemistry. These tailored properties will yield 

supercapacitor electrodes with high specific capacitance, excellent rate capability, and robust cyclability, while 

simultaneously offering a superior environmental and economic profile compared to fossil-based counterparts. 

 

Literature Search of Present Research Study 

1. Databases: Scopus, Web of Science, Google Scholar, ACS Publications, RSC Journals, SpringerLink, 

IEEE Xplore. 

2. Search Terms: ("biomass-derived carbon" OR "activated carbon from waste") AND ("supercapacitor" 

OR "electrochemical capacitor") AND ("nanostructure" OR "porous"). 

3. Timeframe: Focus on 2015–present, with seminal earlier works included. 

4. Inclusion Criteria: Peer-reviewed articles, reviews, and conference proceedings reporting original 

data on synthesis, characterization, and electrochemical testing. 
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5. Exclusion Criteria: Studies without proper electrochemical characterization, non-biomass precursors, 

or focused solely on batteries. 

Research Methodology (for a typical study in this field) 

1. Material Synthesis: 

A. Pre-treatment: Biomass washing, drying, and size reduction. 

B. Carbonization: Pyrolysis under inert atmosphere (N₂, Ar) at 400–800°C. 

C. Activation: Physical (CO₂, steam) or Chemical (KOH, H₃PO₄, ZnCl₂) at elevated 

temperatures. 

D. Post-treatment: Washing, drying, and optional heteroatom doping. 

2. Material Characterization: 

A. Structural/Morphological: SEM, TEM, XRD, Raman spectroscopy. 

B. Textural/Porous: N₂ adsorption-desorption isotherms (BET surface area, DFT/BJH pore 

analysis). 

C. Surface Chemical: XPS, FTIR, Boehm titration. 

3. Electrochemical Characterization (3-electrode & 2-electrode cell): 

A. Cyclic Voltammetry (CV): To assess capacitive behavior and rate performance. 

B. Galvanostatic Charge-Discharge (GCD): To calculate specific capacitance, cycling 

stability. 

C. Electrochemical Impedance Spectroscopy (EIS): To analyze ion transport and electrode 

resistance. 

D. Device Testing: Energy/power density calculation (Ragone plot), self-discharge, temperature 

stability. 

 

Data Analysis & Data Presentation 

TABLE 1: Comparison of Biomass Precursors and Their Derived Carbon Properties 

Biomas

s 

Precurs

or 

Activati

on 

Method 

BET 

Surfac

e 

Area 

(m²/g) 

Pore 

Volum

e 

(cm³/g

) 

Dominant 

Pore Size 

Specific 

Capacitan

ce (F/g) 

Electroly

te 

Referen

ce 

Coconu

t Shells 
KOH 

2800-

3200 

1.2-

1.5 

Microporo

us 
280-320 

6M 

KOH 
[16] 

Rice 

Husks 

KOH + 

CO₂ 

2500-

2800 

1.1-

1.3 

Micro/Mes

o 
250-290 

1M 

H₂SO₄ 
[18] 

Bambo

o 
H₃PO₄ 

1800-

2200 

1.0-

1.2 

Mesoporo

us 
220-260 

1M 

Na₂SO₄ 
[8] 

Corn 

Stalks 
ZnCl₂ 

1500-

1800 

0.8-

1.0 

Mesoporo

us 
180-220 

6M 

KOH 
[6] 

Algae Self- 1200- 0.6- Hierarchic 200-240 EMIMB [38] 
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Biomas

s 

Precurs

or 

Activati

on 

Method 

BET 

Surfac

e 

Area 

(m²/g) 

Pore 

Volum

e 

(cm³/g

) 

Dominant 

Pore Size 

Specific 

Capacitan

ce (F/g) 

Electroly

te 

Referen

ce 

activatio

n 

1600 0.9 al F₄ 

Lignin 
KOH + 

NH₃ 

2000-

2400 

0.9-

1.1 

Microporo

us 
270-310 

6M 

KOH 
[17] 

Banana 

Peel 
KOH 

2300-

2700 

1.0-

1.3 

Micro/Mes

o 
260-300 

1M 

H₂SO₄ 
[1] 

Coffee 

Ground

s 

Steam 
800-

1200 

0.5-

0.7 

Mesoporo

us 
150-190 

6M 

KOH 
[9] 

 

TABLE 2: Performance Comparison of Different Activation Methods 

Activation 

Method 

Temperatur

e (°C) 

Tim

e 

(hrs) 

Yiel

d 

(%) 

Surfac

e Area 

(m²/g) 

Energy 

Density 

(Wh/kg

) 

Power 

Density 

(kW/kg

) 

Environment

al Impact 

KOH 

Chemical 
700-800 1-2 

20-

30 

2500-

3500 
6-10 1-5 

High (corrosive 

waste) 

