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We are like butterflies who flutter for a day and think it is forever. Yet, in that brief 

time, we have the ability to understand the universe that made us. 

- Carl Sagan 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

This thesis addresses the growing need for sustainable energy storage systems by 

exploring wood-derived lignin as a renewable precursor for supercapacitor 

materials. With a focus on improving the environmental footprint of energy storage 

technologies, the research investigates several innovative approaches to utilizing 

lignin for high-performance supercapacitor devices. 

The work presents a comprehensive study of plasma-treated electrospun lignin 

carbon fibers (ELCFs) to enhance electrode-electrolyte interactions. By modifying 

the fiber surface, both wettability and active site accessibility were improved, 

leading to significant gains in electrochemical performance. Additionally, the 

inclusion of lignin carbon fibers (LCFs) in activated carbon (AC) matrices was 

explored, demonstrating improved conductivity and performance in thicker 

electrodes, which are essential for increasing energy density. 

The thesis also examines macro lignin-cellulose carbon fibers, characterizing their 

mechanical and electrical properties. These fibers show promise as potential 

candidates for wearable and flexible electronics. Furthermore, electrospun lignin 

fibers were studied for their application as separator materials, emphasizing their 

multifunctional potential in supercapacitor devices. 

To provide context and insight, the thesis includes an extensive review of lignin-

based supercapacitor materials, categorizing them by energy storage mechanisms 

and device configurations. This analysis serves as a comparative framework for 

evaluating the performance of the developed materials against other lignin-based 

systems in the energy storage landscape. 

Through these contributions, this work highlights the versatility and potential of 

lignin as a green material for advancing supercapacitor technology, paving the way 

for sustainable energy storage solutions. 

Keywords: Lignin-based supercapacitors, lignin carbon fibers, lignin-cellulose 

carbon fibers, wood-based carbon, sustainable energy storage systems 
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Whispers of time 

From ancient trees to modern wood, 

A masterpiece in fibers stood. 

Cell walls woven, tight and strong, 

Adapting, growing, all along. 

Through time's embrace, it found its form, 

A structure built to weather storm. 

With veins that carry life’s own blood, 

Wood evolves, both strong and good. 

Its fibers twist in patterns grand, 

A work of nature, finely planned. 

In every ring, a story told, 

Of centuries, both young and old. 

                                        Azega 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

The silent strength 

In nature’s fabric, woven deep, 

Where trees and forests softly sleep, 

Lies lignin’s strength, a binder true, 

A polymer with power to renew. 

Cellulose, the fiber’s thread, 

A sturdy web in trees widespread, 

Carries the essence of life’s green flow, 

A gift from earth in sun’s warm glow. 

With climate’s toll and fuels deplete, 

We turn to wood, its promise sweet. 

Lignin, with its rigid might, 

Holds energy, a beacon bright. 

Cellulose, the flexible form, 

Stores power, and keeps it warm. 

Together, they build a bridge anew, 

For energy storage, clean and true. 

No longer bound to fossil’s grip, 

We seek the future, let it slip, 

Through trees that breathe, the world’s embrace, 

For in their fibers, hope finds place. 

Azega 
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Chapter 1 

Introduction 
1.1. Motivation 

The pursuit of sustainable and efficient energy storage solutions is critical in addressing the global 

challenges posed by climate change and the depletion of fossil fuels. Traditional energy storage 

devices, such as batteries and capacitors, rely heavily on non-renewable and often toxic materials, 

raising concerns about their long-term viability and environmental impact. In this context, the 

exploration of renewable and biodegradable resources for advanced energy storage technologies 

is both a timely and necessary endeavor. 

Wood, an abundant and renewable natural resource, offers potential for sustainable energy storage 

solutions. Its key biopolymers, lignin and cellulose, possess unique properties that make them 

promising materials for this application. Lignin's aromatic structure provides excellent 

electrochemical stability, while cellulose's high surface area and mechanical strength create an 

ideal scaffold for robust and efficient components for energy storage devices.  

Annually, the paper and pulp industry produces about 260 million tons of black liquor as a by-

product (Di Francesco et al., 2021). It is an organic-inorganic mixture of lignin, hemicellulose, and 

processing chemical residues from the pulpwood digestion unit. This renewable fuel has been 

utilized in a power boiler to generate steam for various heating applications within the mill, as well 

as for the production of electricity. The full potential of this material is yet to be exploited and 

should be put to better use than as a mere boiler fuel. Furthermore, modern kraft pulp mills are 

very energy efficient and as a consequence, all lignin is not necessary to use as fuel in these pulp 

mills.  Extracting the excess lignin from the black liquor has the potential to provide a functional 

resource to make various value-adding products. Lignin as a carbon-rich bio-component is 

attributed to be a suitable candidate to manifest various carbon materials. With that interest, 

research on lignin-based carbon fibers in energy storage devices, particularly supercapacitors, has 

been conducted in the making of this thesis. Also  utilizing wood’s other constituent, cellulose, as 

non-electrode component (Kasprzak et al., 2018) in supercapacitors would be interesting for 

exploration replacing toxic materials that are currently functional in standard electrodes (Rashid 

Khan & Latif Ahmad, 2024). Understanding the performance of these materials can lay the path 

to explore more sustainable supercapacitors. With a better understanding of the charge storage 

mechanisms, supercapacitors are likely to suit applications either as a standalone power source or 

a battery-supported system. Beyond their scope as supercapacitor electrodes, wood and wood-

derived components can also be attempted to replace the graphite electrodes in lithium batteries 

(Fu et al., 2025; Lu Huiran, 2017; Sagues et al., 2020). This is one of the visions of the Finland-

based company Stora Enso joining hands with NorthVolt (Mäntyranta, 2023; “Stora Enso and 

Northvolt Partner to Develop Wood-Based Batteries,” 2022).  

Advancing forest resources like wood-derived components for future energy storage materials can 

be a big step toward creating a more sustainable world. The research discussed and the papers 

attached to this thesis aim to harness and motivate the potential of wood-derived lignin and 

cellulose to develop future-generation supercapacitors. Supercapacitors are highly valued for their 

exceptional power density, fast charge and discharge capabilities, and extended lifespan, making 

them suitable for applications ranging from portable electronic devices to large-scale renewable 

energy systems. By leveraging the intrinsic properties of lignin and cellulose, this work seeks to 

create supercapacitors that are both environmentally sustainable and high performing.  
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1.2. Scope of This Thesis 

One scope of the thesis concerns novel lignin and cellulose composite carbon fibers and explores 

their potential as environmentally friendly alternatives to current commercially available fossil-

based carbon fiber materials. Funded by the Wallenberg Wood Science Center and the Horizon 

2020 project GreEnergy, my PhD work includes the synthesis and characterization of lignin-

cellulose composite carbon fibers, focusing on their mechanical and electrical properties, but with 

the application as supercapacitors electrodes in wearable devices in mind. By addressing the 

balance between electrochemical performance and mechanical stability, this research provides 

valuable insights into the potential of wood-derived carbon fibers in advancing supercapacitor 

technology with a sustainable approach. Attention is also given to enhancing the surface area and 

optimizing the electrode-electrolyte interface in electrospun lignin carbon fibers, as well as in 

activated carbon electrodes with lignin carbon fiber inclusions serving as conductive agents. 

Further we investigate the impact of various strategic solutions on the structural and 

electrochemical properties of these materials, aiming to maximize active site accessibility and 

improve overall supercapacitor performance. Additionally, the thesis explores the use of lignin as 

a separator material for supercapacitors (Section 2.3.2) and touches briefly upon the effects of 

incorporating nanocellulose, alkali lignin and carbon black as additives to make efficient gel 

electrolytes (Section 2.3.3). These efforts aspire to contribute to the development of fully wood-

based supercapacitors in the future, utilizing components sourced entirely from green materials to 

create completely sustainable devices without significant compromises on performance. 

Chapter 2 presents a comprehensive overview of energy storage technologies, with a specific focus 

on supercapacitors and the chemistry of lignin and cellulose. It offers a systematic categorization 

of supercapacitors based on their storage mechanisms and device configurations, providing 

insights into the fundamental principles governing their operation. The chapter also delves into the 

various methodologies employed for analyzing charge storage behaviors. 

Chapter 3 details the methodologies for selecting, extracting, and purifying lignin and cellulose 

from wood sources. It focuses particularly on the process of obtaining lignin from black liquor and 

its subsequent transformation into carbon fiber materials. The chapter elucidates the various 

characterization techniques employed to evaluate the morphological, chemical, structural, and 

electrochemical properties of these materials. Additionally, it provides a comprehensive overview 

of the synthesis and processing procedures involved in converting lignin-based precursors into 

high-performance carbon fibers, highlighting the key steps and parameters that influence the final 

product's characteristics. 

Chapter 4 provides a concise overview of the techniques employed to enhance electrode in the 

appended papers and from unpublished preliminary research. with a primary focus on surface 

modification and compositing methods. It examines both successful enhancements and 

unsuccessful attempts, particularly focusing on the challenges encountered during fabricating, 

analyzing and testing of electrode materials.  

Chapter 5 provides a comprehensive analysis of the electrochemical performance of various 

materials developed in the appended papers. These approaches, which are detailed in the appended 

papers of this thesis, aim to improve the electrochemical properties and overall efficiency of the 

electrodes. 

Finally, Chapter 6 and 7 present a comprehensive synthesis of the major research contributions 

made to the field of supercapacitors, with a particular focus on lignin-based carbon electrodes 

developed in this thesis. The first chapter offers a comparative analysis of these electrodes against 
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other state-of-the-art lignin-based carbon materials, contextualizing the advancements achieved. 

Additionally, an attempt to identify key challenges encountered during the research and proposes 

future research directions aimed at enhancing the sustainability and efficiency of lignin and 

cellulose-based supercapacitor energy storage devices in examined. The concluding chapter 

summarizes the thesis findings by providing motivation for future investigations in this promising 

area of sustainable energy storage. 
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Chapter 2 

Background 
2.1. Evolution of Supercapacitors into the Energy Landscape 

About 390 million years ago, during the mid-Devonian period, plants developed wood - a vital 

transformative adaptation that marked a pivotal stage in their evolution (Driese et al., 1997). This 

new tissue, capable of conducting water and minerals upward from roots to leaves, allowed plants 

to grow taller and sturdier, supporting broader access to sunlight and enhancing photosynthesis. 

Over generations, these woody structures became more complex and efficient, creating an 

evolutionary advantage that fueled a competitive race for survival. This drive to reach higher to 

thrive in dense ecosystems shaped the sophisticated wood anatomy we recognize in today’s trees. 

Only 1 million years ago, early humans, specifically Homo erectus, began harnessing wood as a 

source of thermal energy - a fundamental leap that set the stage for wood’s role in sustaining 

human society. This practice has endured, and today, around 6% of the global population still relies 

on wood as a primary energy source (Sreevani, 2018). However, it was not until the mid-20th 

century that carbon/wood was considered for advanced applications as a direct component in 

energy storage devices. Since then, our understanding of wood’s cellular and chemical structure 

has deepened, allowing us to recognize its potential as a renewable, carbon-rich material capable 

of supporting electrochemical processes.  

The basic concept of storing electrical energy on material surfaces due to electrostatic charge 

buildup dates to the simple discovery of rubbing amber with fur. In 1957, H. I. Becker proposed 

an electrolytic capacitor using porous carbon electrodes, demonstrating capacitance from the 

electrostatic double layer at the electrode/electrolyte interface, a phenomenon understood by 

Hermann von Helmholtz as early as 1879 (I. Becker, 1957). However, significant research in this 

field only gained momentum in the early 1990s when NEC in Japan developed their energy storage 

technology, coining the term "super-capacitor" for these devices. Technically known as electric 

double layer capacitors (EDLCs), the term "supercapacitor" stuck, although some companies like 

Maxwell Technology commercially branded their EDLC devices as "ultracapacitors". 

The technology advanced with the discovery of high-capacity metal oxide electrodes, when 

Trasatti and Buzzanca identified the electrochemical behavior of hydrous RuO2 thin films as 

capacitor-like in 1971 (Trasatti & Buzzanca, 1971). Since then, numerous electrochemical-

capacitive materials have been discovered (Hsieh et al., 2008; H. Y. Lee & Goodenough, 1999). 

While RuO2 stores energy in a manner similar to capacitors, it does so through a distinct energy 

storage mechanism involving Faradaic (charge-transfer) reactions using redox-active materials. 

This recognition of pseudo-capacitance led to the emergence of a new class of energy storage 

devices known as pseudocapacitors around the 1980s. The term "pseudo-" reflects their mimicked 

capacitive behavior, despite the different energy storage mechanism. Although pseudocapacitors 

are considered a type of supercapacitor, they are not synonymous with supercapacitors, as they 

involve additional electrochemical processes. 

As the story of energy storage devices evolved, the quest for more efficient and higher-capacity 

systems led to the development of batteries. Unlike capacitors, batteries store energy through 

chemical reactions that involve the transfer of electrons between materials. The idea of batteries 

originated in the late 18th century when Alessandro Volta, an Italian scientist, developed the first 

functional battery called the Voltaic pile (Volta, 1800). This invention consisted of alternating zinc  
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and copper discs that produced a continuous electric current, forming the basis of modern battery 

technology. Over the years, innovations such as the lead-acid battery in the 19th century, and later 

the lithium-ion battery (LIB), revolutionized portable energy storage, pushing forward applications 

in everything from electronics to electric vehicles. 

2.2. Supercapacitors vs. Batteries: What is the Advantage? 

When comparing supercapacitors, pseudocapacitors, and LIB, the key differences lie in their 

charge storage mechanisms, energy and power densities, operating conditions, and lifecycle 

(Table 1). 

Table 1: Supercapacitor performance metrics compared to standard lithium-ion batteries. 

 Supercapacitor 
Lithium-ion battery a (Nitta 

et al., 2015; Zubi et al., 2018) 

Charge storage 
Double-layer capacitance 

(electrostatic) 
Intercalation 

Electrodes Carbon materials 
LiCoO2 cathode and graphite 

anode 

Electrolyte Organic 
Lithium salt in an organic 

solvent 

Operating voltage Up to 3 V 3 - 4.4 V 

Energy density ~3 - 5 Wh/kg 120 - 190 Wh/kg 

Power density 9000 W/kg 1000 - 3000 W/kg 

Thermal runaway risk No danger Yes 

Operating temperature -40 °C to +65 °C 0 - 45 °C 

Self-discharge High (weeks) Less (years) 

Operation lifetime at RT 10 - 20 years 2 - 3 years 

High temperature operation b 2000 hours Deteriorates device life 

High voltage operation b 1500 hours Becomes unstable 

Cycle life 1000000 cycles ˃500 cycles 

Shelf life 10 - 18 years 7 - 15 years 

Availability Commercially available Commercially available 

Cost/kWh $100 - 500 $100 - 170 

Current applications 

Energy backup for 

memory and data 

protection, voltage 

stabilization in power 

systems, regenerative 

braking in electric and 

hybrid vehicles, power 

assist for acceleration in 

EVs, short-term storage 

in solar energy systems 

 

Portable electronics 

(smartphones, laptops, tablets), 

electric and hybrid vehicles, 

renewable energy storage 

(solar, wind), grid energy 

storage and stabilization, 

medical devices (pacemakers, 

hearing aids), military and 

aerospace applications, Internet 

of Things (IoT) devices and 

sensors 

Toxic level Low High 
a The LiCoO2 cathode-based LIB, which is typically used to power portable consumer gadgets, 

serves as a representative of the LIB family. b Typically beyond prescribed operating temperatures 

or voltages. 



 

7| P a g e  

 
 

Supercapacitors, including pseudocapacitors, rely on electrostatic (double-layer capacitance) 

charge storage and Faradaic reactions, respectively. EDLCs typically use carbon-based materials 

for electrodes and organic electrolytes, offering a high operating voltage of up to 3 V. While they 

have relatively low energy density (3-5 Wh/kg), they excel in power density (9000 W/kg), making 

them ideal for applications requiring rapid charge and discharge cycles. Supercapacitors have a 

remarkable cycle life (up to 1000000 cycles) and can function in a wide range of temperatures, 

from -40 °C to +65 °C. Their self-discharge rate is high, however, and their operating lifetime 

typically spans 10-20 years.  

Lithium-ion batteries (LIBs), on the other hand, store energy through electrochemical 

intercalation and de-intercalation processes (Dresselhaus & Dresselhaus, 2002). These processes 

involve the reversible insertion and extraction of lithium ions between the electrodes, typically 

using materials like LiCoO2 for the cathode and graphite for the anode. This mechanism allows 

for higher energy density (120-190 Wh/kg) than supercapacitors, making them suitable for 

applications like portable electronics and electric vehicles, where long-duration energy storage is 

critical. However, LIBs have a much lower power density (1000-3000 W/kg) compared to 

supercapacitors and are prone to thermal runaway, especially in high-temperature conditions. 

Their cycle life is shorter (500 cycles) compared to supercapacitors, and their self-discharge rate 

is considerably lower, meaning they can last several years without significant loss of charge. The 

batteries operate within a temperature range of 0-45 °C and are more sensitive to high voltage and 

temperature fluctuations. As depicted in a Ragone chart, the relationship between power density 

and energy density of various energy storage devices (Figure 1), supercapacitors as high-power 

systems, fuel cells are shown as high-energy systems and batteries occupy an intermediate position 

with respect to both power and energy capabilities. While these batteries offer high energy density 

and good cycle life, supercapacitors can handle more total energy over their entire cycle lifetime.  

 

Figure 1. Ragone plot of different electrochemical energy conversion devices. Reproduced with permission 
from Zhen et al., 2019. 

Therefore, supercapacitors and batteries serve complementary roles in the landscape of energy 

storage; supercapacitors are ideal for high-power, low-energy applications, such as voltage 

stabilization, short-term power bursts, and self-powering electronics. Recent research has aimed 

at enhancing their energy density, focusing on novel materials like metal oxides (MOs) (An et al., 
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2019), NiCo composites (Ray et al., 2023), and doping (Zheng et al., 2022), which expands their 

potential in asymmetric (Ramachandran et al., 2023), hybrid (D. Gao et al., 2023), and micro-scale 

devices (S. Wang, Ma, et al., 2022)  (Figure 2). Batteries, by contrast, prioritize high energy 

storage, making them suitable for long-term energy needs in applications like electric vehicles, 

portable electronics, and IoT devices. Advances in battery chemistry, such as lithium-ion, sodium-

ion, and lithium-sulfur, are driven by the need for greater power density, improved cycle life, and 

higher stability. As research continues, hybrid technologies and applications that draw on the 

strengths of both supercapacitors and batteries are emerging (Paper IV), such as hybrid electric 

vehicles and renewable energy systems, offering a balance between high energy and high power 

(D. P. Chatterjee & Nandi, 2021). 

 

Figure 2. Supercapacitor and battery technology migration to close the energy gap is largely driven by a 
number of important emphasis areas (corresponding technology's most notable research-focused branches 

in the last 12 years). Each technique has often only been used in specialized applications. New possible 
applications emerge when the technologies change and converge (Paper IV). 

Conventional materials used in batteries, such as lithium, cobalt, lead, and cadmium, present 

challenges due to their limited availability, extraction-related environmental damage, and toxicity 

(Gratz et al., 2014), (Kang et al., 2013). The growing global energy demand, coupled with 

environmental concerns over traditional energy storage devices, underscores the need for 

alternative sustainable solutions. As we transition to greener energy sources such as solar and 

wind, energy storage systems need to keep pace in terms of efficiency, cost-effectiveness, and 

environmental impact. As a result, researchers are exploring renewable and abundant materials, 

such as wood-based-lignin, -cellulose, and other bio-based materials, to engineer components for 

energy storage devices (Nowak et al., 2018; Tenhaeff et al., 2014). The goal of exploring greener 

materials for electrodes is not necessarily to replace lithium-based batteries entirely but rather to 

create complementary hybrid solutions that could reduce the reliance on too much lithium and 

mitigate its environmental impact.  

2.3. Energy Storage Mechanisms in Wood-based-lignin, -cellulose Supercapacitors  

Figure 3 offers a comprehensive schematic representation of the broad classification of 

supercapacitors based on their energy storage mechanisms, specifically focusing on wood-based 

lignin and cellulose materials as electrodes in the different types. The classification distinguishes 

between EDLC and pseudocapacitive-based materials, both of which rely on different energy 

storage mechanisms to store electrical energy. As outlined in Table 2, this classification by the 
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type of electrode materials significantly influences the energy storage characteristic and thereby 

its performance as an energy storage device.  

 
Figure 3. Broad classification of predominant types of supercapacitors being explored today from wood-

derived components and their corresponding charge storage mechanisms. 

 

Table 2: Classification of electrodes based on type of material 

 EDL-capacitive Pseudocapacitive Composites 

Standard materials Carbon 
Metal oxides 

(MO) 
Carbon/MO 

Charge storage Electrostatic Electrochemical 
Electrostatic and 

electrochemical 

Electronic conductivity High Low Intermediate 

Rate capability High Low Intermediate 

Specific surface area High Low 
Depends on carbon 

scaffold 

Pore size Tailorable Definite 
Depends on carbon 

scaffold 

Chemical/thermal stability High Low Intermediate 

Availability Abundant 
Limited 

(depends on MO) 
Intermediate 

Cost of raw material and 

production 
Cheap High Intermediate 

Toxicity Low (greener) High Intermediate 

Electrical double layer (EDL) capacitive electrodes primarily use carbonized wood-based 

materials, storing energy electrostatically with high electronic conductivity, excellent rate 

capability, and tailorable surface area and pore size, include materials such as carbonized wood, 

activated carbon (AC), carbon nanotube (CNTs), cellulose nanofibers (CNFs), porous carbon, 

and lignin-cellulose composites (Adam et al., 2020; C. Liu et al., 2024; Tong et al., 2023). They 

are typically low in cost in terms of production and have high chemical and thermal stability, 

making them widely available and environmentally friendly. 
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On the other hand, pseudocapacitive materials offering higher capacitance at the expense of lower 

electrical conductivity, rate capability, and stability tend to be more expensive and less readily 

available. The quinone functional groups in lignin recognized for their pseudocapacitive behavior, 

offers enhanced capacitance and overall device performance compared to their only EDL 

capacitive counterparts (B. Zhou et al., 2019). Composites combining carbon and functional 

groups offer a balance between the electrostatic and electrochemical storage mechanisms, 

providing intermediate performance in terms of conductivity, rate capability, and stability, with 

moderate cost and availability. 

The involvement of industrial companies in the development of wood-based carbon for energy 

storage devices has been pivotal in advancing sustainable and scalable solutions. Stora Enso has 

been developing a lignin-based anode material called Lignode, derived from wood, which is aimed 

to replace fossil-based graphite with activated carbon from lignin in LIBs, enhancing charging 

speeds, improving low-temperature performance, and ensuring safety in colder environments 

(Greene & Denny, 2022). Just as lignin’s unique properties enable enhanced performance in 

Lignode in LIBs, similar principles can be applied to their development for supercapacitor 

electrode materials. 

2.3.1. Electrochemical Double Layer Capacitors  

As depicted in Figure 4, EDLCs store energy electrostatically through the adsorption and 

desorption of electrolyte ions on the electrode's surface.  

 
Figure 4. Schematic representation of the electrostatic charge storage mechanism during charging-

discharging cycles in an EDLC device (Paper IV). 

The capacitance C quantifies the electrode's ability to store charge Q per unit applied voltage V, as 

described in Equation 1: 

𝐶 =
𝑄

𝑉
 

   (Equation 1)  

In a supercapacitor device, the net capacitance arises from the combined contribution of the two 

electrodes, which act as capacitors connected in series. The net capacitance Cnet is given by: 

1

𝐶𝑛𝑒𝑡
=

1

𝐶1
+

1

𝐶2
                             

(Equation 2) 
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where C1 and C2 are the capacitances of the individual electrodes. Achieving an optimal net 

capacitance requires careful balancing of the individual electrode capacitances. Any mismatch in 

electrode capacitances can lead to a suboptimal performance and reduced energy storage 

capability.  

Now, the capacitance of an EDLC electrode can be expressed using the formula: 

𝐶𝑑𝑙 =  
𝐴 ∙  𝜀

𝑑
 

                                              (Equation 3) 

where A is the electrode's electrochemically active surface area, d is the effective electrical double 

layer's thickness, and ε is the permittivity related to the electrolyte. Therefore, by increasing the 

surface area of the electrode material the capacitance can be significantly increased. Typically, the 

capacitance value, when normalized with respect to a specific parameter such as the mass, area, or 

volume of the electrode material, is referred to as specific capacitance (Csp). To enhance the 

specific capacitance of lignin-based EDLC electrodes, strategic engineering of structural designs 

is crucial. As illustrated in Figure 5, the development of nanoporous or nanostructured carbon 

materials can significantly improve performance. Innovative techniques such as templating and 

carefully tuned activation methods enable the creation of optimal pore structures. This systematic 

approach allows for precise tailoring of material properties, resulting in higher capacitance and 

improved overall supercapacitor performance.  

 

Figure 5. Processing stages proposed by Madhu et al. 2023 to produce high-quality lignin nanocarbons 

that can be effectively made to develop high performing supercapacitors. Reproduced with permission from 
the source. 

Table 3 shows a list of different lignin-based electrodes for use in EDLCs, with performance 

characteristics varying across different types of lignin and tailoring methods. The specific 

capacitance values for these materials range between 500 - 100 F/g. Energy density varies among 

lignin-derived carbon materials, with electrolyte playing crucial roles. Kraft lignin-derived porous 

carbon, produced through activation, achieves the highest energy density of 78 Wh/kg when used 
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with a gel electrolyte. Alkali lignin-derived activated carbon and alkali kraft 

lignin/polyacrylonitrile (PAN) carbon fiber also offer competitive energy densities of 66 Wh/kg 

and 59 Wh/kg, respectively. These high energy densities can be attributed, in part, to the use of 

ionic electrolytes, which allow for increased operating voltages. The specific lignin source and 

processing method, combined with appropriate electrolyte selection, significantly influence the 

energy storage capabilities of these materials. In terms of power density, these lignin-based 

electrodes show moderate to high performance, with some achieving values up to 50 kW/kg. Cycle 

stability, which refers to a device's capacitance retention over a specific number of repeated 

charge-discharge cycles, is a feature that was observed in several lignin-based materials. For 

instance, the carbon fibers and activated porous carbons demonstrated excellent performance by 

maintaining over 90% of their initial capacitance after extensive cycling. It is interesting to 

highlight that the performance of these electrodes is influenced by the source of lignin, the 

processing methods used, and their composite structures. Overall, alkali lignin, kraft lignin, and 

lignosulfonate displayed good performance. Also, in a study by (Du et al., 2021), hardwood 

lignin/PAN outperformed softwood and cornstalk lignin in supercapacitor applications, with a 

specific capacitance of 340 F/g at 0.5 A/g, an energy density of 57 Wh/kg (40 W/kg), and 90% 

retention after 5000 cycles. As Du et al. explain, hardwood lignin's higher β-O-4 aryl ether 

linkages, larger molecular weight, and narrower polydispersity index (PDI) enable the production 

of high-quality lignin carbon nanofibers (LCNFs), enhancing electrode performance. Overall, the 

data suggests that lignin-based electrodes are a promising alternative to traditional materials, 

offering strong energy storage capabilities with good cycle stability.  

Table 3 : Device performances of various lignin-based EDLC supercapacitor electrodes 

(Q. Cao et al., 2024; Jyothibasu et al., 2022; H. Liu, Xu, et al., 2021; Tong et al., 2023; Zhong 

et al., 2024) 

Electrode material 
Capacitance 

(F/g) 

Energy 

Density 

(Wh/kg) 

Power Density 

(W/kg) 

Cycle 

Stability 

CARBON FIBERS PRODUCED BY ELECTROSPINNING METHOD 

Corn stalk 

lignin/DMF*/PAN* 
430 (1 A/g) 37 400 

97% after 

10000 

cycles 

Kraft lignin/PVA* 450 (1 A/g) 63 1250 
96% after 

1000 cycles 

Alkali 

lignin/DMF*/plant 

protein 

410 (1 A/g) – – 

95% after 

10000 cycle

s 

Kraft lignin/H2O/PEO* 345 (1 A/g) 8 – 
96% after 

5000 cycles 

Alkali 

lignin/KOH/PEO* 

345 (10 mV/s) 

195 (50 mV/s) 
8 – 

96% after 

5000 cycles 

Softwood lignin/PAN* 300 (0.5 A/g) – – – 

Hardwood lignin/PAN* 340 (0.5 A/g) 
57 

(40) ** 

394 

(5000) ** 

90% after 

5000 cycles 

Cornstalk lignin/PAN* 

(Du et al., 2021) 
280 (0.5 A/g) – – – 

Kraft/DMF*/PVP* 250 (0.2 A/g) – – 
97% after 

1000 cycles 
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Kraft 

lignin/NaOH/PEO* 
190 (0.1 A/g) ~8 2600 

93% after 

6000 cycles 

Organosolv lignin/H2O 

/PEO* 
180 (1 A/g) 10 50000 – 

Alkali Kraft 

lignin/DMF*/PAN* 
130 (1 A/g) 59 15000 

75% after 

1000 cycles 

Alkali 

lignin/DMF*/PAN* 

130 (0.5 A/g) 

110 (5 A/g) 
4 2630 

95% after 

10000 

cycles 

Acetic acid lignin-based 

CNF* 
120 (0.5 A/g) – – 

90% after 

1000 cycles 

Alkali lignin/PVA* 
65 (0.4 A/g) 

50 (2 A/g) 
~6 94 

90% after 

6000 cycles 

Organosolv 

lignin/DMF* 

/PEO* 

70 (0.5 A/g) 

 
– – 

107% after 

1000 cycles 

PEGL* carbon fiber 85 (2 A/g) 14 422 – 

PEGL* carbon fiber 95 (1 A/g) – – – 

Organosolv 

lignin/NaOH/PEO* 

130 F/cm3 (0.1 

A/g) 

6 Wh/L 

(~3 Wh/L) ** 

 

(10000 W/L) ** 

90% after 

10000 

cycles 

CARBONS PRODUCED BY TEMPLATE METHOD 

Biochoice™ lignin and 

cellulose-nanofiber 

based aerogels 

410 (2 mV/s) ~4 500 
94% after 

4500 cycles 

Technical soda lignin-

derived carbon 

aerogel/nickel binary 

network 

240 – – – 

Alkali lignin-derived 

hierarchical porous 

carbon monolith 

210 (0.1 A/g) 
0.16 mWh/ 

cm2 
1.75 mW/cm2 

95% after 

10000 

cycles 

Alkali lignin-derived 

porous carbon 
170 (0.1 A/g) – – – 

Organic solvent lignin 140 (1 A/g) ~4 1300 
87% after 

5000 cycles 

Organic solvent lignin 

[Asymmetric] 
140 (1 A/g) ~6 

1300 

(50 000) ** 
– 

Alkali lignin-derived 

hierarchical porous 

carbon microspheres 

140 (0.05 A/g) ~25 6800 

89% after 

10000 

cycles 

Alcell lignin derived- 

hierachical porous 

carbon (Salinas-Torres 

et al., 2016) 

- 4.2 1300 
95% after 

5000 cycles 

CARBONS PRODUCED BY ACTIVATION METHOD 

Alkali lignin-derived 

carbon 
430 (1 A/g) 66 312 

97% after 

10000 

cycles 
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Lignin porous carbon 420 (0.1 A/g) 23 25400 

99% after 

10000 

cycles 

Walnut lignin 

graphene-like 

nanosheets 

390 (0.2 A/g) 
~14 

(11) ** 

129 

(6465) ** 

99% after 

10000 

cycles 

Lignin sulfonate-

derived porous carbon 
340 (0.5 A/g) ~10 250 

95% after 

5000 cycles 

Organic solvent lignin-

derived rod-shaped 

porous carbon 

335 (1 A/g) – – 
100% after 

1000 cycles 

Enzymatic hydrolysis 

lignin-derived 3D 

hierarchical porous 

carbon 

325 (0.5 A/g) 
18 

(~6) ** 

458 

(50400) ** 

100% after 

5000 cycles 

Alkali lignin-derived 

hierarchical porous 

carbon 

285 (0.2 A/g) 
9 

(~6) ** 

52 

(1900) ** 
– 

Alkali lignin 235 (0.5 A/g) – – 92% 

Technical lignin-

derived hierarchical 

porous carbon 

268 40 – 93% 

Kraft lignin-derived 

porous carbon 
250 (1 A/g) 

78 

(47) ** 

748 

(12300) ** 

96% after 

5000 cycles 

Corn stalk lignin-

derived cage-like 

mesoporous carbon 

215 (0.5 A/g) 
– 

 
– 

95% after 

5000 cycles 

Lignin porous carbon 175 (0.5 A/g) 55 23000 
100% after 

2000 cycles 

Alkali lignin-derived 

porous carbon 
170 (0.1 A/g) – – – 

Alkali lignin-derived 

3D hierarchical porous 

carbon 

165 (0.05 A/g) 
~6 

(~4) ** 

15 

(1070) ** 

97% after 

5000 cycles 

Enzymatic hydrolysis 

lignin-derived 

hierarchical porous 

carbon aerogel 

145 (0.5 A/g) – – 
96% after 

2000 cycles 

Kraft lignin-derived 

mesoporous carbon 
100 (2 mV/s) – – – 

CARBON COMPOSITES 

Lignosulfonate 

lignin/graphene 

hydrogels 

550 (1 A/g) – – 
84% after 

1000 cycles 

Softwood sodium 

lignosulfonate lignin-

rGO* composite 

430 (10 mV/s) – – 
96% after 

3000 cycles 



 

15| P a g e  

 
 

Lignosulfonate-

functionalized graphene 

hydrogels 

430 (1 A/g) 
14 

(12) ** 

500 

(5000) ** 

84% after 

10000 

cycles 

Hardwood 

lignin/cellulose acetate 

CF* 

345 (0.1 A/g) 32 400 – 

Kraft lignin-modified 

HNO3-treated active 

carbon 

295 (1 A/g) – – 
98% after 

1000 cycles 

Lignosulfonate 

lignin/single-walled 

CNT* hydrogel 

290 (0.5 A/g) – – 

80% after 

10000 

cycles 

Graphene-soda bagasse 

lignin composite 
210 (1 A/g) – – 

88% after 

15000 

cycles 

Alkali lignin-rGO* 

composite 
190 (0.5 A/g) – – 

87% after 

10000 

cycles 

Kraft lignin/CNT* 

composite 
145 (50 mV/s) – – 

93% after 

500 cycles 

Lignin/rGO* 35 (0.1 A/g) – – 
79% after 

1000 cycles 
* Where DMF is dimethylformamide, PVA is polyvinylalcohol, PAN is polyacrylonitrile, PEO is 
polyethylene glycol, PMMA is polymethyl methacrylate, PVP is polyvinyl pyrrolidone, PEGL is 
polyethylene glycol, CNT is a carbon nanotube, CF is carbon fiber, CNF is carbon nanofiber, rGO is 
reduced graphene oxide.**In Table 3, the energy and power density values presented in parentheses ( ) 
represent the values corresponding to the highest power density achieved at a lower energy density.  

 

2.3.2. Pseudocapacitors 

Unlike EDLCs, pseudocapacitors involve surface reversible Faradaic (redox) reactions via 

electron charge transfer at the electrode’s reactive sites. Common pseudocapacitive materials 

include MOs and conducting polymers (CPs). MOs with higher oxidation states are ideal for 

supercapacitor electrodes, but their practical application is limited by issues such as agglomeration 

and surface area tailoring challenges. Faradaic processes can develop charge transfer resistances, 

affecting rate capabilities and cycle stability. These Faradaic redox reactions occur on the surfaces 

of the solid electrodes and in the bulk near those surfaces; therefore, the specific capacitances and 

energy densities of pseudocapacitors are much larger than those of EDLCs.  The theoretical 

specific pseudo-capacitance of MOs is calculated as: 

𝐶𝑝 =  
𝑛 · 𝐹

𝑀 · 𝑉
 

(Equation 4) 

where n is the mean number of electrons transferred in a one-way redox reaction, F is the Faradaic 

constant, M is the specific MO's molar mass, and V represents the potential window or operating 

voltage range over which the material is pseudocapacitive  (Zhi et al., 2013). 

A conventional supercapacitor cell comprises a pair of electrodes connected in series, separated 

by an insulating separator (Figure 6). Its electrical behavior can be modeled by an equivalent 

circuit, which captures the contributions of various physical processes in the cell. Cdl represents  
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the capacitance formed at the electrode-electrolyte interface due to the EDL (described by 

Equation 3). Cp represents capacitance due to the fast, reversible redox reactions. Rr represents the 

resistance to charge transfer during Faradaic reactions and is more relevant in pseudocapacitors 

than EDLCs. RESR represents the combined resistance of the electrolyte, electrode material, and 

current collectors. It limits the device's power density and determines the time constant τ. 

 
Figure 6. Representation of a symmetric pseudocapacitor with two conducting polymer (CP) electrodes 

separated by a separator b) an equivalent circuit diagram of a supercapacitor that models the electrical 
behavior of the cell. Reproduced with permission from Bryan et al., 2016. 

Wood-derived carbon materials primarily act as EDLCs due to their high surface area and porous 

structure, offering low RESR  and rapid ion transport for high power density.  However, they do not 

exhibit pseudocapacitive behavior inherently except for certain components, particularly lignin, 

which show potential for pseudocapacitance under specific conditions. Lignin, in its natural state, 

contains quinone groups that undergo redox reactions, enabling the storage and release of both 

electrons and protons, which gives it pseudocapacitive properties.  However, raw lignin typically 

exhibits low electrical conductivity and limited porosity, which restricts its ability to effectively 

store charge. Therefore, it is transformed through suitable carbonization processes to enhance its 

suitability for energy storage applications. This transformation not only improves its structural 

properties but also allows for the effective exploitation of its quinone groups, thereby enhancing 

its overall electrochemical performance. Jyothibasu et al., 2022 discusses how the 

quinone/hydroquinone (Q/QH₂) redox system in lignin enables the movement of two electrons and 

two protons during charging and discharging cycles. This reaction, described in their study on 

rGO-lignin composites in an acid aqueous electrolyte, is represented by the following chemical 

reaction: 

                                (Lignin-QH2) @rGO ⇔ (Lignin-Q)@rGO + 2H+ + 2e-                        (Reaction 1) 

In this context, QH₂ signifies the hydroquinone variant, Q denotes the quinone variant, and rGO 

serves as a reduced graphene oxide substrate providing conductivity. The redox activity takes place 

in acidic aqueous conditions and plays a critical role in delivering pseudocapacitive behavior in 

lignin-based materials. This process involves the reversible exchange of two protons and two 

electrons within a molecular framework containing six carbon and two oxygen atoms. It results in 

a theoretical charge storage capability of 2 Farads per 108 grams, translating to 18.5 mF/g, or 

considering a voltage of 1V capacitance translates to a charge of 1787 C/g (496 mA h/g) 
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(Jyothibasu et al., 2022). This dual mechanism comprising Faradaic redox reactions and EDLC 

enables lignin-derived materials to achieve superior charge storage performance. 

Cellulose does not inherently show pseudocapacitance, but it can serve as a scaffold or precursor 

for creating pseudocapacitive materials when combined with other components or when being 

chemically modified. Wood-derived carbons, although not strictly pseudocapacitive in their 

minimally processed state, can exhibit some pseudocapacitive behavior due to the presence of 

heteroatoms like nitrogen, oxygen, and sulfur, which are inherited from the original wood 

structure. These carbons typically require activation or further treatment to unlock their full 

pseudocapacitive potential. Additionally, the natural combination of lignin and cellulose in wood 

forms a promising basis for pseudocapacitive behavior when processed to expose more active sites. 

Furthermore, the porous structure of wood can be utilized to create high-performance electrodes 

that combine both EDLC and pseudocapacitance when appropriately functionalized.  

2.3.3. EDLC/pseudocapacitor Composites 

To overcome the challenges and limitations of pseudocapacitive materials, they are often 

combined with high specific surface area EDLC materials making composites. These composites 

enhance charge transport properties and cycle stability by leveraging the high electronic 

conductivity and surface area of carbon materials with the high capacitance of redox-active MOs. 

The ion transport time constant (𝜏) in these composites is calculated as: 

𝜏 =
𝐿2

𝐷
 

(Equation 5) 

where L denotes the ion transport length and D is the ion diffusion constant (D.W. Wang et al. 

2008). The ion transport time constant in a supercapacitor is primarily determined by the pore 

structure, electrolyte conductivity, and electrode material properties, all of which affect ion 

mobility and accessibility. For instance, a 3D hierarchical porous scaffold can greatly enhance ion 

transport kinetics by accommodating large amounts of electrolyte and reducing ion transportation 

distances, which contributes to superior performance.  

Table 4: Device performances of various lignin-based composite supercapacitor electrodes 

(Q. Cao et al., 2024; Jyothibasu et al., 2022; Tong et al., 2023) 

Electrode material 
Capacitance 

(F/g) 

Energy 

Density 

(Wh/kg) 

Power 

Density 

(W/kg) 

Cycle 

Stability (%) 

LIGNIN CARBON/CONDUCTING POLYMER COMPOSITE 

PANI*/ Sodium 

lignosulfonate nanocomposite 
1200 (1 A/g) 

21 

(14.5) ** 

279 

(26000) ** 

87% after 

15000 cycles 

Ligninsulfonate 

/PPy*/Phospomlibdic acid 
680 (1 A/g) – – 

70% after 

2000 cycles 

Functionalized porous 

carbon nanospheres/sodium 

lignosulfonate lignin/PPy* 

hydrogel 

540 (0.5 A/g) – – 
80% after 

7000 cycles 

Lignin cellulose 

nanofibrils/rGO*/PANI* 

475 (10 

mV/s) 

~100 

(~25) ** 

~900 

(~11000) ** 

87 % after 

5000 cycles 

Alkali lignin/PPy* 444 (1 A/g) – – – 
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Lignin functionalized 

graphene hydrogel 
410 (1 A/g) 13.8 500 

84% after 

10000 cycles 

PANI*-lignosulfonate lignin 375 (1 A/g) – – 
74% after 

10000 cycles 

PANI*/kraft lignin composite 285 (0.5 A/g) – – 
67.4% after 

5000 cycles 

PEDOT*/lignosulfonate 

biocomposite 
170 (1 A/g) – – 

80% after 

1000 cycles 

Kraft lignin/PEDOT* 97 (0.1 A/g) – – 
79% after 

1000 cycles 

PEDOT/ Sodium 

Lignosulfonate lignin/ 

PAAQ* 

[Asymmetric] 

75 (1 A/g) 
8.2 

(6.8) ** 

700 

(5600) ** 

80% after 

10000 cycles 

Sodium Lignosulfonate 

lignin/PPy* hydrogel 

1060 mF/cm2 

(1 mA/ cm2) 

 

47 µWh/cm2 
400 

µW/cm2 

82.1% after 

5000 cycles 

LIGNIN CARBON/METAL OXIDE COMPOSITE 

MCNFs@SnO2 405 (0.5 A/g) 11.5 451 
95% after 

10000 cycles 

Alkali lignin-derived 

hierarchical porous carbon 

nanofiber films 

250 (0.2 A/g) 

145 (20 A/g) 
– – 

97% after 

1000 cycles 

Organosolv lignin-derived 

CNF* with 

Fe3O4 nanoparticles 

215 (0.1 A/g) 43 242 
97% after 

10000 cycles 

Alkali lignin derived 

carbon/ZnO 

195 (0.5 A/g) 

150 (20 A/g) 

6.7 

(5.2) ** 

198 

(11797) ** 

97% after 

5000 cycles 

MnO2/Methanol soluble 

lignin isolated from kraft 

lignin-derived CNF* 

172 (5 mV/s) 

90 (50 mV/s) 
6 160 

99% after 

1000 cycles 

MnO2/Alkali lignin-derived 

CF* 

130 

(0.3 A/g) 
15 135 – 

Electrospun CNF*/MnO2 
85 (250 

mA/g) 
84 5720 

96.5 % after 

5000 cycles 

MnO₂-deposited CNF* mats 65 (0.1 A/g) 6 160 
99% after 

1000 cycles 

Al foil coated alkaline 

lignin/MnO2 

380 mF/cm2 

(40 m A/g) 
6 (355) ** 80% 

AC*/lignin-MnO2 

[Asymmetric] 

22 mF/cm2 

(10 mV/s) 
– – 

90% after 

700 cycles 

Al foil coated alkaline lignin–

NiWO4 

17 mF/cm2 

(0.15 A/g) 
8.5 509 

84% after 

2000 cycles 

Al foil coated/AC*/lignin-

MnO2 

[Asymmetric] 

5.5 mF/cm2 

(6 m A/g) 
14 (1000) ** 

97% after 

2000 cycles 

FUNCTIONAL GROUP DECORATED CARBONS 

OKL*/hierarchical porous 

nitrogen-doped carbon 
410 (1 A/g) – – 

94% after 

1000 cycles 
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OKL*/HNO3-treated 

activated carbon composite 
390 (0.5 A/g) – – 

98% after 

2000 cycles 

O/N codoped organic solvent 

lignin-derived porous 

carbons 

370 (10 

mV/s) 
– – 

100% after 

30000 cycles 

N doped alkali lignin-derived 

porous carbon 
355 (0.2 A/g) 13 162 

99% after 

16000 cycles 

O/N/S codoped enzymatic 

hydrolysis lignin hierarchical 

porous carbon 

320 (0.5 A/g) ~17 249 
100% after 

10000 cycles 

N/O lignin-based ultra-fine 

porous carbon nanofibers 

290 (0.1A/g) 

160 (20 A/g) 
– – 

92% after 

10000 cycles 

N/S codoped lignin sulfonate 

porous carbon 
270 (0.5 A/g) ~37 62 

98% after 

10000 cycles 

N/S co-doped activated 

carbon nanofibers 

265 (5 mV/s) 

150 (50 

mV/s) 

9 493 
99% after 

10000 cycles 

N/S doped lignin sulfonate-

derived porous carbon 
240 (1 A/g) 27 10000 

95% after 

3000 cycles 

N/O doped alkali lignin-

derived hierarchical porous 

carbon 

235 (0.5 A/g) ~15 450 
92% after 

10000 cycles 

S doped calcium 

lignosulfonate- derived 

micro/mesoporous bio-

carbon 

225 (0.5 A/g) – – 
99% after 

10000 cycles 

O doped enzymatic 

hydrolysis lignin-derived 

nanoporous carbon 

180 (0.5 A/g) 

140 (10 A/g) 
– – – 

*Where PANI is polyaniline, PPy is polypyrrole, rGO is reduced graphene oxide, PEDOT is Poly (3,4- 
ethylenedioxythiophene, PAAQ is poly(aminoanthraquinone), CF is carbon fiber, CNF is carbon 
nanofiber, AC is activated carbon, OKL is Oxidized Kraft lignin. **In Table 4, the energy and power 
density values presented in parentheses ( ) represent the values corresponding to the highest power 
density achieved at a lower energy density. 

Table 4 presents the electrochemical performance of various lignin-based composite and 

functional group-decorated supercapacitor electrodes, organized in descending order of specific 

capacitance alongside their corresponding energy density, power density, and cycle stability. 

Across the composites, the capacitance varies widely, with some high-performance materials such 

as polyaniline (PANI)/lignin and Ligninsulfonate/polypyrrole (PPy) composites achieving 

capacitance values of 1200 F/g and 680 F/g, respectively, indicating that the addition of CPs can 

significantly enhance capacitance. However, cycle stability, an essential metric for longevity, with 

CPs are compromised making them less attractive for long-term applications. Meanwhile, lignin-

based carbon/MO composites exhibit remarkable retention (above 95%) over thousands of cycles. 

In terms of power density, most composites featuring MOs like MnO₂ or CPs (e.g., PANI, PPy) 

typically show enhanced performance due to improved ion transport and conductivity. However, 

composites with functional group decorated lignin or single additives like PEDOT show lower 

energy density and power output, suggesting that multi-component systems are generally more 

effective for energy storage applications.  
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Overall, the table indicates that lignin-based composites offer enhanced capacitance and energy 

density compared to lignin-based EDLC electrodes in Table 3, attributed to the inclusion of 

conductive polymers, MOs and functional groups that introduce pseudocapacitive behavior. 

However, EDLC electrodes generally maintain higher power densities and, in some cases, slightly 

better cycle stability. This variability underscores the versatility of lignin as a base material and 

the importance of composite design in optimizing supercapacitor performance. 

2.4. Classification of Supercapacitors Based on Device Configuration  

Supercapacitors can also be classified based on device configurations into symmetric, asymmetric, 

and hybrid supercapacitors. 