H₃PO₄ 

Chemical 
400-500 2-3 

30-

40 

1500-

2200 
4-7 5-10 Moderate 

Steam 

Physical 
800-900 3-4 

40-

50 

800-

1500 
3-5 10-15 Low 

CO₂ 

Physical 
800-900 4-6 

35-

45 

1000-

1800 
3-6 8-12 Low 

Self/No 

Activation 
600-800 1-2 

50-

60 

500-

1200 
2-4 15-20 Very Low 

Microwav

e 
300-400 

0.5-

1 

25-

35 

1800-

2500 
5-8 3-8 Low 
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TABLE 3: Comparative Analysis with Conventional Carbon Materials 

Material Source 
Cost 

($/kg) 

Surface 

Area 

(m²/g) 

Specific 

Capacitance 

(F/g) 

Energy 

Density 

(Wh/kg) 

Cycle 

Life 

Environmental 

Score (1-10) 

Biomass-

AC 
Waste biomass 5-15 

1000-

3500 
150-350 4-10 >50,000 9 

Commercial 

AC 
Coal/petroleum 20-50 

1000-

2500 
100-250 3-8 >100,000 3 

Graphene Graphite 
100-

500 

500-

1500 
150-250 5-12 >100,000 4 

Carbon 

Nanotubes 
Hydrocarbons 

200-

1000 

200-

500 
100-200 2-6 >50,000 3 

Activated 

Carbon 

Fibers 

Polyacrylonitrile 
50-

200 

1500-

3000 
200-300 5-9 >100,000 5 

 

TABLE 4: Effect of Heteroatom Doping on Electrochemical Performance 

Doping 

Element 
Precursor 

Doping 

Method 

Content 

(at.%) 

Capacitance 

(F/g) 

Rate 

Capability 

@ 10A/g 

Cycle 

Stability 

@ 10k 

cycles 

None 
Coconut 

shell 
- - 280 65% 92% 

Nitrogen Chitosan In-situ 5.2 320 75% 95% 

Oxygen Lignin Self-doped 8.5 305 70% 94% 

Nitrogen-

Sulfur 
Seaweed Co-pyrolysis 

N:4.1, 

S:2.3 
350 80% 97% 

Nitrogen-

Phosphorus 

Plant 

leaves 
Impregnation 

N:3.8, 

P:1.5 
335 78% 96% 
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TABLE 5: Technical Challenges and Proposed Solutions 

Challenge Current Status Proposed Solution Expected Outcome 

Batch 

inconsistency 

High variability in 

biomass composition 

Pre-treatment standardization 

& AI-based sorting 
±5% property variation 

Low energy 

density 
5-10 Wh/kg typical 

Hybrid composites with 

pseudocapacitive materials 

15-25 Wh/kg 

achievable 

Harsh activation 
KOH creates chemical 

waste 

Green activators (KHCO₃, 

K₂CO₃) 

30% less 

environmental impact 

Scalability issues Lab to pilot scale gaps Continuous pyrolysis reactors 
100x production 

increase 

Cost 

competitiveness 
$5-15/kg Waste-to-energy integration $3-8/kg target 

Limited rate 

capability 
Micropore dominance Hierarchical pore engineering 

80% capacitance 

retention @ 10A/g 

 

TABLE 6: Economic Analysis: Cost Breakdown for Production 

Cost 

Component 
Percentage of Total Cost Cost per kg ($) Reduction Strategy 

Biomass 

feedstock 
10-20% 0.5-3.0 Use of waste streams 

Pre-treatment 5-10% 0.3-1.5 Integrated drying 

Pyrolysis 20-30% 1.0-4.5 Heat recovery systems 

Activation 25-40% 1.5-6.0 Green activators, recycling 

Post-processing 10-15% 0.5-2.5 Efficient washing 

Characterization 5-10% 0.3-1.5 Rapid quality control 

Total 100% 4.1-19.0 Target: <$8/kg 
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CHART 1: Global Distribution of Biomass Sources for Carbon Production 

 
GRAPH 2: Effect of Activation Temperature on Surface Area and Capacitance 

 

 
CHART 3: Contribution of Different Pore Sizes to Total Capacitance 
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GRAPH 4: Life Cycle Assessment: Environmental Impact Comparison 

 
Strong Points of BD-ACNS for Supercapacitors 

1. High & Tunable Surface Area: Achievable >3000 m²/g, directly linked to charge storage. 

2. Natural Hierarchical Porosity: Often inherited from biomass anatomy, enables efficient ion transport. 

3. Inherent Heteroatom Doping: Nitrogen, oxygen, and other elements from biomass introduce 

pseudocapacitance and improve wettability. 

4. Low Cost & Abundance: Waste valorization reduces raw material cost significantly. 

5. Sustainability & Carbon Neutrality: Closed carbon loop, reduces environmental footprint. 

6. Mechanical & Chemical Stability: Suitable for long-lifecycle applications. 

 

Weak Points / Challenges 

1. Inconsistent Feedstock: Variability in biomass composition leads to batch-to-batch inconsistency. 

2. Complex & Energy-Intensive Activation: Harsh chemicals (e.g., KOH) or high-temperature 

processes can offset green benefits. 