2.4.1. Asymmetric Supercapacitors 

Symmetric supercapacitors consist of identical EDL-capacitive or pseudocapacitive electrodes, 

while asymmetric supercapacitors pair different EDL-capacitive and pseudocapacitive electrodes. 

Asymmetric configurations are efficient in extending the cell voltage by using electrolytes with 

highly stable potential windows or MOs with higher overpotentials. 

One strategy to increase the working voltage in an EDLC system involves using imbalanced 

electrode masses, as demonstrated in the following equations: 

𝑄+ = 𝑄− 
 

(Equation 6) 

𝑉+

𝑉−
=

𝑚−𝐶−

𝑚+𝐶+
 

 

(Equation 7) 

where Q represents the charges, V  the potential windows, C are the specific capacitances, and m 

are the masses of the positive and negative electrodes, respectively (J. Li et al., 2017).  The positive 

(+) and negative (-) indices signify the two electrodes in the supercapacitor, where the positive 

electrode undergoes oxidation (electron loss), and the negative electrode undergoes reduction 

(electron gain) during charge/discharge. The equations outlined here emphasize the importance of 

carefully balancing the masses and capacitances of the positive and negative electrodes to optimize 

supercapacitor performance. Specifically, Equation 7 reveals that the voltage distribution between 

the two electrodes can be controlled by adjusting the ratio of their respective masses and 

capacitances. This balance is crucial for maximizing the working voltage of the supercapacitor 

avoiding overpotential effects that might lead to electrolyte decomposition or electrode 

degradation. By tuning the electrode masses, especially in asymmetric configurations, the system 

can take advantage of materials with different electrochemical properties such as pairing a high-

capacitance material (e.g., AC) with a material capable of operating at a wider potential range 

(e.g., MOs or CPs) while maintaining charge balance (as shown in Equation 6). This strategy 

allows for the extension of the supercapacitor's voltage window, enabling better energy storage 

capabilities. Additionally, this approach offers a practical means to optimize the performance of 

supercapacitors for specific applications, whether the focus is on maximizing energy density, 

improving power density, or extending cycle life, based on the needs of the end-use application. 

Table 5 provides a comparative analysis of lignin-based asymmetric supercapacitor systems, 

highlighting how differences in anode-cathode electrode material and mass differences influence 

key performance metrics such as capacitance, energy density, power density, and cycle stability. 

A key takeaway from the analysis is that while lignin-based materials offer promising 

performance, the overall performance metrics vary significantly depending on the materials used 
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Table 5: Device performances of various lignin-based asymmetric supercapacitors (Q. Cao et 

al., 2024; Jyothibasu et al., 2022; Tong et al., 2023) 

Electrode material 
Capacitance 

(F/g) 

Energy 

Density 

(Wh/kg) 

Power 

Density 

(W/kg) 

Cycle Stability 

(%) 

Enzymatic-hydrolysis 

lignin-derived 3D 

HPC*//AC* 
432 (0.5 F/g) 

34 

(16)** 

237 

(14300)** 

87% after 10000 

cycles 

PEDOT*+ 

Lignin/PAAQ*// 

PEDOT*/PAAQ* (Ajjan 

et al., 2017) 

420 (1 A/g) 
8.2 

(6.8) ** 

700 

(5600) ** 

80% after 10000 

cycles 

O/N/S 

codoped HPC*//AC* 
318 (0.5 

A/g) 
~17 249 

99.6% after 10000 

cycles 

Al/AC*/lignin-MnO2// 

Al/AC* (Jha, Mehta, 

Chen, Ma, et al., 2020) 

173 (10 

mV/s) 
14 1000 

99% after 1000 

cycles 

HPC* with different 

electrode masses 

(Salinas-Torres et al., 

2016) 

137 6.3 1300 
100% after 5000 

cycles 

Lignin/PEDOT*// 

partially rGO* 35 (0.5 A/g) – – 
79% after 1000 

cycles 

Al foil/alkali 

lignin/MnO2//Al foil/AC 

(Jha, Mehta, Chen, 

Likhari, et al., 2020) 

379 mF/cm2 

(40 mA/g) 
6 355 

80% after 3000 

cycles 

* Where HPC indicates hierarchical porous carbon, AC is activated carbon, PEDOT is Poly (3,4- 
ethylenedioxythiophene, PAAQ is poly(aminoanthraquinone), CNFs are carbon nanofibers. ** In Table 
5, the energy and power density values presented in parentheses ( ) represent the values corresponding 
to the highest power density achieved at a lower energy density. 
 

in this configuration of the supercapacitors. For instance, enzymatic hydrolysis lignin-derived 3D 

hierarchical porous lignin (HPC)//AC (432 F/g and 34 Wh/kg) show notable capacitance and 

reasonable cycle stability (87% after 10000 cycles, respectively), also their energy densities are 

reasonably high even at a higher power density of 14300 W/kg likely due to the use of ionic 

electrolytes and  interconnected porous structure that enhances ion transport kinetics. The O/N/S 

codoped HPC//AC device demonstrates relatively lower capacitance (318 F/g) and energy density 

(~17 Wh/kg) but achieves an outstanding 99.6% stability after 10000 cycles, emphasizing the 

desirable performance longevity in asymmetric systems. Devices such as HPC with electrodes of 

differing masses exhibit remarkable cycle stability 100% after 5000 cycles. However, this 

performance comes at the cost of reduced capacitance and energy density, likely attributable to the 

intrinsic properties of the materials. The PEDOT+Lignin/PAAQ//PEDOT/PAAQ (where PAAQ   
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stands for poly(aminoanthraquinone)) device demonstrates relatively low capacitance in acidic 

aqueous electrolyte medium (74 F/g) and retains 80% stability after 10000 cycles. This outcome 

suggests that the PEDOT-lignin composite delivers only moderate performance, emphasizing the 

critical need to optimize the material combinations for the anode, cathode and electrolyte to fully 

leverage the benefits of an asymmetric assembly. Since also the research with it is limited, further 

exploration and optimization of the electrode designs from lignin-based materials will be crucial 

to strike an effective balance between high performance and long-term reliability. 

The main difference between composite electrodes and asymmetric devices lies in their material 

configurations. Composite electrodes combine various materials, such as conductive carbons, 

MOs, and CPs, to enhance energy and power densities by leveraging the strengths of each 

electrode. Asymmetric devices, in contrast, use two electrodes with different materials that allow 

them to achieve a more optimal energy-power trade-off. However, while asymmetric devices often 

offer superior performance, they may not always incorporate sustainable materials in both 

electrodes. Composite electrodes, particularly those based on renewable materials like lignin, 

provide a more environmentally friendly alternative with some compromised performance, 

making them a preferable option when sustainability is a key consideration. 

2.4.2. Hybrid Supercapacitors 

Hybrid supercapacitors combine the strengths of both batteries and traditional supercapacitors by 

utilizing distinct electrode materials. Unlike conventional LIBs, which use graphite as the negative 

electrode, hybrid supercapacitors employ a carbon-based electrode (typically AC) for capacitive 

storage and a battery-type electrode (often lithium-based) for Faradaic reactions. While both 

hybrid and asymmetric supercapacitors use different electrode materials, hybrid systems combine 

battery-type and capacitive electrodes. This unique configuration allows hybrid supercapacitors to 

achieve higher energy density than traditional supercapacitors while maintaining rapid charge and 

discharge capabilities. The carbon-based electrode in hybrid supercapacitors is optimized for 

surface area and pore structure to maximize ion adsorption, whereas the graphite in LIBs is 

designed for lithium intercalation. The battery-type electrode in hybrid supercapacitors, usually 

composed of MOs or other lithium-intercalating materials, provides higher energy storage capacity 

through redox reactions. This asymmetric design enables hybrid supercapacitors to bridge the gap 

between the high-power density of supercapacitors and the high energy density of batteries, 

offering a balance of both properties in a single device. The result is a more versatile energy storage 

solution that can deliver quick bursts of power while still maintaining a higher overall energy 

capacity compared to traditional supercapacitors. 

Lithium-ion capacitors (LICs) exemplify the innovative approach of hybrid supercapacitors, 

leveraging the strengths of both battery and capacitor technologies. These devices typically 

employ a lithium-based cathode (such as LiCoO2 or LiFePO4) paired with an AC anode, enabling 

high energy density and rapid charge-discharge cycles. The use of ionic liquids or organic 

electrolytes in LICs allows for operation at higher voltages compared to aqueous systems, further 

enhancing energy density. While metal oxides like nickel cobalt oxide (NiCo2O4) are also common 

in hybrid systems, LICs specifically utilize lithium-based cathodes to optimize energy storage. 

This configuration capitalizes on the EDL formation at the carbon electrode and the Faradaic 

reactions at the lithium-based electrode, resulting in a synergistic effect that enhances overall 

performance 
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In the literature, many research and review articles often conflate the terms composite 

supercapacitors and hybrid supercapacitors, leading to significant confusion. This distinction is 

critical, as hybrid systems inherently involve a combination of battery-like Faradaic behavior with 

capacitor-like EDLC behavior, whereas composites typically refer to materials designed to 

enhance specific properties of a single electrode or system. To clarify, hybrid supercapacitors must  

Table 6: Device performances of various lignin-based hybrid supercapacitors (Tong et al., 

2023) 

Electrode material 
Capacitance 

(F/g) 

Energy 

Density 

(Wh/kg) 

Power 

Density 

(W/kg) 

Cycle Stability (%) 

NiCo2O4@CNFs//N-

rGO* (Lei et al., 

2017) 

1757 

(2 mA/cm²) 
48 800 

138% after 5000 

cycles 

Bimetallic 

Ni3Co1WO4 

nanoparticles/enzym

atic-hydrolysis 

lignin-derived 3D 

HPC*//AC* 

1084 (0.5 A/g) 106 400 
81% after 10000 

cycles 

Lignin-derived 

CNFs*-

NiMnS//AC* (Ranjith 

et al., 2021) 

652 C/g (1 A/g) 

(~400 F/g) 
52 800 

91% after 

5000 cycles 

N-doped kraft lignin 

derived porous 

carbon//NiCo 

layered double 

hydroxide (Kim et al., 

2022) 

301 (1 A/g) 
78 

(47) ** 

748 

(12294) 
** 

91% over 20000 

cycles 

AILCFN*-

3//AILCFN*/Ni-Co-S 

(M. Zhou et al., 2021) 

 

279 (0.14 A/g) 31 800 
99% after 10000 

cycles 

Zn//Lignin-derived 

HPCs* (L. Zhao et al., 

2022) 

298 (0.1 A/g) 135 101 
97% after 8000 

cycles 

ZIHC* in air with 

lignin-derived 

HPCs*//Zn foil as an 

anode (L. Wang et al., 

2024) 

292 (0.1 A/g) 
97 

(40) ** 

79 

(7500) ** 

95% after 

12000 cycles 

Lignin/NiCoWO4/AC* 862 mF/cm2 5.8 (855) ** 
100% after 2000 

cycles 
* Where HPC indicates hierarchical porous carbon, AC is activated carbon, AILCFN stands for activated 
interconnected lignin-derived carbon fibrous network, ZIHC is Zinc-ion hybrid capacitor, CNFs is 
carbon nanofibers. ** In Table 5, the energy and power density values presented in parentheses ( ) 
represent the values corresponding to the highest power density achieved at a lower energy density.  
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include at least one electrode with battery-like behavior, such as intercalation or surface redox 

reactions over a broader potential range, while composites improve the physical or electrochemical 

properties of a given electrode without introducing distinct battery-like behavior. 

As noted by (Brousse et al., 2015), Ni(OH)₂ electrode types exhibit battery-like behavior in terms 

of their redox mechanisms, despite being commonly grouped under asymmetric configurations in 

the literature (Y. Wang et al., 2016). In this thesis in Table 6, NiCo-based systems like 

NiCo₂O₄@CNFs//N-rGO and Ni₃Co₁WO₄//AC are categorized as hybrid supercapacitors. This 

classification is justified by their exceptionally high values of capacitance, energy density, and 

power density, which surpass typical asymmetric configurations. For instance, 

NiCo₂O₄@CNFs//N-rGO achieves a capacitance of 1757 F/g, an energy density of 48 Wh/kg, and 

a cycle stability of 138% after 5000 cycles. The increase in capacitance to 138% has been attributed 

to the gradual activation of the active materials on the working electrode during the repeated 

charge-discharge process. Similarly, Ni₃Co₁WO₄ nanoparticles//enzymatic-hydrolysis lignin-

derived 3D HPC delivers 1084 F/g, 106 Wh/kg energy density, and 81% stability after 10000 

cycles. The N-doped kraft lignin-derived porous carbon//NiCo lignin-derived hybrid device  

Table 6, besides displaying NiCo-based electrodes, highlights the performance metrics of lignin-

based hybrid supercapacitor systems, primarily zinc-ion hybrid capacitors (ZIHCs), showcasing 

their strengths in high capacitance, energy density, and stability over extensive cycles. Systems 

like lignin-derived CNFs-NiMnS//AC demonstrate peak capacitance (400 F/g), while Zn//LHPCs 

leads in energy density (135 Wh/kg), though with relatively low power density. All systems show 

strong cycle stability, with activated interconnected lignin-derived carbon fibrous network 

(AILCFN)-3//AILCFN/Ni-Co-S retaining 99.6% capacitance after 10000 cycles, indicating 

excellent durability for sustainable energy storage applications. However, studies remain limited 

for ZIHCs and other hybrid systems at this point, suggesting potential need for further exploration 

and optimization in materials integration. 

2.5. Performance of Wood-based Supercapacitors in the Energy Landscape 

To analyze the electrochemical performances of the prominent supercapacitor types their Ragone 

plots were shown in Paper IV, where our analysis observed distinct clusters of energy density vs 

power density across different supercapacitor technologies, with the dotted black box highlighting 

the 'prime region' enveloping most of the data.  

As shown in the top-left plot (Figure 7), hybrid and asymmetric supercapacitors perform well in 

terms of energy density, with a dense prime region. These supercapacitors achieve higher energy 

density with only a moderate compromise on power density, leveraging material combinations to 

maximize energy storage capacity while retaining sufficient power output. In fact, the cluster of 

devices with higher energy density is larger in this category of devices even beyond the prime 

region. This balance positions them well for applications that require high energy density with 

reasonable compromise on power. 

In comparison, wood-based supercapacitors fall somewhat short of reaching higher energy density 

levels beyond prime region achieved by hybrid, asymmetric, and other advanced supercapacitors. 

While devices in the prime region seem to exhibit a balanced profile in terms of energy density 

and power density, they do not achieve the superior values needed for high-performance 

applications, highlighting the need for improvement. Enhancing the energy density of wood-based 

supercapacitors will require controlled engineering of these materials, focusing on creating 

optimized structures and channels that promote efficient energy storage. By refining the 
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microstructure, it may be possible to increase the accessible surface area, improve ion transport, 

and enhance capacitance. 

 
Figure 7. Ragone plot comparing various lab-scale supercapacitor technologies developed over the past 
two decades (Paper IV). 

Outliers in the non-dense zone of the data may indicate that certain samples exceed typical 

performance ranges, which may result from specific material optimizations or testing conditions. 

These outliers are valuable for identifying best-case scenarios but may not represent consistent 

performance across all samples. 

In other categories, MO and NiCo supercapacitors (top-right plot) achieve high power density but 

lower energy density, suitable for short, high-power applications. Flexible and nitrogen-doped 

supercapacitors (bottom-left) and graphene-based supercapacitors (bottom-right) show varying 

performance, with graphene achieving some of the highest energy density and power density 

values. Wood-based supercapacitors, although below the peak energy density and power density 

of these advanced materials, stand out for their sustainability.  

2.6. Deconvolution of Different Capacitive Behaviors 

Deconvoluting different capacitive behaviors, such as EDLC and pseudocapacitance, is key to 

engineer supercapacitor electrodes and for device design. By isolating the specific contributions 

from each mechanism, researchers can optimize materials for target characteristics: enhancing 
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energy density through pseudocapacitive materials or achieving cycle stability with EDLC 

materials. This level of distinction also enhances device modeling accuracy, allowing prediction 

of supercapacitor performance across various conditions and applications, from delivering short, 

high-power bursts to providing stable, long-term energy storage. Additionally, deconvolution 

improves the testing and characterization process and helps in evaluating and comparing materials 

objectively by isolating each contribution.  

The observable differences between EDLC and pseudocapacitive/battery-like materials arise 

primarily from their distinctly different thermodynamic and kinetic properties. To evaluate these 

differences, numerous electrochemical techniques have been developed to deconvolute the 

contributions from basic charge storage mechanisms, that originate from EDL formation and redox 

reactions or diffusion-controlled processes (such as ion intercalation). 

The general dependence of measured peak current (ip) from a cyclic voltammogram measurement 

at different scan rates (v) is given by: 

𝑖𝑝 = 𝑘 · 𝑣𝑏   (Equation 8) 

For pseudocapacitive materials, which undergo fast surface or bulk redox reactions that are not 

diffusion-controlled, the peak current varies linearly with scan rates, as demonstrated by (Conway 

& Kannangara, 1987; T. ‐C. Liu et al., 1998). In this case, b in the equation is near 1. When the 

storage process is purely diffusion-controlled, b is equal to 1 2⁄ . 

For systems exhibiting both forms of storage behavior (i.e., hybrid energy storage), J. Wang et al., 

2007 proposed a method to deconvolute the contributions by correlating voltage-dependent current 

with scan rates: 

𝑖𝑝 = 𝑘1𝑣 + 𝑘2𝑣
1

2⁄  (Equation 9) 

k1 (capacitive) and k2 (diffusion controlled) are proportionality constants determined from the 

slope and Y-intercept of the plot of ip/v
1/2 versus v1/2 as shown in Figure 8. 

Figure 8. Linear fitting of the anodic and cathodic CV scan rates at different voltage points (Paper I). 

Trasatti et al. proposed another method by observing the relationship of cyclic voltammetry charge 

with varying scan rates (Ardizzone et al., 1990). In this method, the dependence of surface (𝑄𝑠) 

and bulk (𝑄𝑏) charge contributions were measured as the total charge 𝑄𝑡, 
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𝑄𝑡 = 𝑄𝑠 + 𝑄𝑏                                             (Equation 10)       

The surface charge 𝑄𝑠 here is independent of the scan rate v, representing fast, surface-confined 

processes. In contrast, the bulk charge 𝑄𝑏 arises from diffusion-controlled processes governed by 

Fick's laws of diffusion. While the diffusion-controlled current in cyclic voltammetry increases 

with the square root of the scan rate (scales as 𝑣
1

2⁄ ), the corresponding charge contribution 

decreases with 1 𝜈
1

2⁄⁄ . This is because, at higher scan rates, there's less time for diffusion 

processes to contribute to the total charge. Consequently, the total charge 𝑄𝑡(𝑣)  exhibits a 

characteristic dependence on scan rate 𝑣, expressed as: 

                                            𝑄𝑡(𝑣) = 𝑄𝑠 + 𝑐1 𝑣
−1

2⁄  

 

                           (Equation 11) 

Here c1 is a constant related to the bulk diffusion-controlled charge contribution. This equation 

represents that while the diffusion-controlled current increases with the square root of the scan 

rate, the corresponding charge contribution decreases with the square root of the scan rate due to 

the shorter time available for the diffusion process at higher scan rates. 

𝑄𝑠 is determined from the extrapolation of 𝑄𝑡(𝑣) as 1 𝜈
1

2⁄⁄  →0 using Equation (11). At very high 

scan rates (𝜈 →∞), the bulk charge contribution becomes negligible (1 𝜈
1

2⁄⁄  to →0) leaving only 

the surface charge: 𝑄𝑡(𝑣)→𝑄𝑠. At lower scan rates, 1 𝜈
1

2⁄⁄ , becomes significant, and the total 

charge includes both surface and bulk contributions. Thus Equation (11) effectively separates these 

two contributions by exploiting their distinct scan rate dependencies. 

As a data-fitting strategy, an alternative to Equation 12 can be employed as below to fit specific 

empirical plots.  

1

𝑄𝑡(𝑣)
=

1

𝑄𝑡
+ 𝑐2 𝑣

1
2⁄  

                                    (Equation 12) 

Here 𝑄𝑡(𝑣) is the total charge at a specific scan rate 𝜈, 𝑄𝑡  is the expected limiting total charge as 

the scan rate approaches zero ( 𝑣 → 0), where bulk contributions dominate, and 𝑐2   is a 

proportionality constant related to the material's response to the scan rate. 

The equation representing the reciprocal charge dependence on scan rate derives from two key 

assumptions where at low scan rates (𝑣 → 0), 𝑄𝑡(𝑣) approaches 𝑄𝑡, where bulk storage dominates. 

A term proportional to 𝑣
1

2⁄  is included to account for diffusion-limited contributions to bulk 

charge. The equation is thus attempting to model the transition from pure surface charge behavior 

to a regime dominated by bulk contributions as 𝑣 changes. Plotting 1 𝑄𝑡(𝑣)⁄  against 𝑣
1

2⁄  allows 

for the extrapolation of 1 𝑄𝑡⁄  (i.e., the intercept), which corresponds to the maximum storage 

capacity due to bulk processes. When the system exhibits both forms of storage behavior, it is 

considered hybrid, making it easier to distinguish. However again, this method is also suitable only 

for a limited range of smaller scan rates. 

Gibson & Donne, 2017 proposed a different method based on the current response from each 

potential step as a function of time. This method relies on the difference in equilibration time 

depending on the type of material. Materials exhibiting EDL behavior equilibrate quickly, while 

diffusion-limited behavior equilibrate slowly. This approach is particularly useful for 

understanding diffusion-induced processes and studying the efficiency of diffusion in electrodes 

with higher mass loadings. The Step Potential Electrochemical Spectroscopy (SPECS) model 
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includes currents representing the generation of an EDL at the geometric (𝑖𝐷𝐿1) and porous surface 

(𝑖𝐷𝐿2), as well as a current associated with the diffusion-limited (𝑖𝐷) and residual processes (𝑖𝑅).  

The total current 𝑖𝑇  of SPECS data is calculated as follows: 

𝑖𝑇 = 𝑖𝐷𝐿1 + 𝑖𝐷𝐿2 + 𝑖𝐷 + 𝑖𝑅                                     (Equation 13) 

Shao et al., 2019 proposed Multiple Step ChronoAmperometry (MUSCA) to reduce the ohmic 

drop contribution from SPECS, allowing for accurate investigation of the electrochemical kinetics 

of pseudocapacitive electrodes. MUSCA computes ohmic drop-corrected cyclic voltammograms 

of pseudocapacitive electrodes at various potential scan rates. The surface and bulk process current 

contributions are then effectively recovered using Wang's methods by showing current-voltage 

curves with a reduced ohmic drop at various scan speeds. The difference in charge storage 

mechanisms between supercapacitors and batteries varies largely because of their differences in 

thermodynamics and kinetics. As a result, for the convenience of evaluation numerous 

electrochemical techniques for deconvoluting the contributions from basic charge storage 

mechanisms such as the EDL and diffusion-limited processes have been devised. 

2.7. Classification of Supercapacitor Configuration Based on Application  

2.7.1. Micro-supercapacitors 

Micro-supercapacitors (MSCs) represent a cutting-edge solution in the realm of energy storage, 

specifically tailored for applications demanding compact size and high-power density. These 

miniature devices find extensive use in portable and wearable electronics, in biomedical implants, 

in sensors for the IoT and in other miniaturized devices where rapid energy delivery and long-term 

stability are crucial (Bu et al., 2020; Xu et al., 2024). 

 

Figure 9. Schematic of MSCs designs - (a) planar and (b) stacked - illustrating the three primary areas for 

performance improvement: electrolyte, electrode, and current collector. Each area comprises three subset 

groups offering opportunities for optimization, which are the focus of this overview. Reproduced with 
permission from Smith et al., 2019. 

Fabrication of MSCs involves sophisticated microfabrication techniques to achieve their small 

footprint with optimized performance. Electrodes are typically constructed using methods like 

photolithography or inkjet printing, allowing precise deposition of materials such as activated 

carbon or graphene onto substrates. Their topologies are typically planar or stacked (Figure 9). 
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Solid-state or gel electrolytes are integrated to enhance safety and compactness, filling the micro-

gaps between electrodes.  

Micromachining and additive manufacturing offer precise micrometer-scale control over electrode 

placement and electrolyte distribution, enabling the fabrication of MSCs with charge and discharge 

rates on the order of 200 to 1000 mV/s and cycle stability exceeding 10000 cycles (Dinh et al., 

2023). Consequently, MSCs will play a crucial role in driving the miniaturization of next-

generation energy-efficient electronics 

Current research focuses on improving energy density, developing solid-state electrolytes, and 

enhancing fabrication techniques for large-scale production. The field is moving towards 3D 

architectures, novel materials, and integrated systems combining energy harvesting and storage 

capabilities (Dinh et al., 2023; Shen et al., 2017). 

Table 7 provides a comparative analysis of energy density, power density, and cycle stability 

across various lignin-based MSCs, revealing the influence of material compositions and 

configurations on performance. The lignin-derived laser scribed graphene (L-LSG)/Mn₃O₄-3 

configuration offers a performance uncompromised profile, with an energy density of 0.011 

Table 7: Device performances of various lignin-based micro-supercapacitors 

Electrode material 
Electro

lyte 

Capacitance 

(mF/cm2) 

Energy 

Density 

(mWh/cm2) 

Power 

Density 

(mW/cm2) 

Cycle 

Stability (%) 

L-LSG*/Mn3O4-3 

(Remesh, Loganathan, 

et al., 2024) 

PAAS*/

K2SO4 

136 

(0.08 

mA/cm2) 

~0.011 0.27 
93% after 

5000 cycles 

L-LSG*/Mn3 

(Remesh, Loganathan, 

et al., 2024) 

PAAS*/

K2SO4 

40 

(0.08 

mA/cm2) 

~0.003 0.25 
89% after 

5000 cycles 

Black liquor 

lignin/Mg-Al LDH* 

composite (Remesh, 

Vasudevan, Sivakumar, 

et al., 2023) 

PAAS*/

K2SO4 

40 (0.08 

mA/cm2) 
~0.003 0.055 

89% after 

5000 cycles 

L-LSG*(Remesh, 

Vasudevan, Perumal, et 

al., 2023) 

PAAS*/

K2SO4 

31 

(0.08 

mA/cm2) 

~0.002 0.25 
88% after 

5000 cycles 

L-LSG*/ 

SS/K+(Remesh, 

Vasudevan, et al., 2024) 

PAAS*/

K2SO4 

22 (0.08 

mA/cm2) 
~0.002 0.25 

83% after 

5000 cycles 

3D- LSG (W. Zhang et 

al., 2018) 

PVA/ 

H2SO4 
25 1 mWh/cm3 2 W/cm3 

99% after 

12000 cycles 

Lignin/PAN (S. Wang 

et al., 2019) 

PVA/ 

H2SO4 

6.7 

(0.9 F/cm3) 
– – – 

3HPC/WO3 (Shi et al., 

2021) 

PVA/ 

H2SO4 

432 F/g 

(0.5 A/g) 

34 Wh/kg 

(16 Wh/kg) 
14 W/kg 

(237 W/kg) 

87% after 

10000 cycles 
* Where L-LSG is lignin-derived laser scribed graphene, LDH is layered double hydroxide, PAAS is 
sodium polyacrylate, HPC is hierarchical porous carbon. ** In Table 7, the energy and power density 
values presented in parentheses ( ) represent the values corresponding to the highest power density 
achieved at a lower energy density. 



 

30| P a g e  

 
 

mWh/cm² and high cycle stability (93% retention over 5000 cycles), demonstrating both durability 

and performance. The 3D-LSG structure stands out for its exceptional cycle stability of 99% after  

12000 cycles, underlining the effectiveness of 3D architectures in prolonging device lifespan. 

Other materials, like laser scribed graphene and Mg-Al layered double hydroxide (LDH), show 

moderate energy and power densities but strong cycle retention, reflecting their endurance in 

applications where longevity is key. Overall, lignin-based MSCs exhibit versatile performance 

profiles, with specific configurations excelling in energy or stability metrics, though achieving 

optimal performance across all parameters with more materials should continue as a research 

focus. 

2.7.2. Flexible and Wearable Supercapacitors 

Flexible and wearable supercapacitors are another rapidly advancing class of energy storage 

devices designed to meet the growing demand for portable and wearable electronics. These 

supercapacitors are characterized by their need to maintain high performance under mechanical 

deformation, making them suitable for integration into flexible substrates. Key to the development 

of flexible supercapacitors is the use of innovative materials and fabrication techniques. Carbon-

based materials, such as activated carbon fibers, graphene, and CNTs, are frequently employed 

due to their excellent electrical conductivity, mechanical flexibility, and high surface area. These 

materials are often combined with CPs or MOs to enhance capacitive performance.  

 

Figure 10. (a) Schematic illustration of the fabrication process for thread-based yarn capacitors (TYCs) 

incorporating separator threads. (b) Photograph of tens of meters-long TYCs wound on a spool, with 
different colors arising from the incorporation of various nylon separator threads. (c) Schematic 

representation of the wrapping density of separator threads in activated carbon-based yarn capacitors 

(AC-CYs). (d) Optical microscopic images showing the side and cross-sectional views of the TYCs. 
Reproduced with permission from He et al., 2022. 

A notable advancement in this field is the development of spin yarn supercapacitors (Figure 10). 

These devices involve spinning carbon-based fibers into yarns that are then woven into textiles. 

Spin yarn supercapacitors retain the flexibility of the fiber while providing substantial energy 
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storage capacity. They can be seamlessly integrated into clothing and other wearable items, 

powering various small electronic devices and sensors embedded in smart textiles. 

Qu et al. (2022) developed a PAN/lignin-based carbon fiber (LCF) from industrial lignin using an 

economical and scalable melt-spinning process. This LCF shows excellent strength and flexibility, 

making it a promising alternative to PAN-based carbon fibers for structural applications. The 

material achieved a high areal specific capacitance of 0.14 F/cm² at 0.19 mA/cm² and retained this 

capacitance even when subjected to bending and twisting. In fiber-based supercapacitors, 

capacitance reported as F/cm² typically refers to the outer, macroscopic surface area of the fiber 

or yarn. This is calculated using the cylindrical surface area (2π∙r∙h) of the fiber, providing a 

standardized way to compare performance across different fiber-based devices, regardless of their 

internal structure or porosity. Besides such macro-fibers or yarns, most other flexible electrode 

materials from lignin include carbon fiber or nanofiber mats. 

Table 8: Device performances of various lignin-based flexible carbon fiber mat electrodes for 

supercapacitors 

Electrode material 
Capacitance 

(F/g) 

Energy 

Density 

(Wh/kg) 

Power 

Density 

(W/kg) 

Cycle 

Stability 

(%) 

Kraft LCNFs (Singh et al., 

2021) (all-solid-state 

supercapacitor) 

451 (1 A/g) 63 1250 
99% after 

10000 cycles 

Lignin-based multi-

channels CNFs@ 

SnO2 nanocomposites (M. 

Cao et al., 2020) 

406 (0.5 A/g) 
11 

(7) 

451 

(18514) 

95% after 

10000 cycles 

LCNFs -Pluronic 
339 (0.1A/g) 

290 (5 A/g) 
57 339 

91% after 

5000 cycles 

N/O co-doped lignin-based 

ultra-fine porous CNFs 
289 (0.1 A/g) – – 

92% after 

10000 cycles 

N/S co-doped graphene 

modified lignin/PAN CNFs 

(Dai et al., 2019) 

267 (5 mV/s) 9 ~493  
97% after 

5000 cycles 

Lignin-based porous CNFs 

(C. Ma et al., 2018) 
248 (0.2 A/g) – – 

97% after 

1000 cycles 

CNFs consisting of PAN 

and enzymatic hydrolysis 

lignin (X. Wang et al., 2018) 

217 (1 A/g) – – 
89% after 

2000 cycles 

CNFs@Fe3O4 (Butnoi et al., 

2021) 
216 (0.1 A/g) 43 242 

97% after 

1000 cycles 

Lignin/PAN composite 

nanofiber membrane(Wu et 

al., 2022) 

201 (0.5 A/g) – – – 

Microporous ACF (García-

Mateos et al., 2020) 
240 8 650 

85% after 

5000 cycles 

MnO2 deposited LCNF mats 

(Youe et al., 2018) 
172 (5 mV/s) 6 160 

99 % after 

1000 cycles 
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P doped electrospun 

LCF(García-Mateos et al., 

2022) 

150 – – – 

O doped LCF (Schlee et al., 

2019) 

155 F/g (0.1 

A/g) 
~10 W/cm3 

~0.001 

Wh/cm3 

4% after 

6000 cycles 

MnO2-deposited LCF (Guo 

et al., 2020) 
131 (0.3 A/g) ~15 135  

Lignin/PAN nanofiber (Park 

et al., 2019) 
129 (0.5 A/g) 

49 

(3.8) 

252 

(2630) 

95% over 

10000 cycles 

Modified  LCFs (M. Zhu et 

al., 2020) 
106 (0.5 A/g) 37 400 

97% after 

10000 cycles 

Lignin nonwoven CF 

(Thielke et al., 2022) 
103 (0.25 A/g) 2.7 60 

97% after 

1000 cycles 

ECNF/MnO2(X. Ma et al., 

2016a) 
83 84 5700 

75% after 

10000  

cycles 

Lignin/PVA CFs (Lai et al., 

2014) 

64 (400 mA/g) 

 
~6 94 

90% after 

6000 cycles 
*Where CNFs are carbon nanofibers, PAN is polyacrylonitrile, LCF is lignin carbon fiber, ACF is 

activated carbon fiber, ELCF is electrospun lignin carbon fibers, ECNF IS electrospun carbon nanofiber. 
**In Table 8, the energy and power density values presented in parentheses ( ) represent the values 
corresponding to the highest power density achieved at a lower energy density. 

 

The summarized account of device metrics in Table 8 emphasizes lignin’s versatility as a 

sustainable precursor for high-performance, flexible supercapacitor electrodes, especially when 

combined with functionalization methods and compositional modifications. Various lignin-based 

carbon fiber composites, including those doped with nitrogen and sulfur or modified with MOs 

like MnO₂ and SnO₂, display enhanced energy density, power density, and cycle stability. For 

instance, SnO₂-decorated lignin-based carbon nanofibers showed excellent cycling stability, 

maintaining 95% retention after 10000 cycles. Similarly, nitrogen- and sulfur-co-doped graphene-

modified lignin/PAN CNF electrodes achieved only a moderate energy and power density while 

it retained its superior capacitance with almost 97% capacity over 5000 cycles. Materials with 

enhanced functionalization such as N/S doping, MnO₂ deposition, or SnO₂ nanocomposites 

typically seem to outperform standard lignin-based carbon fibers, showing higher capacitance even 

over prolonged cycling due to the introduced additional pseudocapacitive contributions. 

Nevertheless, standard EDLC based kraft lignin-based carbon nanofibers, tested in solid-state 

devices, also achieved an impressive 63 Wh/kg energy density and 99% stability of its high 

capacitance of 451 F/g over 10000 cycles, indicating lignin’s feasibility for advanced, durable 

flexible supercapacitor applications.  

2.2. Major Wood Components 

Wood is composed of three key biopolymers - cellulose, hemicellulose and lignin, each offering 

distinct properties that contribute to energy storage applications. The following section provides a 

brief background of these precursors for sustainable material design. 

2.2.1. Lignin 

Lignin is a complex, naturally occurring biopolymer found in the cell walls of plants, particularly 

in wood, where it provides crucial structural support and rigidity. It is a macromolecule, composed 

of phenolic compounds, primarily derived from three monolignols: p-coumaryl alcohol, coniferyl 
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alcohol, and sinapyl alcohol. The structural complexity of lignin stems from its radical-driven 

polymerization process, resulting in its intricate, branched, and highly heterogeneous 

macromolecular structure. This complexity can vary significantly depending on the wood species 

and even the growth conditions within the same species. This inherent variability in lignin 

influences its chemical properties and performance, making it a versatile material for applications 

ranging from biofuels to high-performance composites.  

 
Figure 11. Wood is composed of lignin, cellulose, and hemicellulose. The amount of lignin varies depending 
on the source of wood. Reproduced with permission from Becker & Wittmann, 2019. 

Lignin is found in both hardwood and softwood (Figure 11), but it can differ in properties (Table 

9) due to their distinct botanical origins.  

Table 9: Compositional and performance variance of lignin from softwood and hardwood isolated 

using the LignoBoost process (Schlee et al., 2020) 

 

Hardwood lignin is generally more complex, containing a higher proportion of syringyl (S) units, 

which result from the polymerization of sinapyl alcohol. These S units contribute to a more linear 

and less condensed structure due to their methoxy groups, which reduce the number of crosslinking 

sites. As a result, hardwood lignin is less prone to forming dense, rigid networks, making it more 

amenable to chemical processing and depolymerization. In contrast, softwood lignin 

predominantly consists of guaiacyl (G) units derived from coniferyl alcohol. The G units possess 
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fewer methoxy groups, leading to a higher degree of crosslinking and a more condensed, rigid 

structure. This makes softwood lignin more challenging to process. 

The differences in the S/G ratio between hardwood and softwood lignin are influenced by the 

biosynthetic pathways of the plants, which depend on the enzymes involved in lignin precursor 

synthesis. For hardwood lignin, the syringyl (S) units contribute to greater solubility and reactivity 

due to their fewer crosslinking sites and higher β-O-4 linkages. This makes hardwood lignin more 

suitable for applications requiring easier depolymerization or chemical modification, such as 

biorefinery processes or functionalized materials. In contrast, softwood lignin’s composition of 

guaiacyl (G) units, which form more C-C linkages, results in a denser and more rigid structure. 

This structural robustness makes softwood lignin typically preferable for applications requiring 

high mechanical strength, such as carbon fibers or structural composites. Nevertheless, the 

properties of lignin are significantly influenced by the extraction method used. For instance, mild 

methods like milled wood lignin extraction preserve the intrinsic structure of lignin, while harsher 

methods like Kraft or Klason processes lead to higher yields but can alter its chemical composition 

and thermal properties. These factors further determine the suitability of hardwood or softwood 

lignin for specific applications in materials science, energy storage, and biorefinery processes.  

The primary distinction between hardwood Kraft lignin (HKL) and softwood Kraft lignin (SKL) 

lies in their content of β-O-4 ether bonds, which constitute 63% of total linkages in HKL compared 

to only 35% in SKL (Schlee et al., 2020). This higher proportion of β-O-4 bonds in HKL enhances 

its reactivity and processability, making it more suitable for applications like carbon fiber 

production (Q. Li et al., 2021). In contrast, SKL's greater stability due to a higher content of C-C 

bonds results in a more rigid structure, advantageous for applications requiring thermal stability 

(Figure 12). Additionally, while fewer hydroxyl groups in HKL can contribute to superior 

mechanical properties in carbon fibers, the role of hydroxyls in forming hydrogen bonds should 

also be considered (Q. Li et al., 2021). Overall, the structural differences between HKL and SKL 

significantly influence their suitability for various applications in materials science. 

In (Böhm et al., 2018), they highlighted the minimum Young’s modulus and tensile strength 

needed for CFs in applications such as steel replacement and concrete reinforcement. While 

commercially available and experimental CFs, primarily derived from PAN or pitch, meet the 

stiffness criteria for steel replacement, lignin-based CFs require further enhancement of their 

mechanical properties to compete in these demanding applications.  

From one of our preliminary studies, which involved a comparative analysis of the mechanical 

properties of lignin-cellulose composite carbon fibers derived from both HKL and SKL, we 

observed that the decomposition temperature (Td) of HKL was lower (280 °C) compared to SKL 

(360 °C) (Figure 12). We speculate that the increased β-O-4 content improves the alignment of 

lignin polymers and strengthens the lignin-cellulose interactions, leading to the development of a 

more structured pre-pyrolytic carbon. This aligns with previous studies on maple wood and SKL 

(Q. Li et al., 2021), reinforcing our hypothesis that composite carbon fibers made from HKL-lignin 

and cellulose may exhibit enhanced mechanical performance compared to those made from SKL 

(Figure 12). 
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Figure 12. Thermogravimetric analysis (TGA) curve of HKL and SKL, Mechanical performance 
comparison of carbon fibers derived from different wood and other biomass sources, it becomes evident 

that their mechanical strength is generally similar among themselves, yet significantly falls short of the 

mechanical strength achieved by PAN-based fibers. Reproduced data and figure with permission from the 
sources A. Bengtsson, 2022 & Böhm et al., 2018, respectively. 

This diversity in lignin structure across different types of wood and sometimes within the same 

species is critical for its potential use in various industrial applications, including energy storage 

devices like supercapacitors.  

Black liquor  

Black liquor, a high-aromatic carbon bioresource, rich in lignin, is primarily obtained as a 

byproduct of the Kraft pulp process and is emerging as a significant material for engineering 

applications. Stora Enso pulp mill in Sunila, Finland, utilizing the LignoBoost process by Valmet 

- a Swedish-patented separation method developed by researchers at Chalmers and RISE in the 

2000s - extracts about 35-45% of lignin from black liquor (Kienberger et al., 2021). Now a Södra 

pulp mill is set to introduce a lignin production system based on Andritz's LignaRec lignin 

recovery process, which is the largest of its kind in the world. This system will be implemented at 

Södra's Mönsterås mill and is expected to begin operations in 2027 (Södra Signs Agreement to 

Supply UPM with Kraft Lignin from World-Leading New Plant, 2024). The process involves 

recovering lignin from the black liquor generated during the pulping process, with the goal of 

creating a product that can replace fossil-based materials in various applications, such as biofuels 

and chemicals. This will be an advantage for the global lignin market grown given that it is 

projected to grow at an annual rate of 2% from 2020 to 2027, reaching over USD 1 billion by 

Tg = 360 °C Tg = 280 °C 
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2027. This growth is driven by increasing demand for animal feed and natural products, with 

Europe contributing to 40% of global commercial lignin production as of 2019 (Lignin Market 

Size, Share & Trends Analysis Report By Product (Ligno-Sulphonates, Kraft, Organosolv), By 

Application (Macromolecule, Aromatic), By Region, And Segment Forecasts, 2020 - 2027, 2020). 

Over the past decade, research has identified this source of lignin as a promising precursor for a 

range of carbon materials. In Europe and China, ongoing research is focused on black liquor- 

derived lignin's potential in developing carbon fibers, nanocarbons, composites, and bio-asphalt, 

which can replace oil-based products in various sectors, including automotive, construction, 

coatings, plastics, and pharmaceuticals. Despite challenges in modifying and functionalizing these 

lignin-based materials due to their chemical and physical heterogeneity the potential for lignin 

derivatization (Balakshin et al., 2021) and mass production remains vast and offers exciting 

opportunities for applications.  

2.2.2. Cellulose 

Cellulose is a carbohydrate polymer made up of over 10000 glucose molecules linked by β-(1,4)-

glycosidic bonds. As the most prevalent natural polysaccharide, cellulose is the main component 

in the primary cell wall in trees, plants (Figure 13), algae, and fungi. The main sources of cellulose 

in nature include wood (40 -50%) and plant materials (30 -75%) due to their high availability and 

low cost.  

 

Figure 13. Chains of cellulose molecules combine with other polymers within the plant cell wall to produce 
linear structures with great tensile strength known as microfibrils. The cell wall is made up of layers upon 

layers of microfibrils. Each microfibril has a diameter of 10 to 20 nm and can include up to 40 cellulose 

chains. Source: (US DOE. 2005. Genomics:GTL Roadmap, DOE/SC-0090, U.S. Department of Energy 
Office of Science. (p. 204), n.d.). 

Cellulose from wood and cotton are the primary raw materials in the textile, construction, paper-

pulp, and food industries. The largest use of cellulose is in various paper and board products, but 

in addition to this industrial use also includes garments (cotton, linen, rayon), electronics 
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(nitrocellulose), and films (cellulose acetate). Also, its strong biocompatibility and suitable 

physical and chemical properties make cellulose relevant for biomedical applications such as 

wound dressings, tissue engineering, and drug delivery systems (Seddiqi et al., 2021). 

Diverse cellulose derivatives are produced through chemical treatments or functionalization for 

various applications. Processes such as acid hydrolysis, solvent dissolution, and bacterial 

fermentation reduce cellulose pulp into nanofibers. The properties of cellulose derivatives depend 

on the type and degree of substitution and the functionalization pattern along the polymer chain. 

Modifying cellulose is challenging due to its insolubility in most conventional solvents and the 

steric hindrance posed by its bulky main chain. The hydroxyl group serves as the primary target 

for derivatization through esterification or etherification, altering the chemical structure of the 

cellulose molecules. These modifications impact properties such as polarity, moisture sorption, 

water interaction, surface activity, and solubility (Seddiqi et al., 2021). 

2.2.3. Hemicellulose 

Hemicelluloses, a group of heterogeneous polysaccharides comprising 15-35% of hardwood and 

30-32% of softwood dry weight, play crucial roles in wood cell wall structure and mechanical 

properties (Abik et al., 2023). However, their exploration for supercapacitor applications has been 

limited compared to cellulose and lignin. This could primarily be due to their lower stability, higher 

susceptibility to chemical and thermal degradation, and increased hydrophilicity, which can 

compromise electrode stability in electrolytes (Mehta et al., 2020). Additionally, hemicelluloses 

lack the aromatic structures found in lignin that contribute to electrical conductivity, a critical 

factor in supercapacitor performance. Nevertheless, some studies demonstrate the potential of 

hemicellulose-derived carbons for high-performance supercapacitor electrodes when properly 

activated and modified (Y. Wang, Lu, et al., 2022; Z. Zhang et al., 2022). Further research is 

needed to optimize and fully explore the potential of hemicellulose as electrodes or other 

components for energy storage applications. 

2.3. State-of-the-Art in Wood-Derived Components: Lignin and Cellulose for 

Supercapacitors  

This section introduces and discusses lignin and cellulose as promising renewable and sustainable 

materials in the form of electrodes or other components (such as binders, separators, and 

electrolytes) of a supercapacitor device. 

2.3.1. Electrode  

Supercapacitor electrodes are typically thin coatings coupled to a conductive current collector. 

Ideal electrode materials should possess good conductivity, high-temperature stability, long-term 

chemical stability, corrosion resistance, and primely high surface area per unit mass or volume. 

Additionally, low-cost material extraction and production, as well as environmental friendliness, 

are advantageous properties. 

Carbon electrodes with high surface area morphology such as pores of varying sizes (micro-, meso- 

and macro-pores) offer enhanced charge storage through EDLC compared to planar carbon 

surfaces. Even better EDLC formation is achieved in interconnected carbon fiber or aerogel 

networks, which allow higher migration rates of electrolyte ions into deeper layers (Figure 14). 

However, electrodes with high mass loadings may not always achieve high capacitance because a 

significant portion of the inactive material may become inaccessible to electrolyte ions. This 

inaccessibility increases the electrical resistance between the electrode and the current collector, 

negatively impacting the rate capability and specific power performance of the electrode. 
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Figure 14. Schematic representation of a coin cell and its different components with some of their different 
electrode forms. 

Lignin-based carbon electrodes, as discussed in previous sections 2.3 to 2.6, demonstrate the 

versatility of engineering electrodes and have garnered significant interest due to their competitive 

electrochemical properties compared to commercial electrode materials. These electrodes can be 

produced in various forms, including porous carbons, carbon fibers, and even thin films. 

Cellulose has also been explored extensively for supercapacitor applications in the form of 

carbonized cellulose nanofibers; particularly those derived from electrospun cellulose acetate 

fibers offer promising results due to their high surface area and high electrical conductivity. When 

combined with conductive materials like carbon nanotubes or graphene (Z. Wang et al., 2017), 

cellulose nanocrystal (CNC) composites demonstrate superior electrochemical performance (X. 

Yang et al., 2015), including high capacitance and enhanced cycling stability. Another noteworthy 

development is activated carbon paper (ACP) electrodes derived from cellulose fibers extracted 

from waste wood, which provide an alternative method to produce flexible electrodes with high 

specific surface areas (J. J. Lee et al., 2023). These cellulose-based materials are advantageous in 

terms of sustainability, scalability, and performance, making them competitive alternatives to 

traditional activated carbon electrodes. 

Also, the combination of lignin and cellulose into composite electrodes brings together advantages 

of both materials, resulting in synergistic effects that enhance performance (Le et al., 2020; Trogen 

et al., 2021). Lignocellulosic biomass-derived carbon electrodes, which exploit the natural 

combination of lignin and cellulose exhibit enhanced mechanical strength and increased carbon 

yield compared to only lignin or cellulose-derived materials (Paper III) (Nasri et al., 2023).  