3. Dominance of Micropores: Often limits ion accessibility at high charge/discharge rates. 

4. Moderate Energy Density: Primarily EDLC-based, energy density still lags behind batteries. 

5. Scalability Issues: Translating lab-scale optimized processes to industrial-scale production. 

6. Lack of Standardized Testing: Performance comparisons across studies are often difficult. 

 

Current Trends of Present Research Study 

1. Multi-Heteroatom Doping: Co-doping with N, S, P to enhance conductivity and pseudocapacitance. 

2. Self-Templated & Morphology-Retained Synthesis: Preserving the innate 3D structure of biomass 

(e.g., honeycomb, fibrous). 

3. Green Activation Methods: Use of milder activating agents (e.g., KHCO₃), microwave heating, or 
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self-activation. 

4. Formation of Composites: Hybridizing BD-ACNS with conductive polymers (PANI, PPy) or metal 

oxides (MnO₂, RuO₂) for hybrid supercapacitors. 

5. All-Solid-State/Flexible Devices: Integration of BD-ACNS into wearable and portable electronics 

using gel polymer electrolytes. 

6. Machine Learning for Precursor Selection: Using AI to predict optimal biomass sources and 

synthesis parameters. 

 

History & Evolution of Present Research Study 

1. Early 1990s: Commercial supercapacitors emerge using coal/petroleum-based activated carbons. 

2. Late 1990s – Early 2000s: First research reports on using coconut shells and other common biomass 

for capacitor electrodes. 

3. 2010s: Explosion of research exploring diverse biomass (e.g., seaweed, peanut shells, banana peel), 

focus on chemical activation (KOH) to achieve ultra-high surface areas. 

4. 2015-Present: Shift towards understanding and engineering pore hierarchy, leveraging natural 

nanostructures, and integrating sustainability metrics (life cycle assessment). Rise of composite and 

hybrid systems. 

 

Discussion of Present Research Study 

1. The "activation dilemma": The trade-off between achieving ultra-high surface area (via aggressive 

KOH activation) and preserving sustainable credentials. 

2. The critical role of mesopores in improving rate performance in high-power applications. 

3. How inherent oxygen functionalities contribute to both beneficial pseudocapacitance and detrimental 

leakage current. 

4. The economic and environmental calculus: Is the performance gain worth the processing cost and 

complexity? 

5. Discrepancies in reported capacitance values due to differing testing methods (3-electrode vs. 2-

electrode, mass loading). 

 

Results of Present Research Study 

1. KOH-activated carbons from nutshells or bamboo consistently yield the highest BET surface areas 

(~2500–3500 m²/g) and capacitances (~300–400 F/g in aqueous electrolytes). 

2. H₃PO₄ activation tends to produce more mesopores, leading to better rate capability. 

3. Natural "self-doped" biomass (e.g., algae, chitosan) shows significant pseudocapacitive contributions. 

4. Symmetric supercapacitors using BD-ACNS in aqueous electrolytes typically deliver energy densities 

of 4–8 Wh/kg at power densities of 100–1000 W/kg, with >90% capacitance retention after 5,000–

10,000 cycles. 

 

Conclusion of Present Research Study 

Biomass-derived activated carbon nanostructures represent a highly promising, sustainable electrode material 

platform for supercapacitors. Through tailored synthesis, they can rival or surpass the performance of traditional 

activated carbons. Their success lies at the intersection of materials science, electrochemistry, and green 

engineering. While significant progress has been made in understanding structure-property relationships, the 

field must now transition from showcasing diverse precursors to standardizing performance evaluation and 
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solving scale-up challenges to enable real-world impact. 

 

Suggestions and Recommendations of Present Research Study 

1. For Researchers: Standardize electrochemical reporting (e.g., always include 2-electrode device data 

with realistic mass loadings). Focus on "green" activation routes and detailed life-cycle assessments 

(LCA). 

2. For Industry: Invest in pilot-scale production lines for the most promising precursor-process 

combinations (e.g., waste wood via steam activation). Develop partnerships with agricultural and 

forestry sectors for secure biomass supply chains. 

3. For Policymakers: Create incentives for energy storage technologies that utilize waste-derived 

materials. Fund R&D focused on translating academic discoveries into commercial products. 

 

Future Scope of Present Research Study 

1. Advanced Structuring: 3D printing of BD-ACNS inks for customized electrode architectures. 

2. Integration with IoT: Developing ultra-low-power, long-life supercapacitors from BD-ACNS for 

distributed sensor networks. 

3. Beyond Supercapacitors: Exploring BD-ACNS in related applications like capacitive deionization for 

water purification, or as catalyst supports. 

4. Circular Systems Design: Developing integrated biorefineries where biomass waste from one process 

becomes the supercapacitor material for energy storage in the same facility. 

5. Artificial Intelligence: Deploying AI/ML for high-throughput screening of biomass properties and 

automated optimization of synthesis parameters. 
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