2.3.2. Separator  

The primary function of the separator is to prevent electrical short circuits by keeping the 

electrodes apart while allowing the transfer of ionic charge carriers necessary for current flow in 

the electrochemical cell. In addition, separators must fulfill several functional requirements to 

operate efficiently (Figure 15). Various polymer membranes and cellulose-based separators are 

utilized in supercapacitors today (L. Li et al., 2018; Z. Wang et al., 2016). Cellulose filter paper 

membranes, used as separators in Papers I and II, are favored for their low cost, high flexibility, 

excellent thermal, mechanical, and chemical stability, surface hydroxyl groups, and strong 

wettability. These properties make cellulose ideal for use as separators in supercapacitors, where 

they demonstrate superior ionic conductivity, low resistivity, high electrolyte absorptivity, and 

even higher temperature tolerance compared to commercially available separators (D. Zhao et al., 

2017). 
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Figure 15. Desirable functionalities of a separator for supercapacitors. 

Performance and Stability of Lignin-Based Separators in Supercapacitors 

The potential of lignin-based fibers as separators in supercapacitors needs to gain recognition, 

building on foundational research in LIBs and other energy storage systems. Lignin offers intrinsic 

advantages such as excellent thermal stability, flame retardancy, and favorable electrolyte 

wettability (A. Liu et al., 2022). Prior studies have shown that electrospun lignin/PVA and 

lignin/PAN composite separators improve electrolyte absorption, compatibility, and porosity, 

leading to enhancements in ionic conductivity, rate capability, and cycling performance (C. Song 

et al., 2023; Yerkinbekova et al., 2022). Moreover, lignin-coated separators have shown significant 

promise in lithium-sulfur batteries, highlighting their versatility and potential applicability in 

diverse energy storage systems (Uddin et al., 2017). 

In one of our non-extensive studies, the electrochemical behavior of electrospun lignin-based 

fibers as separators was analyzed in a coin cell configuration, employing activated carbon-

polytetrafluoroethylene (AC-PTFE) electrodes and various electrolytes, with a focus on KOH. 

Lignin fiber separators derived from hardwood and softwood kraft lignin were systematically 

compared with cellulose nonwoven separators to assess their electrochemical performance, 

thermal stability, and overall suitability for supercapacitor applications. 

The investigation into lignin-based separators for supercapacitors reveals both promising 

characteristics and potential challenges. A key advantage of these separators is their enhanced 

thermal stability compared to cellulose nonwovens, attributed to lignin's inherently robust 

aromatic structure. This thermal resilience is particularly beneficial for supercapacitors, where heat 

accumulation during rapid charge-discharge cycling can be significant. Lignin's aromatic 

backbone provides superior resistance to thermal degradation, potentially improving the structural 

integrity of separators under operational conditions. 

Electrochemical performance evaluations demonstrated that lignin fiber separators can match or 

exceed the performance of traditional cellulose separators. Specific capacitances of 174 F/g and 

170 F/g were achieved with hardwood and softwood lignin separators respectively, comparable to 

cellulose nonwovens at 173 F/g. Notably, lignin nonwovens outperformed both with a specific 

capacitance of 187 F/g. This enhancement can be partially attributed to the high electrolyte 

wettability and porosity of lignin-based separators, facilitating improved ionic conductivity and 

electrode-separator interactions. The softwood separator, in particular, exhibited superior rate 

capability and charge retention across various scan rates, aligning with its robust thermal and 

morphological characteristics. 
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Figure 16. Morphological, thermal, and electrochemical analysis of various separators (arranged top to 

bottom, left to right) SEM images alongside their TGA curves. Following these, electrochemical 
characterizations of the cells using AC electrodes with 6M KOH electrolyte are presented, including CV 
profiles, rate capability, GCD curves, and EIS responses. 

Initial GCD profiles revealed that the SKL fiber separator delivered superior performance with 

higher specific capacity and lower internal resistance compared to cellulose separators. This was 

attributed to lower charge transfer resistance and more efficient ion transport in the SKL separator 

(Figure 16, Nyquist plot). However, a significant caveat emerged during extended testing: 

performance deterioration was observed from the GCD curves over a two-week cell storage period. 

This decline suggests that unmodified lignin-cellulose materials may not be entirely inert, 

particularly in alkaline media. Further insights were gained through preliminary XPS analysis of 

Nyquist plot 

GCD  

CV curves 

TGA 
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SKL and cellulose nonwoven separators after operation in a 6M KOH electrolyte. Notable 

differences in chemical states were observed, indicating degradation and reflecting the impact of 

the basic electrolyte on surface chemistry. These changes potentially affect the long-term 

performance of the separators in supercapacitor devices. 

While lignin-based separators show promise in terms of thermal stability and initial 

electrochemical performance, the observed degradation in alkaline conditions highlights a critical 

area for future research. Addressing this limitation, possibly through surface modifications or 

protective coatings, will be crucial for realizing the full potential of lignin-based separators in 

supercapacitor applications. 

Limitations of Glass Fiber Separators in Alkaline Electrolytes 

The XPS analysis of fresh glass fiber and glass fiber exposed to 6M KOH electrolyte revealed a 

significant degradation of the separator material in the basic electrolyte (Table 10), contributing 

to the observed dissolution and loss of physical separation between electrodes in the device. Fresh 

glass fiber displays a strong Si-O peak (53%), indicating a stable silica-based structure, with minor 

organic contamination represented by C-C (10.5%) and C-O (1%). However, after exposure to the 

6M KOH electrolyte, the Si-O peak intensity decreases to 30.5%, and new peaks for Na+ (13%) 

and K+ (10%) emerge, indicating that the silica network is being attacked by the concentrated 

hydroxide ions, leading to structural breakdown and the dissolution of the glass fiber. In contrast, 

glass fiber exposed to 1M KOH shows less degradation, with the Si-O content remaining higher 

(62%), indicating that the lower concentration of KOH causes less aggressive interaction with the 

silica structure. The XPS results suggest that higher concentrations of KOH accelerate the 

dissolution of the silica network, whereas acidic electrolytes like 1M H2SO4 show minimal 

degradation, as the silica structure remains largely intact. This analysis highlights the critical 

influence of electrolyte concentration and pH on the long-term stability of glass fiber separators, 

with more aggressive basic electrolytes, especially at higher concentrations, leading to substantial 

separator material degradation. 

Table 10: Qualitative assessment of chemical states from high-resolution XPS scans in glass 

fiber and post operated glass fiber materials in various electrolytes. 
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2.3.3. Electrolyte  

The predominant types of electrolytes used in supercapacitors today are aqueous electrolytes, 

organic electrolytes, ionic liquids, and redox electrolytes. Aqueous electrolytes are favored for 

their low cost and excellent conductivity. While ionic liquids and organic electrolytes expand the 

potential window, they suffer from reduced conductivity and the hazardous nature of organic 

solvents (C. Zhao & Zheng, 2015). Hence, the choice of electrolyte is as crucial as selecting the 

right electrode material to enhance or control supercapacitor performance and device’s 

sustainability. Also, customizing and engineering electrolytes based on the electrode type is 

essential to maximize efficiency. 

Lignin has been explored as an additive and a base for creating advanced supercapacitor 

electrolytes due to its redox-active quinone (Q-type) moieties, enhancing capacitance through 

Faradaic reactions at the electrode/electrolyte interface. Studies show lignosulfonate as an additive 

to an aqueous acidic liquid electrolyte can increase capacitance by up to 33% through reversible 

redox activity on the positive electrode (Lota & Milczarek, 2011). Although redox-active lignin 

electrolytes improve capacitance, they can increase self-discharge rates due to redox-active species 

migration. Lignin derived from corncob based hydrogel electrolytes produced by (T. Liu et al., 

2020) have also shown promise. Using ring-opening polymerization and cross-linking, lignin 

Table 11: Device performances of various lignin-based electrolytes for supercapacitors 

Electrolyte 
Conductivity 

(mS/cm) 

Capacitance 

(F/g) 

Energy 

Density 

(Wh/kg) 

Power 

Density 

(W/kg) 

Cycle 

Stability (%) 

Ag-Lignin 

nanoparticles into 

polyacrylamide 

network (D. Wang, 

Yang, et al., 2022) 

85 299 (10 mV/s) 
13.7 

(11.4) 

201 

(4714) 

90% after 

10000 cycles 

Double cross-linked 

sarcosine lignin 

hydrogel 

(C. Gao et al., 2022) 

57 231 (0.1A/g) 106 164 
98% after 

5000 cycles 

Double cross-linked 

lignin hydrogel 

(T. Liu et al., 2020) 

800 190 (0.25 A/g) 
15 

(~9) 

95 

(~2160) 

91% after 

10000 cycles 

Lignin/PEGDGE/3.3 

M KOH (Park et al., 

2019) 

10 129 (0.5 A/g) 
4.5 

(3.8) 

252 

(26300) 

95% after 

10000 cycles 

Lignin grafted on 

PEG (H. Liu, 

Mulderrig, et al., 

2021) 

0.14 - - - - 

Organosolve lignin 

derived hydrogel 

(Muddasar et al., 

2024) 

- 41 (0.5 A/g) - - - 

*Where PEGDGE is poly (ethylene glycol) diglycidyl ether and PEG is polyethylene glycol. **In Table 
11, the energy and power density values presented in parentheses ( ) represent the values corresponding 
to the highest power density achieved at a lower energy density. 
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hydrogels achieved high ionic conductivity and mechanical stability, enabling flexible 

supercapacitors with retained capacitance and durability under bending stress. A double-

crosslinking approach further improved the mechanical strength and ionic conductivity (up to 800 

mS/cm) in devices with PANI deposited carbon cloths as electrodes, providing high specific 

capacitance (190 F/g) and energy density (15 Wh/kg). Table 11 gives an account of a few other 

lignin-based hydrogel electrolytes that have been explored for supercapacitors. 

Cellulose on the other hand (such as MCC: Microcrystalline Cellulose, BC: Bacterial Cellulose, 

CMC: Carboxymethyl Cellulose) as a renewable and biodegradable biopolymer offers a 

sustainable alternative to conventional electrolyte materials (Bai et al., 2021; Pérez-Madrigal et 

al., 2016; Sun et al., 2021). Its high aspect ratio, porosity, and high mechanical flexibility make it 

ideal for flexible supercapacitor applications (Sun et al., 2021; P. Zhang et al., 2023).  Cellulose 

similarly like lignin can be processed into hydrogel electrolytes, creating a quasi-solid-state system 

that combines the benefits of both solid and liquid electrolytes (X. Lin et al., 2023; P. Zhang et al., 

2023). These hydrogels provide good ionic conductivity, facilitating efficient ion transport 

between electrodes, while their mechanical robustness and flexibility enable the fabrication of 

flexible and wearable supercapacitors (X. Lin et al., 2023). Additionally, the abundant hydroxyl 

groups in cellulose allow for chemical modifications, enhancing properties like ionic conductivity 

and mechanical strength to meet specific requirements (Ding et al., 2024).  

 

Figure 17. CV and rate capability curves of IrO2 MSCs in different gel-based electrolytes. 

We have explored the electrochemical performance of IrO2 MSCs fabricated with cellulose-based 

gel electrolytes. Specifically, we analyzed devices utilizing two different electrolyte formulations: 

one incorporating nanocellulose (NC) with CB into the PVA/Phosphoric acid matrix and another 

with alkali lignin (AL) combined with NC in the same matrix. Based on previous studies, the 

incorporation of NC into gel electrolytes is speculated to be a key factor for increasing ionic 

conductivity, as NC introduces polar functional groups that act as channels for ion transport, 

facilitating ion hopping across the electrolyte matrix (W. Wang, Li, et al., 2022). Also, CMC 

nanofibers can enhance ionic conductivity in ionic liquid-based gel electrolytes from 0.26 mS/cm 

to values as high as 0.94 mS/cm. Supercapacitors using 1-ethyl-3-methylimidazolium dimethyl 

phosphate (EMIMP) with CMC nanofiber ionogel electrolytes with AC electrodes have 

demonstrated increase in capacity (160 F/g at 1 mA/cm2) and decrease on ESR compared to only 

EMIMP electrolyte (González-Gil et al., 2022). Our preliminary observations align with these 

observations, as the device containing NC in the PVA/KOH electrolyte showed a higher current 

response in the CV curves and improved rate capability (Figure 17), suggesting improved ionic 
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transport and decreased ESR within the electrolyte. In devices where CB was added, CB serves as 

a conductive agent within the electrolyte, effectively lowering internal resistance. This effect is 

reflected in prior research, where supercapacitors using PVA-KOH-carbon black electrolytes 

achieved specific capacitances up to 227 F/g at a current density of 0.5 A/g (Momodu et al., 2017). 

Devices with the PVA-KOH-carbon black gel electrolyte in another study exhibited a maximum 

energy density of 15.5 Wh/kg, the improvement is attributed to carbon black's high conductivity 

and ability to enhance ion mobility across the electrolyte matrix, which is critical for achieving 

higher energy density and power output in supercapacitors (Barzegar et al., 2015).  

2.3.4. Binders and Additives 

Typically, activated or porous carbon powders are combined to form an electrode using suitable 

binders and conductive additives like carbon black (CB) to enhance electrical conductivity. To 

create robust, free-standing electrodes with an environmentally friendly binder, microfibrillated 

cellulose (MFC) was tested (in Paper II), considering the environmental and biological hazards of 

commonly used binders like polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE), and 

N-methyl-2-pyrrolidone (NMP). However, electrodes using MFC binders were prone to cracking 

upon drying, especially at higher mass loadings, leading to reduced flexibility and poor device 

stability. A study by (Landi et al., 2021) investigated activated carbon electrodes using CMC as a 

binder material where the electrode resulting in electrodes with uniform, dense surfaces and 

minimal holes or cracks. The device with CMC binder demonstrated significant pseudocapacitive 

behavior, accounting for over 70% of the total capacitance, with diffusion-controlled processes 

being dominant in overall capacitance. Remarkably, devices with CMC showed a capacitance 

increase of some 40% after 1000 cycles, along with an approximate 20% increase in capacitance 

by the end of the cycling process. This study highlighted that the pseudocapacitive behavior at the 

electrode interface in supercapacitors is influenced by the binder type, underscoring the role of 

CMC in enhancing device stability and performance. 

 

Figure 18. Comparison of electrodes with only CB additive vs LCF+CB additives (acting as conductive 
pathways) (Paper II) 

In Paper II, the incorporation of longitudinal lignin carbon fiber alongside conductive carbon black 

into an activated carbon matrix as conductive additive enhanced supercapacitor electrode 

performance, particularly in thicker electrode matrices, which could be explained as follows: 

1. Improved electron transport: Longitudinal carbon fibers may create a direct pathway for electron 

flow within the thick electrode structure, decreasing resistance. This can improve the overall 

conductivity of the matrix, reducing internal resistance and enabling faster charge and discharge 

rates (Figure 18). 

2. Enhanced mechanical stability: Carbon fibers may offer structural reinforcement in the electrode 

matrix, which helps to maintain the integrity of thicker electrodes. This stability prevents cracking 

or mechanical degradation over repeated cycling, which is especially valuable for high-

performance applications requiring durability. 
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3. Better ion transport and accessibility: Carbon fibers, due to their length and alignment, may 

create interconnected pathways within the electrode. This structure helps ions move more easily 

throughout the electrode, reducing diffusion limitations that commonly arise in thicker electrodes. 

As a result, it improves the accessibility of activated carbon surfaces for charge storage, enhancing 

specific capacitance. 

These combined benefits significantly improve the capacitance, charge-discharge rates, and 

cycling stability of the supercapacitors, addressing the typical performance trade-offs associated 

with thicker electrodes. 
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Chapter 3 

Methodology 
3.1. Extraction and Purification Techniques 

There are various existing techniques such as kraft pulping, sulfite pulping and organosolv 

processes for extracting and purifying lignin from lignocellulosic biomass sources.  

3.1.1. Kraft Pulping Process 

Kraft pulping is the predominant method in the chemical pulping industry, accounting for 80% of 

the market. This process involves digesting debarked wood chips at temperatures ranging from 

150 to 180 °C for 2 to 4 hours under high pressure in an aqueous solution of sodium hydroxide 

(NaOH) and sodium sulfide (Na2S), known as white liquor. During this digestion, various chemical 

bonds, primarily ether bonds, are broken, and the high pH ionizes the phenolic hydroxyl groups in 

lignin, effectively dissolving the lignin that binds cellulose fibers together (Ahmad & Pant, 2018). 

Following digestion, the liberated cellulose fibers are removed from the cooking liquor and 

washed. The remaining cooking liquor, now rich in solubilized lignin, is referred to as black liquor 

(BL). This black liquor is then concentrated in an evaporator train and used in boilers to generate 

steam. The composition of black liquor can vary depending on factors such as the source of the 

wood raw material, the composition of the white liquor, and post-storage conditions. Typically, 

before evaporation, black liquor consists of an aqueous mixture with lignin residues, 

hemicellulose, inorganic chemicals used in the process, and 15% w/w solids -10% of which are 

organic and 5% inorganic. The organic content includes 30%-45% aliphatic carboxylic acids, 

35%-45% lignin, and 5%-15% other organic compounds (Bonhivers & Stuart, 2013; Report on 

Other Components and Polymers Present in the Black Liquors, n.d.). 

3.1.2. Extraction of Lignin from Black Liquor 

The LignoBoost process (Figure 19) is a patented method for extracting lignin from kraft black 

liquor that comprises of two main steps: precipitation and purification. During the precipitation 

step, BL is taken from the evaporation plant, and CO2 is added to lower the pH, causing lignin to 

precipitate out of the liquor. The precipitated lignin is then separated using a filter press, producing 

a crude lignin filter cake. In the purification step, the crude lignin filter cake is washed with an 

acidic solution, such as sulfuric acid, to remove impurities. The washed lignin is then dewatered 

using a second filter press, resulting in purified lignin. In lab-scale preparation, lignin is recovered 

from BL at a pH of 9-11, causing its precipitation. The filtrate, after fine filtering, contains most 

inorganic compounds. The precipitated lignin is then washed with sulfuric acid at pH 2 for further 

purification. To maximize the yield of dried lignin solids, repeated washing is avoided.  

The LignoBoost process is advantageous because it allows for the optimization of conditions for 

precipitation and purification separately. A gas handling system uses CO2 from the purification 

step to acidify incoming black liquor. Additionally, the advanced filter press design ensures high 

lignin quality and process reliability. A sulfuric acid plant can also be integrated to control the 

mill's sulfur balance, allowing for the extraction of up to 25% of lignin without major mill 

modifications, or up to 70% with increased pulp production (“LignoBoost® - the Process,” n.d.; 

W. Zhu, 2015). 
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Figure 19. The sequence of steps conducted during lignin extraction from black liquor by LignoBoost 
method. Reproduced with permission from Hubbe et al., 2019. 

The extracted lignin can be used as a renewable solid biofuel or as a raw material for producing 

biochemicals, materials, and other value-added products. This makes the LignoBoost process not 

only efficient but also aligns with the increasing demand for sustainable and environmentally 

friendly materials in numerous industries.  

3.2. Synthesis Methods for Lignin Fibers 

This section will outline the synthesis methods used to prepare lignin-based fibers for 

supercapacitors. It will begin with a key procedure for fractionating lignin to obtain the desired 

molecular weight. Subsequently, various techniques, such as solution spinning and 

electrospinning, will be discussed. These methods were specifically employed in our study to 

produce lignin-based fibers, which are later subjected to heat treatments to manufacture self-

standing and flexible carbon fiber electrodes. 

3.2.1. Lignin Fractionation 

Technical lignin, such as LignoBoost lignin, typically has a lower molecular weight than polymers 

such as PAN, which makes electrospinning of the former challenging without co-polymerization 

with other major fossil-based polymers. Therefore, the lignin is either modified or fractionated 

based on molecular weight. Lignin fractionation is the process of dividing heterogeneous lignin 

into fractions of different molecular weight with lower PDI, and these fractions have distinct 

molecular weight distributions. The fraction with a greater molecular weight is preferable for 

spinning into carbon fibers. The fractionation procedure described by Baker et al. was practiced 

for electrospinning ELCF in [Paper I] (O. Hosseinaei & D. A. Baker, n.d.). The quantified 

molecular weight of lignin following the procedure is 8600 g/mol with a PDI of 2.8. This high 

molecular weight lignin blended with polymers demonstrated significantly stronger interface 

connection bonds, boosting the spinnability of lignin-based polymers that 
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furthermore improved the mechanical elastic modulus, tensile strength, and elongation 

characteristics of the fiber (Pang et al., 2021). 

3.2.2. Spinning Methods 

Unmodified lignin has been used as a low-cost precursor for carbon fiber production (S. M. Yang 

et al., 2023). To enhance spinnability, this lignin is blended with other polymers like PAN (Jiang 

et al., 2018) or cellulose (Paper III). Chemical modifications, such as methylation and phenolation, 

have been investigated to tailor the structure of lignin before carbonization (S. Chatterjee, 

Clingenpeel, et al., 2014; Kadla et al., 2002). 

Traditional fiber spinning methods, such as the solution spinning technique, have been used to 

produce lignin-based precursor fibers. More recently, electrospinning has gained prominence as a 

versatile technique for creating lignin-based carbon nanofibers with high surface areas. The 

scalability of electrospinning has been improved through needleless setups, enabling the 

continuous production of lignin carbon fiber mats (Thielke et al., 2022). Additionally, coaxial or 

core-shell fiber structures, with lignin serving as the core or sheath, can be fabricated to enhance 

specific properties or functionalities (Lallave et al., 2007). Beyond spinning, composite and hybrid 

structures have been developed by coating lignin fibers with conductive polymers or integrating 

them with carbon materials like CNTs to improve conductivity (S. Wang, Bai, et al., 2022). 

Solution spinning 

Solution spinning, such as wet-spinning and dry-jet wet spinning, are versatile manufacturing 

techniques used to produce fibers from polymer solutions (J. Bengtsson, 2021; S. M. Yang et al., 

2023). In these processes, a polymer is dissolved in a suitable solvent to form a spinning solution. 

The solution is then extruded through a spinneret, a device with multiple small holes, into a 

coagulation bath where the solvent is removed, and the polymer solidifies into a fiber.  

Solution spinning is particularly advantageous for creating macro fibers that are flexible and 

uniform in diameter. These fibers serve as precursors for carbon fibers, where the flexibility and 

structural integrity obtained during the spinning process are crucial. Once formed, these precursor 

fibers undergo carbonization, where they are heated to high temperatures in an inert atmosphere 

to eliminate non-carbon atoms, resulting in carbon fibers. 

The ability to tailor the spinning parameters allows for control over the fiber's characteristics, such 

as diameter, strength, and orientation, which are critical for the performance of carbon fibers in 

various applications. Solution spinning thus plays a fundamental role in the production of high-

quality carbon fibers used in aerospace, automotive, and renewable energy sectors, among others, 

due to their lightweight, high strength, and excellent thermal and electrical conductivity properties. 

Solution spinning like dry-jet wet spinning is also suitable for producing fibers from blends of 

lignin and cellulose as in Paper III. By combining these materials in varying ratios and dissolving 

them in suitable solvents, solution spinning enables the creation of homogeneous spinning 

solutions. This process enhances the spinnability of lignin-cellulose blends, leveraging the 

synergistic effects of lignin's structural complexity and cellulose's molecular arrangement. The 

resulting fibers benefit from improved mechanical properties, such as enhanced strength and 

flexibility, making them suitable for a range of applications. Moreover, using lignin, a by-product 

of pulp and paper industry, promotes environmental sustainability by valorizing waste materials. 

These fibers serve as valuable precursors for carbon fibers, where their controlled spinnability and 

optimized properties can be potential for producing sustainable materials.  
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Melt-blowing 

Melt-blowing is a specialized technique used to create nonwoven fabrics by extruding molten 

polymer through fine nozzles into high-speed air streams, forming microfibers that accumulate 

randomly to form a web-like structure (Drabek & Zatloukal, 2019). When applied to lignin, melt-

blowing presents unique opportunities for producing eco-friendly nonwoven materials. Challenges 

include the need for specialized equipment and precise processing conditions to melt and extrude 

lignin, given its high molecular weight. By leveraging lignin's natural properties, such as its 

thermal stability and antioxidant effects, it is possible to create nonwovens with improved 

durability, heat resistance, and chemical resistance. Applications for lignin-based nonwovens span 

filtration, insulation, packaging, and composite materials, contributing to sustainable practices by 

utilizing biomass waste and reducing reliance on petroleum-derived materials.  

Electrospinning  

Since lignin is made up of randomly dispersed aromatic units separated by aliphatic chains, 

dissolving lignin in non-polymeric solvents for electrospinning does not allow for adequate chain 

entanglements, resulting in particle electrospraying. For lignin to be electro-spinnable, it is either 

blended with a secondary polymer, or solvent fractionated to eliminate low molecular weight 

fractions. Although the first approach improves fiber properties, it raises the product cost. Hence 

the latter method involves fractionated parts of high molecular weight lignin mixed with an organic 

solvent as described in Paper I. To obtain a defined morphology of the carbon fibers, the tuning of 

processing parameters such as the voltage, ambient humidity, needle size, needle distance from 

the collector, and spinning solution feed rate are critical (Nasouri et al., n.d.). 

3.3. Synthesis of Lignin-based Carbon Electrode Materials 

The development of engineering lignin-based carbon materials as electrodes has seen significant 

progress, focusing on synthesis methods and material preparation strategies. Various morphologies 

such as porous carbons, carbon fibers, carbon aerogels, and nanostructured carbons have been 

synthesized from lignin precursors by controlling carbonization conditions and utilizing 

templating or self-assembly approaches (P. Li et al., 2024). Notable structures achieved include 

2D carbon nanosheets, 3D porous carbon architectures, and hierarchical porous structures, all 

designed to enhance electrochemical performance (W. Zhang et al., 2022).  

Modifications of lignin precursors involve blending with other biomass components like cellulose 

or combining with conductive additives such as graphene oxide to improve properties before 

carbonization. Chemical modifications of lignin have also been explored to tailor its structure for 

better carbonization outcomes (P. Li et al., 2024). The carbonization temperature significantly 

impacts the degree of graphitization, porosity, and conductivity of the resulting carbon materials, 

with activation methods like physical and chemical activation increasing surface area and porosity 

(Yao et al., 2022).  

Additionally, the inherent oxygen and nitrogen functionalities in lignin facilitate heteroatom 

doping in the carbon materials, enhancing their electrochemical activity (Paper I, Thielke et al. 

2022). For upscaling and continuous production, techniques such as electrospinning and needleless 

electrospinning have been employed to produce lignin-based carbon fibers and mats continuously 

(Thielke et al., 2022). These advancements contribute to sustainable and low-cost synthesis routes 

for producing lignin-based carbon materials. 
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3.3.1. Thermostabilization  

Thermostabilization is a critical process in the production of lignin-based carbon fibers, preparing 

the fibers for subsequent carbonization. This step involves heating lignin fibers in an oxidative 

atmosphere, such as air or oxygen, at temperatures around 200-300 °C (Figure 20). During 

oxidative stabilization, dehydrogenation reactions occur, forming carbon-carbon double bonds and 

crosslinking between lignin molecules (J. Lin et al., 2012). Cleavage of bonds like β-O-4 ether 

linkages generates free radicals, further facilitating crosslinking and condensation reactions (Braun 

et al., 2005). Additionally, oxidation reactions introduce oxygen-containing functional groups, 

increasing the molecular rigidity of the lignin. 

 
Figure 20. ELCFs carbonization profile; stabilization using Nabertherm box furnace and carbonization 

using Thermolyne - Open Tube/1600 °C furnace). 
 

The thermostabilization process also removes the fusion tendency of lignin fibers, making them 

infusible and preventing them from melting or fusing together during the high-temperature 

carbonization stage. Crosslinking and condensation reactions increase the glass transition 

temperature (Tg) of the lignin, enhancing its thermal stability to endure the harsh carbonization 

conditions (Hosseinaei et al., 2017). Controlled heating rates, typically between 0.05-5 °C/min, 

are employed to ensure uniform oxidative reactions throughout the fibers.  

Typically, softwood lignin has higher cross-linking than hardwood lignin, which results in lower 

spinnability but achieves thermostabilization in a shorter duration (Norberg et al., 2013). 

Additionally, lignin's higher carbon content makes the thermostabilization of lignin fibers less 

energy and time-intensive compared to PAN fibers, reducing the process time from 16 hours to 

less than 2 hours at 250 °C (A. Bengtsson et al., 2019). In this thesis work (Paper I, Paper II, Paper 

III and for the lignin separator study) most lignin-based fiber materials were thermostabilized at 

250 °C with a slow heating rate of 0.5 °C/min in an open-air atmosphere. 

3.3.2. Carbonization 

The carbonization process converts lignin-based precursor fibers into carbon fibers. This involves 

heating the stabilized lignin fibers to high temperatures, typically between 800-1500 °C, in an inert 

atmosphere such as nitrogen or argon. This high-temperature treatment removes non-carbon 

elements and increases the fraction of carbon content. 
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During carbonization, the stabilized lignin fibers undergo significant structural transformations. 

Pyrolysis reactions remove remaining hydrogen, oxygen, and other heteroatoms, forming a 

turbostratic carbon structure with increasing graphitic character as the temperature rises. This 

process also leads to the development of porous structures in the resulting carbon fibers, with 

higher temperatures generally producing higher porosity and surface area (Rennhofer et al., 2021). 

The carbonization process enhances the thermal stability and electrical conductivity of the fibers 

due to the increased carbon content and formation of graphitic structures (S. Chatterjee, Saito, et 

al., 2014; F. Liu et al., 2022). It also results in significant weight loss, typically 30-50%, and 

densification of the fibers due to the removal of non-carbon elements and structural rearrangement 

(Poursorkhabi et al., 2020). Controlled heating rates, usually between 1-10 °C/min, are employed 

to prevent defects and maintain the fiber morphology (Poursorkhabi et al., 2020). Compared to 

PAN precursor fibers, lignin fibers generally require shorter carbonization times (1-2 hours) due 

to their higher carbon content and lower stabilization requirements (F. Liu et al., 2022). 

 

Figure 21. a) Weight loss profile from TGA of the major wood components. Reproduced with permission 

from Pasangulapati et al., 2012, and b) lignin fiber and lignin cellulose composite nonwovens in a nitrogen 
atmosphere at a heating rate of 50 °C/ min. 

The conditions of carbonization, such as temperature, heating rate, and atmosphere, significantly 

influence the final properties of lignin-based carbon fibers, including their mechanical strength, 

electrical conductivity, and surface characteristics. TGA is performed prior to establishing a 

thermal treatment profile, determining the thermal stability and measuring the loss of volatile 

components by their changing weight profile (Figure 21 a). At lower temperatures around 105 °C, 

moisture is removed, followed by the breakdown of hydroxyl groups up to 600 °C. Between 190 

°C and 800 °C, CO and CO2 gases are produced from the thermal decomposition of carbonyl and 

carboxyl groups, and ether cleavage (Yan et al., 2018). At temperatures from 500 °C to 1000 °C, 

hydrogen gas evolves due to the breakage and depolymerization of aliphatic and aromatic 

hydrocarbon bonds, leading to the formation of aromatic carbon structures. Above 1000 °C, the 

tensile strength decreases due to defects and reduced fiber diameter (A. Bengtsson et al., 2020). 

Across all our carbon fiber studies (Paper I, Paper II, and Paper III ), the fibers were carbonized at 

1000 °C, as optimized by previous studies (A. Bengtsson et al., 2020; Thielke et al., 2022). 

Additionally, the development of functional porous morphologies with a broad pore size 

distribution can be fine-tuned by carefully controlling the carbonization profile and selecting 

appropriate secondary polymers (S. Wang, Bai, et al., 2022). 
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In the case of ELCF spun without any fossil-based secondary polymer, a wide distribution of pores 

is observed (Figure 22 a), predominantly comprising mostly micro- (diameter less than 2 nm) and 

mesopores (diameter between 2 nm to 50 nm). Further advancements in pore engineering can be 

achieved through alternative methods such as templating and chemical activation, which involve 

the use of various chemicals to define pore structures (Figure 22 b). 

 

Figure 22. a) Pore size distribution in ELCF sample, b) Different pore engineering strategies for lignin-
derived porous carbons. Reproduced with permission from W. Zhang et al., 2022. 

3.3.3. Activation  

Activation of lignin-based carbon fibers is a crucial step aimed at enhancing their structural and 

chemical properties for various applications. Recent research highlights significant progress in the 

activation of lignin-based carbon fibers, focusing on enhancing their porosity and surface area for 

improved performance as electrode materials. After carbonization, various activation methods, 

including physical activation with gases and chemical activation using oxidizing agents, are 

employed to create porous structures within the fibers (Karume et al., 2023). Physical activation 

involves carbonization followed by thermal activation in the presence of gases like CO2 or steam. 

This process etches the carbon surface creating new pores and widening existing ones through 

specific carbon-gas reactions (Liang et al., 2020), significantly enhancing the material's surface 

area and adsorptive properties (W. Zhang et al., 2022). Chemical activation, on the other hand, 

employs agents like H3PO4 (García-Mateos et al., 2020), KOH (M. Song et al., 2019), NaOH (Hu 

& Hsieh, 2013), ZnCl2, or a combination of them (Prauchner et al., 2016) to impregnate raw 

materials, facilitating pyrolytic breakdown and generating a highly porous carbon structure. Some 

studies have explored one-step activation during carbonization by impregnating lignin precursor 

fibers with activating agents like KOH, streamlining the production process (Hu & Hsieh, 2013). 

By carefully controlling activation conditions such as temperature and activating agent 

concentration, researchers can tailor the pore size distribution and microstructure to meet specific 

functions. Moreover, activation facilitates heteroatom doping (e.g., nitrogen, oxygen), further 

improving the fibers' electrochemical properties (J. Zhang et al., 2024).  

3.3.4. Graphitization 

Graphitization of lignin-based carbon fibers involves heating the lignin-based carbon fibers to 

temperatures above 1800 °C to induce structural rearrangement and order within the turbostratic  

carbon structure, forming stacked graphene layers. This process significantly enhances thermal 

stability, electrical conductivity, and mechanical strength (Torres-Canas et al., 2020). Catalytic 

graphitization using metal catalysts at lower temperatures (around 1200-1500 °C) is known to 
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accelerate this transformation (Farid et al., 2023; L. Zhou et al., 2023). Surface graphitization 

techniques like chemical vapor deposition can selectively enhance graphitic content on fiber 

surfaces (Ge et al., 2022). In the presence of oxidizing gases during thermal treatments, processes 

such as atom rearrangement in amorphous carbon are accelerated, breaking bonds in disordered 

regions and promoting interconnection between stacked planes or sections. This process can lead 

to the formation of nanocrystalline graphite, observed to improve mechanical properties at 

temperatures exceeding 1600 °C (A. Bengtsson et al., 2020; Youe et al., 2016). Achieving high 

graphitization levels remains challenging due to inherent defects and impurities in lignin-based 

carbon fibers, yet enhancing graphitic properties is crucial for superior performance in applications 

like energy storage electrodes and structural composites. 

3.4. Characterization Techniques 

This section provides a background to the various characterization methods used to examine the 

properties of the different materials treated in the appended papers and this thesis work. 

Furthermore, we provide a nuanced understanding of their different roles in characterizing lignin-

based materials, emphasizing both the personal technical hurdles and the strategies employed to 

overcome them. 

3.4.1. Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is an essential technique for the detailed morphological and 

structural analysis of carbon and carbon fiber materials used in our studies. SEM utilizes a focused 

beam of high-energy electrons to generate high-resolution images, revealing the surface 

topography and composition of the material. It provides detailed images of surface morphology, 

allowing for the observation of the microstructure and nanostructure of the carbon materials, 

including fiber diameter, surface roughness, and porosity. SEM helped identify the distribution 

and alignment of carbon fibers, as well as any defects or irregularities in the material, which is 

vital for correlating structural characteristics with electrochemical performance.  

The key challenges faced while SEM imaging of lignin fibers and lignin carbon fibers during our 

analysis: 

1. Sample preparation and charging effects 

   - Challenge: Lignin fibers (such as-spun in Paper I, III and thermostabilized fibers used for 

separators), being non-conductive, often require a conductive coating to prevent charging during 

SEM imaging. The gold coating prevents this charge build-up, ensuring high-quality imaging. As 

charging accumulates electrons under the electron beam it can distort images of lignin fibers, 

leading to inaccurate interpretations of fiber diameter and surface texture.  An article (“Fiber 

Analysis – Using SEM for the Quality Analysis of Fibers.,” 2024) discusses specific challenges in 

imaging non-conductive fibers, including charging effects and sample preparation techniques. It 

provides practical solutions like low vacuum imaging and conductive coating methods to 

overcome these issues. 

   - Interpretation and mitigation strategy: In our experiments, using low-vacuum modes of 5 kV 

reduced charging but sometimes at the cost of resolution. This trade-off was carefully managed to 

ensure accurate characterization. Also, optimizing the coating thickness was crucial to balance 

conductivity with image clarity. As excessive coating masks surface features, while insufficient  

coating leads to charging artifacts (“How Does Coating Thickness Affect SEM Imaging?,” n.d.). 

We employed a 5 nm gold layer sputtered onto the samples to enable our standard morphological 

analysis. 
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2. Resolution and surface detail 

   - Challenge: While SEM provides high-resolution images, capturing the cross sections (Paper 

III) and true surface morphology of lignin fibers was difficult due to their complex, irregular 

structures. 

   - Interpretation and mitigation strategy: adjusting imaging parameters like working distance and 

accelerating voltage helped enhance visibility. 

3. Artifacts from sample preparation 

   - Challenge: As the carbon fibers are quite delicate (especially lignin-cellulose CFs (Paper III)) 

it made mechanical handling during sample preparation difficult as it introduced defects or alter 

the fiber structure if handled without care, affecting SEM analysis (Agrawal et al., 2024).  

   - Interpretation and mitigation strategy: We took special care in mounting and sectioning samples 

to minimize mechanical stress. However, some deformation was unavoidable, highlighting the 

need for gentle handling techniques. 

4. Quantitative analysis limitations 

   - Challenge: Automated software for measuring fiber dimensions from SEM images can struggle 

with complex morphologies like meshed ELCF (Paper I), leading to inaccuracies. The study by 

(Götz et al., 2020) examines the capabilities and limitations of automated fiber diameter analysis 

using DiameterJ software on SEM images. It highlights issues with segmentation algorithms and 

potential misinterpretation of data, especially for complex fiber morphologies. 

   - Interpretation and mitigation strategy: Therefore, in our study, manual verification of 

automated measurements was necessary to ensure accuracy, particularly for fibers with non-

uniform cross-sections. 

3.4.2. Raman Spectroscopy 

Raman spectroscopy is a powerful analytical technique crucial for characterizing carbon electrodes 

derived from lignin. Raman spectroscopy is based on the inelastic scattering of light by molecules, 

where a small fraction of incident photons interacts with molecular vibrations, resulting in 

scattered light with shifted energy. This technique provides a unique "chemical fingerprint" of 

materials by measuring the intensity and wavelength of the scattered light, allowing for the 

identification and characterization of chemical structures and molecular interactions (Agarwal, 

2019). This technique offers detailed structural insights, revealing the degree of graphitization and 

the presence of graphitic (G band) and disordered (D band) structures in the carbonized fibers. The 

intensity ratio of these bands (ID/IG) served as a key indicator of the carbon material's quality (Paper 

III). Additionally, it helps assess the crystallinity and disorder within the carbon matrix, which 

directly influence the electrochemical properties of the electrodes. Raman spectroscopy is 

generally non-destructive, preserving the sample for further analysis or practical use, and it detects 

various carbonaceous phases and functional groups, elucidating the chemical modifications that 

carbon undergoes after carbonization or even surface modification. 

 

1. Sensitivity of laser power 

    - Challenge: Carbon-based materials, typically dark in color, absorb significant energy from 

lasers, making them highly sensitive to laser intensity. For single lignin-cellulose carbon fibers 

(Paper III), exposure to a 532 nm laser wavelength resulted in burning due to the beam's intensity, 

necessitating careful tuning of laser power.  

   - Interpretation and mitigation strategy: careful optimization of the laser wavelength and power 

settings, along with manually optimized exposure times, was crucial to balance between achieving 
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a strong Raman signal and preserving the structural integrity of the sample, ensuring reliable and 

accurate measurements. 

3.4.3. X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is a vital technique for analyzing the chemical 

composition and surface features of carbon electrodes derived from lignin, particularly in 

identifying functional groups. XPS operates by irradiating the sample with X-rays, causing the 

emission of photoelectrons whose energies are measured to provide detailed information about the 

elemental composition and chemical states of the atoms within the top few nanometers of the 

surface (Moulder et al., 1995). This technique was especially useful for detecting and quantifying 

various functional groups and surface oxides, providing insights into the chemical modifications 

that lignin undergoes during carbonization and surface modification via treatments like plasma 

exposure (in Paper I). By analyzing the binding energies of the emitted photoelectrons, XPS can 

identify specific functional groups such as hydroxyl, carbonyl, and carboxyl, which play crucial 

roles in the electrochemical properties of the electrodes. Furthermore, XPS can offer information 

on the surface oxidation states and the presence of heteroatoms like nitrogen or sulfur, which can 

also enhance the electrodes' performance. In Paper I, potassium content and components were 

analyzed to examine the effects of the KOH electrolyte on the electrodes after 10000 cycles, 

offering valuable insights into the interaction between the aqueous KOH electrolyte and the fiber 

surfaces. An analysis was also conducted for discussion in section 2.3.2 to examine the impact of 

electrolytes on lignin-based and glass-fiber separators. 

1. XPS Analysis of non-conductive fibers 

   - Challenge: The analysis of non-conductive lignin fibers using XPS presents significant 

challenges due to the tendency of these materials to accumulate charge during measurement. This 

charging effect can distort the spectral data, leading to inaccurate interpretations of surface 

functional groups and chemical states. 

   - Interpretation and mitigation strategy: To address this challenge, the use of the argon method 

for surface treatment is practiced (Baer et al., 2020). By applying an argon ion beam prior to XPS 

analysis, the surface of the lignin fibers can be rendered conductive, thereby minimizing charging 

effects during measurement. This method allows for a more accurate assessment of surface 

functional groups, as it facilitates better electron emission and enhances the quality of the XPS 

spectra obtained.  

3.4.4. X-Ray Diffraction  

X-Ray Diffraction (XRD) is a crucial technique for determining the crystallinity, phase 

composition, and surface structure of lignin-based carbon electrodes. XRD operates by directing 

X-rays at the material and measuring the intensity and angles of the diffracted beams, providing 

insights into atomic arrangements within the carbon matrix. This technique is particularly effective 

in identifying crystalline phases, and can quantify the degree of crystallinity or if it is amorphous 

carbon (Qin et al., 2012). This is essential for understanding the material's structural order, which 

directly impacts electrochemical performance, as more crystalline structures generally offer 

enhanced conductivity. 

XRD also provides valuable information about the surface composition of the electrodes, including 

the presence of residual inorganic phases or impurities that could affect their functionality. By 

analyzing the diffraction patterns, details such as interlayer spacing, crystallite size, and overall 

structural integrity can be derived, helping to some extent to assess surface composition (Paper II) 

and ensure a consistent, high-quality carbon structure for improved electrochemical behavior.  
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1. Analysis of solution-spun individual carbon fibers 

- Challenge: Conducting XRD on solution-spun individual carbon fibers presented significant 

challenges due to their small diameter and the potential for sample misalignment during 

measurement. The inherent flexibility and fragility of these fibers made it difficult to obtain stable, 

reproducible diffraction patterns, leading to unreliable data regarding their crystallinity and phase 

composition. Additionally, the presence of amorphous regions in the fibers complicated the 

interpretation of XRD results, as the overlapping peaks could obscure critical information about 

the crystalline structure. 

- Interpretation and mitigation strategy: To address the challenge, Small-Angle X-ray Scattering 

(SAXS) was employed instead of XRD. SAXS, which is a subset of XRD, allows for the 

investigation of nanoscale structures and provides valuable information about the size, shape, and 

distribution of scattering entities within the carbon fibers (Torres-Canas et al., 2020). By utilizing 

SAXS, we could effectively analyze the structural characteristics of the solution-spun carbon 

fibers without the complications associated with traditional XRD measurements. This approach 

not only mitigated the issues related to sample alignment and stability but also offered insights 

into both crystalline and amorphous phases at a different scale, enhancing the understanding of the 

overall structure of these fibers (J. Liu et al., 2023) and carbon fiber's as in our preliminary studies 

provided in the supplementary material related to Paper III. 

3.4.5. Thermogravimetric Analysis  

Thermogravimetric Analysis (TGA) is a critical technique for evaluating the thermal properties 

and stability of carbon electrodes derived from lignin. TGA measures the change in mass of a 

sample as it is heated, providing insights into the material's thermal stability, composition, and 

decomposition patterns. This analysis is crucial for understanding the thermal behavior of lignin-

based carbon, including the temperatures at which various components decompose or react. TGA 

can reveal the presence of residual lignin or other organic compounds that may impact the 

performance of the carbon electrodes (Nowak et al., 2018). 

In our studies, TGA characterization is employed to assess the thermal profiles of various lignin-

based materials in their fresh state before undergoing thermostabilization and carbonization. By 

analysing the thermal degradation patterns of lignin at different temperatures, we can determine 

the optimal conditions for carbonization that enhance the structural integrity and electrical 

conductivity of the resulting carbon fibers. For example, TGA results can reveal specific 

temperature thresholds at which significant mass loss occurs, which may vary depending on the 

source of the lignin (Figure 11) or lignin-cellulose blend. While these temperature ranges help 

inform the carbonization process, in our study, we applied a consistent carbonization temperature 

of 1000°C across all cases to evaluate the resulting material properties (Paper III). 

3.4.6. Carbon Hydrogen Nitrogen Sulfur (CHNS) Analysis 

Chemical characterization through CHNS analysis is essential for understanding the elemental 

composition of carbon fibers derived from lignin. This analytical technique quantitatively 

measures the amounts of carbon, hydrogen, nitrogen, and sulfur present in the fibers, offering 

insights into their chemical makeup and purity. By identifying residual elements from the lignin 

precursor and any introduced impurities during processing, CHNS analysis helps optimize 

manufacturing processes to enhance fiber quality by understanding their influence on  

physiochemical features which might influence their performance as electrodes in supercapacitors 

(Mishra et al., 2023). Also, this information could be pivotal for quality control, ensuring 

consistency in electrode composition across production batches.  
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3.4.7. Mechanical Testing 

Mechanical testing, including tensile strength and Young's modulus analysis, using a Universal 

Testing Machine (UTM) with fiber grips, is used for assessing the structural integrity and 

flexibility of carbon electrodes derived from lignin. 

Tensile Strength Analysis 

Tensile strength testing involves applying a controlled tensile load to the sample using the UTM. 

The fiber grips securely hold the electrode material in place while gradually increasing the load 

until the material fractures. This test determines the maximum stress the material can withstand 

before breaking 

Young's Modulus Analysis 

Young's modulus testing assesses the stiffness or elasticity of the material. It involves measuring 

the material's response to applied stress within its elastic deformation range. Using the UTM with 

fiber grips ensures precise control and measurement of the applied force and resulting deformation. 

Young's modulus is calculated as the ratio of stress to strain in the linear elastic region of the 

material's stress-strain curve. This parameter is critical for understanding how much a lignin-based 

carbon electrode will deform under loading and provides insights into its structural flexibility and 

resilience. 

3.4.8. Electrical Conductivity 

The four-point probe method provides a precise means of assessing the conductivity of a material 

by avoiding the impact of high contact resistances. This method is particularly useful for measuring 

the conductivity of lignin-derived carbon fibers as understanding the electrical conductivity of 

lignin-based carbon fibers is critical as it directly influences their performance in electrochemical 

applications. 

Using the formula derived from (Rebouillat & Lyons, 2011): 

                                                                       ρ =
π·𝑑2·R

4 ·L
                                         (Equation 14) 

where d is the average diameter, ρ is the resistivity, measured resistance from the four-point probe 

is R, and length of the fiber is L. This equation is particularly applicable when dealing with 

cylindrical fibers, as the term 𝜋 · 𝑑2/4  represents the cross-sectional area of the fiber. This 

geometric consideration is critical for accurately calculating the electrical resistivity of the 

material. The diameter of the fiber directly influences its electrical properties; thus, precise 

measurement of this parameter is essential. 

While the four-point probe method offers a reliable approach to measuring conductivity, several 

challenges can arise during interpretation, particularly related to variations in fiber diameter among 

samples.  

1. Variability in diameter 

- Challenges:  If there are significant variations in the diameters of the carbon fibers being tested, 

this can lead to discrepancies in resistivity values. For example, a thinner carbon fiber will typically 

have higher conductivity compared to a thicker fiber, despite its smaller cross-sectional area. This 

is due to factors such as better crystallite alignment, higher surface area to volume ratio, and 

potentially fewer defects per unit length in thinner fibers, which enhance electron transport and 
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reduce resistivity. This variability complicates direct comparisons between different fibers or 

batches. In Paper III, the assessment of different lignin-cellulose carbon fibers involved a sample 

set with varying diameters. Given this variability, it became essential to employ statistical methods 

to account for these differences. Averages alone may not accurately represent individual fibers, 

particularly when some fibers are significantly larger or smaller than others. This discrepancy can 

lead to misleading conclusions regarding the overall conductivity of the batch. 

- Interpretation and mitigation strategy: To address this challenge, conductivity measurements 

were taken from a diverse set of fibers with varying diameters, resulting in a spread of conductivity 

values as detailed in the appended Paper III. By utilizing statistical analysis on this broader dataset, 

we can better understand the impact of diameter variations on conductivity and ensure that our 

interpretations are robust and reflective of the entire sample population. This approach helps 

mitigate the risk of drawing incorrect conclusions based on potentially skewed averages, 

ultimately leading to a more accurate assessment of the electrical properties of lignin-based carbon 

fibers. 

3.5. Electrochemical Testing Procedures 

This section will outline the procedures for evaluating the electrochemical performance of the 

electrode materials in supercapacitor configurations. The techniques used were cyclic voltammetry 

(CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) 

which yield information on specific capacitance, energy density, power density, and cycling 

stability. 

 
Figure 23. Schematic representation of an electrochemical workstation and the three and two-electrode 
setups used for electrochemical testing of supercapacitor electrode materials. 

In most of our studies, electrochemical analysis was conducted using a two-electrode setup in a 

coin cell configuration (Figure 23). This setup involves applying a potential difference between 

the positive and negative electrodes immersed in the electrolyte, with the measured voltage 

representing the entire cell voltage. The coin cell configuration is widely used for practical 

evaluations as it simulates real-world device performance. However, a limitation is that it does not 

allow for separate monitoring of the potential changes at individual electrodes, which can obscure 

detailed mechanistic insights into the electrochemical behavior of specific electrode materials. By 

contrast, a three-electrode setup offers distinct advantages for more controlled and detailed 

analyses. In this arrangement, current flows only between the working electrode (WE) and the 

counter electrode (CE), while the voltage at the WE is monitored relative to a reference electrode 

(RE). This allows precise measurement of the WE's potential, independent of the CE, providing 

deeper insights into the electrode's behavior. Common CEs include Pt or Au, while REs often use 

saturated calomel electrodes (SCE), Ag/AgCl, or Hg/HgO, which maintain constant half-reaction  
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potentials. The three-electrode setup's primary advantage lies in its ability to isolate and study half-

cell reactions, enabling a detailed understanding of processes occurring at the WE. In contrast, the 

two-electrode coin cell setup, while less detailed, is better suited for practical performance 

evaluations, making it the more appropriate choice for this study's objectives. 

Most of the electrochemical measurements were conducted using a Gamry Reference 3000AE 

electrochemical workstation, employing a coin cell device system with electrolyte solutions 

prepared under ambient conditions. Additionally, custom-built devices in our laboratory were 

utilized to evaluate the performance of cellulose-based supercapacitors, specifically analyzing 

lignin-cellulose carbon fibers with PVA-KOH electrolyte and IrO2 microsupercapacitors with 

cellulose-based electrolytes. 

3.5.1. Fabrication of Test Cells and Experimental Configurations 

The fabrication and testing of various two-electrode configurations were key aspects of this study, 

exploring the potential of wood-derived materials in supercapacitor applications. Below, the 

assembly methods, choice of electrolytes, and testing conditions for the different cell setups used 

across the papers are summarized to complement the detailed discussions in the respective studies. 

Coin Cell Configurations 

Paper I: Freestanding electrospun lignin carbon fiber (ELCF) electrodes were paired with glass 

fiber (GF) separators and evaluated using three electrolytes: 6M KOH, 1M H₂SO₄, and 1M Li₂SO₄. 

These tests assessed the influence of electrolyte type on the electrochemical performance of the 

electrodes. 

Paper II: Composite electrodes composed of activated carbon (AC), carbon black (CB), and 

lignin-carbon fibers (LCF) were fabricated using microfibrillated cellulose (MFC) as a binder. GF 

separators and a 6M KOH electrolyte were used in the coin cell configuration to study the 

electrochemical behavior of the composites. 

Device assembly details of other supplementary studies discussed in this thesis: 

Separator study: AC and CB electrodes were fabricated using PTFE as a binder. Separators 

included thermostabilized SKL fibers, thermostabilized HKL fibers, lignin nonwovens, cellulose 

nonwovens, and GF. For the GF separators, devices were assembled in a coin cell configuration 

using various aqueous electrolytes, including 6M KOH, 1M KOH, 1M Na₂SO₄, and 1M H₂SO4. 

MnO₂ study: Hydrothermally treated freestanding MnO₂-coated lignin carbon fiber (M-ELCF) 

electrodes were paired with GF separators. These devices were tested with a 6M KOH electrolyte. 

On-Plane Fiber Macrosupercapacitor Configuration 

Paper III: A custom macrosupercapacitor device was fabricated on a glass slide using lignin-

cellulose carbon fibers as the active material. The fibers were aligned and secured with silver paste 

serving as current collectors, while polyvinyl alcohol (PVA)-KOH gel acted as the electrolyte. 

Although primarily a material characterization study, this configuration demonstrated the practical 

feasibility of on-plane devices. 

 

 

 



 

61| P a g e  

 
 

MSC Study with Gel Electrolytes 

MSCs were developed using cellulose-based gel electrolytes composed of nanocellulose/PVA/CB, 

paired with IrO2 electrodes. This configuration emphasized the integration of renewable gel 

electrolytes in micro-scale energy storage devices. 

3.5.1. Experimental Conditions 

The performance of supercapacitor devices was evaluated under selected experimental conditions 

to ensure reliable and comparable results across all configurations. The potential windows for the 

devices were typically set between 0 - 1 V, depending on the specific electrolyte used. This voltage 

range was chosen to remain within the electrochemical stability limits of the materials and to 

prevent electrolyte decomposition. 

Scan rates and rate capability: Depending on study to study scan rates varied from 1 mV/s to 

1000 mV/s during CV tests. The scan rate directly impacts the rate capability of the device, with 

lower rates providing insights into the material's full capacitance and higher rates reflecting its 

ability to maintain performance under rapid charge-discharge conditions. The resulting CV curves 

plotted across this range help evaluate the capacitance retention and efficiency at different charging 

speeds. Additionally, in Paper I, lower scan rates were used to conduct deconvolution studies 

following the method proposed by Dunn et al (J. Wang et al., 2007). These studies at slower scan 

rates allow for a more detailed analysis of the charge storage mechanisms and the separation of 

capacitive and diffusion-controlled processes (see Section 2.6). Rate capability in supercapacitors 

refers to their ability to maintain high capacitance and power delivery at various charge-discharge 

rates. 

Current densities: Current densities were varied between 0.1 to 20 A/g during GCD testing. Low 

current densities allow for the assessment of the device’s maximum energy storage capability, 

while high current densities test its power handling ability. This range was tailored to optimize the 

evaluation of the electrode-electrolyte combinations used in the study. 

Cycle stability and coulombic efficiency: Cycling stability was evaluated over a maximum of 

10000 charge-discharge cycles, serving as a standard benchmark for assessing the long-term 

performance of the devices. This parameter specifically reflects the ability of the electrode and 

electrolyte to maintain stable capacitance over repeated cycling. Capacitance retention is the 

primary measure of cycling stability, indicating how much of the initial capacitance is preserved 

after extensive cycling use. 

Coulombic efficiency, on the other hand, is defined as the ratio of discharge capacity to charge 

capacity in each cycle and provides insights into the efficiency of charge storage and retrieval. A 

high coulombic efficiency, typically close to 100%, signifies minimal energy losses during 

operation. However, it is essential to note that cycling stability (capacitance retention) and 

coulombic efficiency are independent metrics. While both are critical for evaluating device 

performance, the percentage values listed in the tables in this thesis are explicitly for cycling 

stability, measuring capacitance retention. 

Test environment: All experiments were conducted at room temperature to ensure consistent and 

realistic evaluation conditions. 

These independent performance metrics: rate capability, energy and power density, cycling 

stability, and coulombic efficiency collectively provide a comprehensive understanding of the 

supercapacitor's performance.  
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3.5.1. Voltammetric and Galvanostatic Charge-discharge Methods 

Cyclic voltammetry (CV) is a potentiodynamic electrochemical technique where the potential of 

the analyzed electrode is ramped linearly versus time. During CV when the set potential is reached,  

the working electrode's potential ramp is inverted. This inversion occurs multiple times during an 

experiment as per the number of cycles given as input to run. The current of the working electrode 

is plotted versus the applied voltage to get the CV plot. In a three-electrode setup, this plot can be 

interpreted to identify electrochemical processes such as oxidation (positive current peak) and 

reduction (negative current peak) occurring specifically at the working electrode. However, in a 

two-electrode coin cell configuration, the CV plot reflects the net electrochemical behavior of both 

electrodes in the cell. 

 
Figure 24. Schematic CV a), b), d), e), g) and h) with corresponding charge discharge profiles c), f), and 

i) curves for EDLC (Type A), pseudocapacitor (Type B) and battery (Type C) materials, respectively. 

Capacitive trend in pseudocapacitive materials is mostly either from (b) surface redox reactions or (d) 

intercalation-type. Also, there is a third special type with intercalation-type materials with broad redox 
peaks that are electrochemically reversible. Reproduced with permission from Gogotsi & Penner, 2018. 

In an EDLC, the specific capacitance remains constant over the full potential range, resulting in a 

characteristic rectangular shape in the CV curve that reflects linear charge and discharge behavior. 

In fact, an EDLC capacitive behavior typically has a CV curve of rectangular shape as in Figure 

23 a, whereas in pseudocapacitive materials potential-dependent redox reactions occur showing 

features in the characteristic curves Figure 24 b. EDLCs show constant rate of discharge whereas 

for pseudocapacitors the discharge rate depends on the redox reaction rate affected by potentials 

in Figure 24 c. Differences in CV for EDLCs from pseudocapacitors are very different when 

intercalation (or diffusion-controlled behavior) comes into the picture (Figure 24 d and e).  During 

GCD, the supercapacitor is charged and discharged at a constant applied current between two 

defined voltage points. The voltage recorded signifies the reactivity window of the device and the 

time for charging/discharging gives the rate of charging/discharging. Also, this method is known 
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to resemble real-world performance more closely than CV. In Type C, battery like materials, two 

distinct peak currents can be observed in the CV where redox reactions occur. 

3.5.2. Electrochemical Impedance Spectroscopy Method 

 
Figure 25. Nyquist plots of the impedance of a Randles circuit with Warburg impedance 

when the scale is orthonormal, and the low-frequency angle is 45°. Reproduced with permission from Choi 
et al., 2020. 

Electrochemical Impedance Spectroscopy (EIS) is a versatile and widely used technique for 

investigating the electrical properties of electrochemical systems. By applying a small amplitude 

AC signal across a range of frequencies, EIS provides insights into the dynamics of processes 

occurring at electrode interfaces (Perdana et al., 2024). The Nyquist plot (as shown in Figure 25), 

a graphical representation of EIS data, offers several key indications:  

- Charge transfer resistance: The semicircle diameter at high frequencies reveals charge transfer 

resistance, reflecting the ease or difficulty of electron transfer at the electrode surface. 

- EDL-capacitance: The low-frequency region displays a linear segment indicating double-layer 

capacitance, which relates to the EDL formed between the electrode and electrolyte. 

- Warburg impedance (Zw): At the low-frequency end, Warburg impedance reflects diffusion 

processes within the electrolyte, offering insights into mass transport limitations. 

Randles Circuit 

To interpret these phenomena, one commonly applied model is the Randles circuit (Choi et al., 

2020; Randles, 1947). This equivalent circuit typically includes: 

- Electrolyte resistance (Rs): Represents the resistance of the electrolyte solution through which 

ions travel. 

- Charge transfer resistance (Rct): Corresponds to the resistance encountered during electron 

transfer at the electrode surface. 

- Double layer capacitance (Cdl): Accounts for the capacitance associated with the formation of 

the electric double layer at the electrode/electrolyte interface. 

The notion of an "electrode resistance" often refers to the equivalent series resistance (ESR), which 

includes contributions from both conduction through the electrolyte and the electrodes and current 

collectors. Conversely, "electrolyte resistance" is more accurately described as an interfacial 
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resistance, dependent on interactions between the electrode and electrolyte. In the modified 

Randles circuit (Figure 25), the Rs replaces the ESR, representing the ionic conductivity of the 

electrolyte solution. The pseudo-capacitance component is replaced by Zw which models 

diffusion-related processes at the electrode-electrolyte interface.  

Warburg Impedance 

ZW is characterized by its frequency-dependent behavior, which arises from diffusion-controlled 

processes in electrochemical systems. It typically appears as a straight line in the Nyquist plot at 

low frequencies, indicating that mass transport limitations are influencing the overall impedance. 

This behavior can be quantified using (Mei et al., 2018): 

𝑍𝑊 =
𝜎

𝑗𝜔
 

                                           (Equation 15) 

where 𝜎 is the Warburg coefficient, j is the imaginary unit, and 𝜔 is the angular frequency. A 

comprehensive understanding of Warburg impedance is crucial for analyzing systems where 

diffusion plays a significant role in electrochemical reactions. 

Zw is characterized by a 45° line in the Nyquist plot at low frequencies, indicating diffusion-

controlled reactions. This modification emphasizes diffusion processes over fast Faradaic 

reactions typically associated with pseudocapacitors. The circuit's behavior now more closely 

resembles a classic Randles circuit, with Rs dominating at high frequencies and Zw becoming 

significant at low frequencies. This altered model may be more suitable for systems where 

diffusion is a key factor, but it may not fully capture the unique voltage-dependent capacitance of 

pseudocapacitive materials. 

The analysis of Nyquist plots through EIS provides a holistic view of electrochemical behavior, 

essential in fields such as battery research, corrosion analysis, and sensor development. By 

incorporating concepts like the Randles circuit and clarifying resistive contributions from both 

electrodes and electrolytes, we can achieve a more accurate interpretation of EIS data and its 

implications for system performance. 
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Chapter 4  

Enhancement of Electrode Materials 
This chapter describes selected approaches to enhance the performance of the lignin derived 

materials for supercapacitor applications. CFs made from lignin precursors have a large specific 

surface area, decent mechanical flexibility, moderate electrical conductivity, and beneficial surface 

functions compared to particulate (such as AC) morphology counterparts. ELCFs are freestanding 

and useful as both a current collector and an active material, minimizing device contact resistance. 

In addition to electrostatic charge storage, which contributes to EDL capacitance, they exhibit 

contributions from the Faradaic reaction of their surface functional groups, which provides 

pseudocapacitance. But the functional groups that contribute to capacitance are typically lost 

during high-temperature carbonization, also affecting the device's electrode-electrolyte 

interactions. To improve the electrochemical performance of the supercapacitor, the active 

material's surface can be plasma treated to add controlled functional groups to the carbon matrix 

[Paper I]. 

4.2. Performance Enhancement of Electrode Materials 

Beyond high-temperature carbonization, achieving superior performance in lignin-based electrode 

materials involves adjusting various synthesis parameters. This section will delve into strategies 

such as surface modification of carbon fibers by introducing functional groups, enhancing 

capacitance by decorating MOs, and blending lignin with cellulose to create composite electrode 

materials aimed at improving overall performance.  

4.2.1. Surface Modification  

The performance of EDLC materials is characterized by their high power densities, which however 

is at risk of significantly diminishing if there are obstacles to ion accessibility, such as tortuous 

microporosity or non-graphitic carbon wall structures that create ionic resistance. Surface 

modification of porous carbon materials becomes essential to ensure effective adsorption and 

desorption of electrolyte ions both on the electrode surface and within its bulk, thereby mitigating 

such accessibility issues. While redox processes in pseudocapacitive materials are inherently rapid, 

the specific surface conditions are crucial for maximizing the utilization of surface-confined 

reactions. Moreover, altering the electrode/electrolyte interface by designing passive layers on the 

carbon surface can elevate the cell voltage, shifting electrolyte reduction and oxidation processes 

to higher over-voltages (Y. Zhu & Fontaine, 2022). 

During the initial charge-discharge cycles, a solid electrolyte interphase (SEI) naturally forms on 

the carbon surface of EDLC anodes. This SEI layer, developed in the first cycle, obstructs 

electrolyte ion penetration into the underlying carbon layers while preventing further electrolyte 

reduction (Y. Zhu & Fontaine, 2022). Customizing the characteristics of the carbon surface, such 

as introducing hydrophobic or hydrophilic groups, could substantially increase over-voltage and 

expand the electrochemical stability window of the electrolyte. However, modifying the 

carbon/electrolyte interface poses challenges as it must not impede ion access to the porous carbon 

structure in the electrolyte. Careful and successful development of an artificial SEI-like layer on 

the porous carbon surface would markedly enhance the performance of EDLCs. 
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Doping represents a straightforward method to tailor the fundamental properties of electrodes and 

improve their compatibility with electrolytes. Common heteroatoms used for doping into carbon 

frameworks include oxygen, nitrogen, boron, sulfur, phosphorus, fluorine, silicon, and chlorine 

(Feng et al., 2021). These dopants introduce defects that serve as redox centers, thereby amplifying 

inherent pseudocapacitive contributions. 

Nitrogen doping and oxygen functionalization are widely employed techniques to convert 

predominantly hydrophobic carbon surfaces to hydrophilic ones. This surface modification does 

not alter the material's intrinsic properties but modifies the polarity of the surface charge, thereby 

enhancing electrode wettability to electrolytes. Optimal wettability is crucial, as inadequate 

wetting of electrolytes can lead to inconsistent reactions due to unstable formation of the EDL 

interface. Nitrogen can be incorporated into the carbon matrix through post-processing with 

nitrogen-rich components such as ammonia or urea, or by starting with a nitrogen-rich precursor 

like polyaniline or polypyrrole. Similarly, oxygen can be introduced into the carbon matrix through 

non-destructive methods such as plasma treatment to derive plasma-treated LCF (PLCF) (as in 

Paper I). 

 
Figure 26. Wettability test indicating (a) hydrophobic nature of LCF mat samples before and (b) 
hydrophilic nature after plasma treatment for 60 seconds at 25W power. 

The use of plasma treatment, even for short durations, has proven effective in eliminating 

hydrophobicity (Figure 26), thereby enhancing access to the internal surface area of the carbon 

fiber material that would otherwise remain underutilized. 

4.2.2. Metal Oxide Decoration to Enhance Performance in Lignin-Based Carbon Fiber Electrodes 

To enhance the capacitance of lignin-based electrodes, MOs can be decorated on carbon materials. 

This hybrid approach leverages the conductivity of carbon fibers and the redox properties of MOs, 

resulting in improved performance for supercapacitors. The combination of MO electrodeposition 

on carbon fibers is seen as a promising strategy, with enhanced efficiencies and higher capacitive 

performance due to the increased available surface area for reactions. 

(Du et al., 2023), decorated iron oxide (Fe3O4) on lignin carbon nanofibers prepared through 

electrospinning followed by stabilization and carbonization, resulting in a specific capacitance of 

539 F/g. This kind of approach significantly increases the specific surface area and introduced 

pseudocapacitive behavior, contributing to improved overall performance and good cycling 

stability in similar studies (L. Wang et al., 2017). Similarly, manganese dioxide (MnO2)  

nanowhiskers were hydrothermally grown on electrospun lignin nanofibers, yielding a high 

specific capacitance of 83 F/g. This method provided additional pseudocapacitance and increased 
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overall capacitance, demonstrating the benefits of MnO2 in enhancing the performance and cycling 

stability of lignin-based electrodes (X. Ma et al., 2016a). In contrast, similar carbonized 

electrospun lignin carbon fibers without MOs showed a specific capacitance of 64 F/g (Lai et al., 

2014).Comparing these methods, it appears that MO decoration can enhance the specific 

capacitance by introducing pseudocapacitive behavior. The choice of MO and decoration method 

significantly impacts on the electrochemical performance of lignin-based carbon fiber electrodes 

for supercapacitors (X. Ma et al., 2016b; L. Wang et al., 2017). 

In our extended investigation of ELCFs as potential supercapacitor electrodes in Paper I, we 

explored the use of LCF-MnO₂ coated electrode via hydrothermal treatment with MnO₂, known 

for its high theoretical capacitance, which is commonly used to enhance the electrochemical 

performance of carbon-based materials (Toupin et al., 2004). However, this approach presented 

challenges, as the MnO₂ coating separated during the post-synthesis washing process, indicating 

surface incompatibility and weak adhesion to the underlying LCFs. 

Figure 27. SEM images of manganese oxide-coated electrospun lignin carbon fibers obtained through 

hydrothermal treatment, shown before and after water washing. The blue dotted square in the SEM image 

highlights issues with the MnO2 coating on the carbon fiber, indicating areas where it is poorly adhered or 

insufficiently bonded to the LCF. 

The SEM images in Figure 27 depict the morphological changes before and after one water 

washing, clearly illustrating the issue of insufficient bonding of MnO2 onto the carbon fiber 

associated with the coating. Initially, the MnO₂ forms a dense, non-uniform layer across the LCF 

surface. Following the washing process, the MnO₂ layer is almost entirely removed, revealing that 

the adhesion between the MnO₂ and LCF substrate is a challenge that requires processing method 

optimization. 

The lack of adhesion can be attributed to the differences in surface characteristics between the 

lignin-based carbon fibers and the MnO₂. While lignin- based carbons are porous and exhibit high 

surface area, they may lack the necessary surface functional groups or micro-roughness to anchor 

the MnO₂ effectively. To address this, we attempted a plasma treatment on the LCFs prior to MnO₂ 

deposition, aiming to enhance surface adhesion. However, the plasma treatment did not yield any 

significant improvement in MnO₂ retention, suggesting that a more robust approach, such as 

functionalizing the LCF surface with adhesion-promoting agents, may be required for better 

integration. 

Electrochemical performance of the electrodes tested in a 6M KOH aqueous electrolyte within a 

coin cell configuration, as reflected in the CV curves in Figure 28, further substantiates the need 

for improved coating stability. The uncoated LCF electrodes exhibit a rectangular CV profile, 
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indicative of ideal capacitive behavior with relatively consistent current density. In contrast, the 

MnO₂-coated LCF electrodes, prior to washing, show very similar profiles but with lower current 

densities. This distortion is likely due to a reduction in the active area of the electrode, where the 

impact of the MnO2 in this configuration only seems to be to reduce access to the LCF electrode. 

After the washing process, the capacitance performance remains compromised, and it is now less 

similar to the original characteristics in its shape. It can be speculated that this can be related to a 

modification of the original surface features of the LCF after the MnO2 washing procedure. 

 
Figure 28. CV curves of manganese oxide-coated electrospun lignin carbon fibers obtained through 
hydrothermal treatment, compared with untreated LCF. 

The challenges encountered with MnO₂ decoration on LCFs highlight the importance of 

optimizing both the material compatibility and the deposition technique for effective electrode 

development. Future work should consider alternative MO coatings or dual-modification strategies 

that incorporate both adhesion-promoting layers and active materials. By achieving a uniform, 

well-adhered MnO₂ layer, it may be possible to fully leverage the pseudocapacitive properties of 

MnO₂ while maintaining the structural integrity and high surface area of lignin-based carbon 

fibers.  

4.2.3. Blending Lignin with Cellulose for Composite Electrode Materials 

In the pursuit of sustainable carbon fiber alternatives, blending lignin with cellulose offers 

compelling advantages for composite electrode materials. Lignin, known for its carbon-rich 

phenolic structure, and cellulose, with its linear, high molecular weight, synergistically enhance 

dry-wet jet spinning fiber spinnability and carbonization efficiency. This combination can not only 

improve mechanical strength and electrical conductivity (Figure 29) but also facilitates the 

formation of microstructures conducive to higher energy storage capacities in supercapacitors and 

batteries. 

Our investigation in Paper III highlights the significant influence of HKL/cellulose precursor 

composition on the electrical conductivity and tensile strength of resulting CFs. Increasing the 

lignin content in the blend with the highest lignin to the cellulose blend (65%) led to substantial 

enhancements in electrical conductivity, reaching approximately 42 S/cm compared to cellulose's 

15 S/cm. Moreover, CFs with higher lignin content also exhibit superior tensile strength, achieving 

approximately 312 MPa, significantly surpassing pure cellulose fibers. The study further unveils 

a distinct skin-core morphology in HKL-cellulose fibers, with a higher degree of graphitization 

observed in the skin region compared to the core. This phenomenon enhances the mechanical 

properties of CFs, where the graphitized cellulose-lignin blend in the skin provides stiffness, while 



 

69| P a g e  

 
 

the lignin-rich core enhances carbon content, electrical conductivity, and overall strength. Our 

findings underscore the potential of lignin-cellulose blends as a novel approach in carbon fiber 

precursor design, offering unique advantages in both mechanical robustness and electrical 

conductivity. 

 
Figure 29. Average conductivity vs tensile strength of carbon fibers with increasing blends of lignin in 

cellulose. 
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Chapter 5 

Electrochemical Performance Evaluation 
5.1. Electrochemical Performance of Electrospun Lignin Carbon Fibers as 

Electrodes 

5.1.1. Effect of O-functional Groups on Electrochemical Behavior 

The characteristics of an electrode's charge storage are significantly influenced by the surface 

functional groups present. The redox activity of these functional groups depends on the type of 

electrolyte used. In acidic media, functional groups involving CO (such as hydroxyl, carbonyl, and 

lactone groups) contribute positively to charge storage mechanisms. These groups, particularly 

quinones, undergo reversible redox reactions, storing and releasing both electrons and protons. 

Conversely, CO2-containing groups (like carboxylic acids and anhydrides) are generally less active 

or inactive in acidic conditions. In basic media, different groups become active, with phenolic 

hydroxyl groups playing a primary role through deprotonation reactions (Z. J. Zhang & Sun, 2016). 

Therefore, selecting an appropriate electrolyte that activates the desired functional groups is crucial 

for optimizing the performance of lignin-based electrodes in applications such as supercapacitors. 

Some oxygen functional groups on carbon-based electrode materials provide more advantageous 

properties for supercapacitor applications than others. The beneficial contributions include: 

1. Enhanced hydrophilicity: C-OH (hydroxyl) and C=O (carbonyl) groups promote surface 

wettability, improving electrolyte accessibility. 

2. Pseudocapacitive effects: Certain functional groups contribute additional charge storage through 

fast, reversible redox reactions. This pseudocapacitance is highly dependent on the electrolyte 

type. 

In acidic electrolytes like H2SO4, carbonyl and quinone groups are particularly active, undergoing 

proton-induced redox reactions that manifest as distinct peaks in CV curves. This redox activity 

follows the general chemical reactions: 

 

(Reaction 2) 

(Reaction 3) 

This pseudocapacitive contribution significantly enhances the overall capacitance of the electrode 

material beyond simple EDL capacitance. The electrochemical profile of the same electrode can 

vary considerably with different electrolytes, highlighting the importance of matching functional 

groups with appropriate electrolyte systems for optimal performance (Figure 30). 
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Figure 30. Electrochemical (a) CV and (b) GCD response curves of plasma treated LCF electrodes in 
KOH, Li2SO4, and H2SO4 electrolytes. 
 

As from the XPS spectra data on the oxygen configurations for the materials on display in Figure 

30, the contributions here are from carbonyl and quinone groups (Paper I). But on the other hand, 

it is mostly the carboxyl and hydroxyl groups that act as favorable sites for the KOH electrolyte to 

react as shown below: 

 

 

(Reaction 4) 

 

(Reaction 5) 

 

While oxygen functionalization can enhance electrode performance, it also raises concerns about 

electrolyte decomposition. However, in our extended studies PLCF electrodes have demonstrated 

good performance without hydrogen evolution, even at increased voltages up to 1 V. It is important 

to note that excessive oxygen functional groups can be detrimental to electrode performance in 

two main ways: 

1. Exacerbation of self-discharge behavior: High concentrations of oxygen functional groups can 

increase the rate of self-discharge in supercapacitors (K. Liu, Yu, et al., 2021). 

2. Increased internal resistance: Oxygen functional groups, particularly bulky ones like -COOH, 

can disrupt the conductive network and increase the electrode's internal resistance (Jerigová et al., 

2022; Qiu et al., 2023). 

When these disadvantages become predominant, they can compromise the efficiency of tailored 

high surface area pores in the electrode material. Therefore, a careful balance must be struck 

between the beneficial effects of oxygen functionalization and its potential drawbacks to optimize 

electrode performance. 

5.3. Electrochemical Performance of Lignin-Cellulose-based Carbon Fibers as 

Electrodes   

As an extension to our material study in Paper III, we have explored the electrochemical 

performance of lignin-cellulose carbon fiber electrodes prepared with varying lignin content, 

which were assembled in a rudimentary supercapacitor device. This device was constructed 

manually on a microscope slide and contained two electrode stacks infused with a PVA-KOH gel 
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electrolyte. It is essential to note that this setup was intended to provide a quick preliminary 

indication of the performance of the lignin-cellulose carbon fibers in a supercapacitor format. As 

such, the results serve as a benchmark for understanding trends rather than a definitive 

performance metric, due to potential variances arising from manual assembly. To ensure 

consistency and eliminate discrepancies between devices with different electrode materials, the 

electrode pairs in all four devices: cellulose, L35, L50, and L65 were carefully weighed to ensure 

they had the same weight. Additionally, the CV data were normalized with their masses to make 

the comparison between the devices more reliable. 

The carbon fiber electrodes studied in this work were created with differing lignin-to-cellulose 

ratios, ranging from samples with minimal lignin content (L35) to those with high lignin 

concentration (L65). This variation in lignin percentage enables us to examine the impact of lignin 

inclusion on electrochemical properties when cellulose remains the predominant matrix 

component. For comparative purposes, electrodes composed entirely of cellulose-derived carbon 

fibers (L0) were utilized as a reference. This section discusses the findings with reference to Paper 

III, which details the materials characterization of these lignin-cellulose composites. 

 
Figure 31. CV curves tested with lignin-cellulose carbon fiber electrodes with PVA- KOH electrolyte at 
scan rate 20 mV/s. 

As seen from Figure 31, the CV curves (not quasi-rectangular), are far from ideal, which is likely 

due to limitations in the assembly and device structure. For example, the glass substrate could 

provide a leakage current path, contributing to the observed slope in the curves. Additionally, the 

distance between electrodes could play a significant role in influencing leakage currents, although 

the intention was to maintain the distances the same for all devices. Variations in the voltage ramp 

rate can also influence the shape of the CV curves, with higher ramp rates typically reducing the 

impact of leakage currents while potentially masking slower diffusion processes. 

Regarding the lignin content, while there is a clear difference between the pure cellulose-derived 

reference and the lignin-cellulose composites, no definitive trend in capacitance improvement is 

evident between L35 and L65. These results serve as support in the conclusion from Paper III that 

the composites should have favorable features when used as electrodes compared to electrodes 

derived from pure cellulose.  
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5.4. Towards Thicker Electrodes 

For any supercapacitor design, a thick electrode with high areal mass loading is preferred due to 

its benefits in increasing the supercapacitor device's energy density. Optimizing packing density 

of the electroactive electrode materials, lowers the excessive inactive material by avoiding or 

somehow utilizing them. During practical applications, a supercapacitor is made up of 

materials/components more than electrode materials such as a current collector, electrolyte, 

binders, additives, separator, and package. Commercial supercapacitors have an active electrode 

material coating of about 10 mg/cm2 with 0.1- 0.2 µm thickness (Dong et al., 2020).  Current 

collectors containing the active material are an expensive component that comprises a major 

weight proportion in a device. They are available in the form of graphite, aluminum, stainless steel, 

carbon foils and even foams made of nickel that allows easier percolation. Secondly, the electrolyte 

is an essential component that is needed in a high dose for highly porous and thick electrodes. 

Electrode materials with lower mass loading and electrode thickness store a lower amount of 

energy per unit device weight due to fewer active sites. Increasing the mass seems to be a simple 

way to increase the capacitance and energy density of electrodes and/or devices. However, 

increased mass loading or electrode thickness has a detrimental effect on specific capacitance rate 

performance, cycling and structural stability of the electrode materials due to decreased accessible 

surface area (active sites), increased charge-transfer resistance (Wan et al., 2014), sluggish ion 

transport channels, and even electrolyte wettability issues (Figure 32). 

 
Figure 32. Electron and ion transport and electrolyte wetting in thin and thick electrodes are depicted 

schematically. The electron and ion transport channels are severely blocked and are inaccessible to the 
electrolyte in the thick electrode. Reproduced with permission from Dong et al., 2020. 

Highly porous materials are at risk of lacking interconnectivity due to broken electrical 

conductivity networks. The addition of conductive carbon materials is a way to re-build conductive 

pathways. Materials such as graphene quantum dots (GQDs), graphene sheets (Figure 33), and 

carbon fibers (Paper II) have been introduced into an activated carbon matrix and increase the 

capacitances and rate capability with improved charge transfer kinetics and efficient ion migration 

(Qing et al., 2019). Incorporation of conductive additives enhances the electrical connectivity 

within the electrode, which mitigates resistances associated with poor binding and mechanical 

stability at the interface with the current collector (Yücel et al., 2024). 
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Figure 33. a) Graphene quantum dots (GQD) and b) graphene nanosheets act as electron transfer highways 

in an activated carbon matrix by significantly promoting electron transport through the particles, thereby 
improving the utilization of the large surface area. Reproduced with permission from Qing et al., 2019. 

GQDs particularly enhance ion migration in carbon electrodes for supercapacitors due to their high 

surface area and functional groups that facilitate interactions with electrolytes, leading to improved 

charge transfer kinetics. In contrast, graphene nanosheets, being larger, provide excellent electrical 

conductivity but do not exhibit the same effects as GQDs. The incorporation of GQDs into 

activated carbon not only boosts electrochemical performance by enhancing charge-transfer and 

ion migration kinetics but also helps reduce resistances associated with poor binding and 

mechanical stability at the electrode-current collector interface (Qing et al., 2019). 

An aim towards thicker electrodes, fracturing of electrodes due to heavy mass loading of active 

material is an issue. Employing robust electron conducting interconnected structures such as 

carbon nanofibers is a way to achieve mechanical strength, which is critical for long-term cycling 

and flexibility of the electrodes.  

5.4.1. Electrochemical performance of AC/LCF Composite and Cellulose Binder Electrodes   

We have evaluated AC electrodes with cellulose binder and LCF inclusions for supercapacitor 

performance using a coin cell configuration with 6M KOH aqueous electrolyte in Paper II. The 

design of these electrodes incorporates LCF as a conductive additive alongside CB, with the dual 

purpose of enhancing both conductivity and structural integrity. By leveraging the reinforcing 

properties of lignin-based fibers, we aimed to improve electrode stability, particularly at higher 

mass loadings, while maximizing electrochemical performance. Although conductive materials 

like CB create electronic pathways in between particles, they are broken as their frequency of 

contact with these particles is reduced at several points in thicker electrodes. Introducing 2 wt% 

of longitudinal 1-D conductive carbon fibers alongside 3 wt% CB increases the surface contact 

creating multiple electron transport channels. The capacitances of AC improved from 85 F/g to 97 

F/g under a mass loading of 5 mg/cm2 (Paper II). With higher mass loadings the charge transfer 

resistance of the electrodes considerably reduces. In thicker electrodes, these fibers act as 

reinforcements that could keep larger masses of material together without falling apart. To some 

extent flexibility can also be induced on these electrodes on choosing stronger binders. 
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The CV curves shown in Figure 34 demonstrate the electrochemical behavior of AC-only 

electrodes compared to AC/LCF composite electrodes at three different mass loadings: 5, 7, and 

10 mg/cm². The CV profiles for each loading exhibit typical EDLC characteristics, with nearly 

rectangular shapes, suggesting efficient ion adsorption-desorption at the electrode-electrolyte 

interface. However, at the highest loading of 10 mg/cm², some distortion and slanting are observed, 

which can be attributed to limitations in ionic transport within the thicker electrodes. Despite these 

deviations, the AC/LCF composite electrodes maintained capacitances similar to the AC-only 

electrodes across all mass loadings, highlighting that the incorporation of LCF in place of CB 

enhances electrochemical performance. These differences are more pronounced in the EIS curves 

from this study, which reveal lower diffusion and interfacial resistance, particularly for electrodes 

with mass loadings of 5 and 7 mg/cm². 

 
Figure 34. CV curves of AC and AC with lignin carbon fiber inclusions-included electrodes, fabricated 
using a cellulose binder and tested in a 6M KOH electrolyte assembled device with varying mass loadings. 

From a structural standpoint, the lignin fibers serve as a framework within the composite, holding 

the activated carbon particles together, which may prevent material degradation and maintain 

mechanical integrity even at high mass loadings. The fibrous structure of LCF likely enhances the 

electrode's porosity, providing pathways for electrolyte diffusion and improving ion transport. 

These properties explain why the AC/LCF electrodes performed consistently better than AC alone 

(Figure 34), especially at mass loadings that usually present challenges for ion accessibility. 
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Chapter 6 

Analysis and Future Perspectives 
This section provides a comprehensive overview of my research contributions to the 

supercapacitor field, specifically examining the performance of lignin-based carbon electrodes 

developed in this thesis in comparison with other carbon-based materials. Additionally, I offer 

insights into the future potential of this work, with a focus on pathways to further enhance the 

electrochemical performance of lignin-based electrodes. Key technical and processing challenges 

associated with lignin and cellulose-based electrodes, as well as issues related to scalability and 

material uniformity, are discussed to address critical insights for their large-scale adoption in 

supercapacitor technology. 

6.1. Comparison with State-of-the-Art Electrode Materials 

As discussed in Paper IV, comparing performance metrics across various supercapacitors poses 

challenges due to the lack of standardized testing protocols. In Table 3-8, the capacitance, ED, 

and PD values for different devices are tested at varying current densities, making direct 

comparison difficult. To provide some perspective, a relative comparison has been made here 

between selected materials developed in this thesis and existing device datasets to give a general 

performance overview. The device dataset for Table 12 was selected based on the device data 

from Tables 3 and 4, which include carbon, and carbon/heteroatom-doped devices. These devices 

were chosen for their cycling stability of over 95% beyond 5000 cycles, with data defined at 

current densities of 0.5 A/g or 1 A/g. Only those utilizing 6M KOH as the electrolyte were 

deliberately selected for a fair and consistent comparison with our devices. 

Table 12: Comparative performance metrics of supercapacitor devices in this thesis and other 

high-performing lab-scale devices. 

Electrode 

materials 

Specific 

capacitance 

(F/g) 

Energy density 

(Wh/kg) 

Power density 

(W/kg) 
Cycling stability 

Electrospun lignin 

carbon fibers 

(ELCFs) 

Paper I 

95 (0.5 A/g) 8 800 
100% after 10000 

cycles 

Plasma treated 

lignin carbon 

fibers (PLCFs) 

Paper I 

120 (0.5 A/g) 11 800 
110% after 10000 

cycles 

AC electrodes 

Paper II 
85 (1 A/g) 31 - - 

AC/LCF 

Electrodes 

Paper II 

97 (1 A/g) 34 7100 
98% after 5000 

cycles 

Traditional AC 160 (20 mV/s) - - - 

Corn stalk 

lignin/DMF*/PAN 

CF 

429 (1 A/g) 37 400 
97% after 10000 

cycles 
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Alkali 

lignin/DMF*/plant 

protein CF 

410 (1 A/g) – – 
95% after 

10000 cycles 

Kraft 

lignin/H2O/PEO 

CF 

344 (1 A/g) 8 – 
96% after 5000 

cycles 

N/S co-doped 

graphene 

modified 

lignin/PAN CNFs 

267 (1 A/g) ~9 493 
97% after 5000 

cycles 

Lignin sulfonate-

derived porous 

carbon 

340 (0.5 A/g) ~10 250 
95% after 5000 

cycles 

Enzymatic 

hydrolysis lignin-

derived 3D 

hierarchical 

porous carbon 

324 (0.5 A/g) 18 458 
100% after 5000 

cycles 

Corn stalk lignin-

derived cage-like 

mesoporous 

carbon 

217 (0.5 A/g) – – 
95% after 5000 

cycles 

O/N/S codoped 

enzymatic 

hydrolysis lignin 

hierarchical 

porous carbon 

318 (0.5 A/g) ~17 249 
100% after 10000 

cycles 

N/S codoped 

lignin sulfonate 

porous carbon 

269 (0.5 A/g) ~37 62 
98% after 10000 

cycles 
 

The data presented in Table 12 reveals several key trends in the performance of various carbon-

based electrodes, particularly those derived from lignin, including ELCFs, PLCFs, and composites 

with other materials such as activated carbon or graphene. Lignin-based electrodes generally show 

moderate specific capacitance, with values ranging from 95 F/g for LCFs to 120 F/g for PLCFs, 

demonstrating the positive effect of plasma treatment on capacitance. Additionally, when 

combined with conductive materials or secondary polymer, such as in Lignin/PAN/graphene CF 

or Corn stalk lignin/DMF/PAN CF and alkali lignin derived porous carbon, the capacitance 

increases significantly, reaching values as high as 429 F/g. This trend suggests that compositing 

with fossil-based polymers and the modification of lignin fibers play a crucial role in enhancing 

electrochemical performance. 

In terms of energy density, lignin-based carbon materials also demonstrate strong performance, 

with EDs ranging from 4 to 78 Wh/kg, depending on the composition and treatment of the fibers. 

The porous carbon with hierarchical morphology has higher EDs as expected with Kraft lignin-

derived porous carbon having decently good PD as well.  Cycling stability, a critical factor for the 

practical application of supercapacitors, with values exceeding 95% in these devices, is 

comparable to that of conventional carbon-based electrodes. When compared to nitrogen- and 

sulfur-co-doped electrodes, PLCF electrodes in Table 10 exhibit higher capacitance values, 

despite being tested at higher scan rates. However, research (Schlee et al., 2020) has demonstrated 
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that HKL-LCF electrodes could achieve a capacitance of 164 F/g at 0.1 A/g and 120 F/g at 250 

A/g, with over 90% capacitance retention after 10000 cycles. Notably, the enhanced surface 

affinity of PLCFs, owing to their modified surface chemistry, suggests that they could serve as 

promising candidates for future studies involving coatings with MO or conductive polymers such 

as PEDOT or PEDOT/PSS to further enhance electrochemical performance. 

Overall, lignin-based carbon materials, particularly when modified or combined with other 

materials, show significant promise in enhancing the performance of supercapacitors. While their 

energy density and cycling stability are already competitive, further optimization, particularly in 

improving conductivity and power density, could help make these materials more viable 

sustainable alternatives to conventional carbon electrodes.  

Studies on lignin in supercapacitors are still emerging, as shown by bibliometric analysis using the 

Web of Science database (Zhong et al., 2024) (Figure 35). 

 
Figure 35. Trend of the number of articles on supercapacitors with lignin-based materials over the years. 
Reproduced with permission from Zhong et al., 2024. 

The studies on lignin-based supercapacitors primarily focus on synthesizing porous carbon 

structures, with prominent keywords like “carbon fiber,” “aerogel,” and “hierarchical porous 

carbon.” Highly cited papers emphasize lignin’s role in forming porous carbon materials, carbon 

fibers, and graphene, each contributing to enhanced electrochemical properties (Beaucamp et al., 

2022; Madhu et al., 2023; Q. Cao et al., 2024; Jyothibasu et al., 2022; H. Liu, Xu, et al., 2021; 

Tong et al., 2023; Zhong et al., 2024). This growing interest suggests significant interest in 

engineering lignin for producing supercapacitor materials with improved energy storage 

capabilities. Therefore, comprehensive comparisons of these energy storage devices must also 

consider factors like self-discharge rates, leakage current, and voltage stability to ensure optimal 

performance of the electrodes in diverse applications. 
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The future scope of work in this field can lead to several pathways to enhance the electrochemical 

performance of lignin-based electrodes without compromising their sustainability. Future efforts 

could focus on surface modifications to improve conductivity, energy storage capacity, and 

durability, such as through targeted doping, coatings, or hybrid systems. Structural optimization, 

including tailoring interconnected pore architecture for improved ion transport, is another 

promising direction. Integrating lignin-based materials into advanced composite systems could 

further bridge the gap between performance and eco-friendliness. Ensuring green synthesis 

methods and conducting lifecycle assessments is crucial for maintaining the sustainability 

advantage of bio-derived materials. The research studies in this thesis work contribute to these 

goals by demonstrating strategies to replace fossil-based polymers, such as PAN and PET, with 

bio-derived alternatives. For instance, lignin of higher molecular weight, extracted through 

fractionation and modification, was utilized as a primary feedstock for spinning carbon fibers. This 

approach minimizes reliance on fossil-based precursors, aligning with the principles of green 

chemistry and sustainability. Additionally, selecting the appropriate type of lignin and compositing 

it with cellulose, another renewable resource proved effective in developing sustainable carbon 

materials. Cellulose was used as a binder, offering a safer and eco-friendly alternative to toxic 

binders such as PVDF and PTFE. The thesis also explored the use of efficient morphologies of 

green conductive agents for electrodes and electrolytes, such as lignin-derived carbon fibers, which 

enhanced highly mass-loaded AC electrodes performance. Furthermore, sustainable separators 

were tested using materials like thermostabilized lignin fibers, in place of conventional glass fibers 

and polymer-based separators such as PPy and polyethylene. These findings pave the way for high-

performance, sustainable energy storage solutions by addressing key challenges in material 

synthesis and design, all while adhering to eco-friendly principles. 
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Chapter 7 

Conclusion 

This thesis explores the potential of wood-derived lignin- and cellulose-based materials as 

sustainable alternatives for building supercapacitor electrodes, contributing to the growing need 

of sustainable energy storage solutions. Through material engineering and advanced 

characterization techniques, we have shown how these wood-based materials can offer viable 

options compared to traditional electrode materials while aligning with sustainability goals. 

Key findings from the thesis include: 

 Plasma exposure enhances capacitance: Low-power plasma exposure improves the 

capacitance of electrospun LCF electrodes by 20% in alkaline electrolytes (6M KOH). This 

enhancement is attributed to the increased presence of CO-type oxygen functional groups 

on the fiber surface. 

 Composite electrodes with high mass loading are a significant improvement to 

traditional contacts: Electrodes with 7 mg/cm² of AC and LCF (2 wt%), using MFC 

binders, exhibit reduced resistance compared to pure AC electrodes. The LCF enhances 

binding, provides conductive pathways, and facilitates electronic conductivity in deeper 

layers, resulting in improved capacitance. 

 Improved electrical conductivity and tensile strength with higher lignin content: In a 

study on HKL and cellulose blends, fibers with the highest lignin content (65%) exhibited 

an electrical conductivity of approximately 42 S/cm, surpassing that of pure cellulose 

(approximately 15 S/cm). These high-lignin content fibers also demonstrated significantly 

improved tensile strength (∼312 MPa), showcasing a 5-fold increase compared to pure 

cellulose while maintaining lower stiffness. The observed skin-core morphology of these 

fibers, with ordered skin regions, contributes significantly to these improvements. 

 Supercapacitors can surpass the classical battery based technologies: Current trends 

suggest that supercapacitors may match the energy density of commercial batteries within 

two decades, although battery technology is expected to remain ahead. Future 

advancements in supercapacitor systems will likely require careful engineering of 

technological hybridization with materials and novel designs, such as composites and 

asymmetric/hybrid systems.  

These findings collectively demonstrate that wood-based carbon materials can indeed compete 

with traditional materials in supercapacitor applications. Our work contributes to the growing body 

of research aimed at creating more efficient and environmentally friendly energy storage solutions. 
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Other emerging research relevant to the thesis: Manuscript in preparation  

[1] “Comprehensive electrochemical investigation of IrO2-based microsupercapacitor with 

different electrolytes,” Mazharul Haque, Qi Li, Lukas Matter, R.K. Azega, Hanna, Per Lundgren. 

[2] “Supercapacitors unleashed: pushing the boundaries in space, transport, and beyond," R.K. 

Azega, Mohammad Hassan, Jinhua Sun, Yue Sun, Per Lundgren, Peter Enoksson. 

[3] “Investigation of Electrospun Lignin Fiber Separators for Supercapacitor Applications,” R.K. 

Azega, Mohammad Hassan, Peter Enoksson, Per Lundgren. 
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