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Abstract

This study presents a compelling overview of biowaste as a valuable, carbon-rich
material for electrode components in supercapacitors. Easily sourced from local
environments, biowaste offers numerous advantages that make it an appealing
choice for sustainable energy solutions. We have carefully compiled a list of
biowaste materials that can be converted into high-performance electrode materials,
providing detailed information on specific capacitances, power and energy densities,
voltage windows, and cycling stability. The innovative extraction of activated

carbon from biowaste represents a challenging yet highly promising approach for
creating carbon-based electrodes. Carbon contributes significantly to enhancing

the efficiency and performance of energy storage devices. With a diverse array of
biowaste materials readily available, substantial efforts are being made to transform
these resources into valuable carbon-based materials through various synthesis
techniques discussed in this study. Our research rigorously assesses the effectiveness
of activated carbon derived from different waste sources, demonstrating its potential
as a supercapacitor with impressive specific capacitance and power density metrics.
Adopting biowaste solutions can help shape a cleaner and more efficient energy
future.

1 Introduction

The need for more efficient and versatile energy storage solutions to capture excess
energy from renewable sources such as wind and solar is increasingly evident [1, 2].
According to Gogotsi et al. [2], to have well-developed hybrid and electric vehicles or,
in other words, to have a successfully adopted renewable energy source, there is a need
to have available and suitable energy storage systems. The comparison of the power and
energy density performance of standard energy storage devices such as batteries, super-
capacitors, fuel cells, and capacitors can be well understood by the Ragone plot as in
Fig. 1, which also identifies users to select the most appropriate device to use according
to their needs. Among various energy storage technologies, supercapacitors are partic-
ularly notable for their capacity to deliver and absorb energy quickly, characterized by
high power density and long cycle life [1, 3]. After the development of the first superca-
pacitor in 1957 by General Electric, a lot of different commercial supercapacitors were
launched [1].
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Fig. 1 Ragone plot showing power and energy density comparison for various energy storage devices

2 Supercapacitors

The growing energy demands of modern civilizations highlight the urgent need for
advanced energy storage solutions. Supercapacitors, with their ability to deliver high
power, rapid charging, and excellent long-term cycling performance, have become
increasingly prominent in a wide range of applications, such as electric transportation
systems (buses and trains), elevators, wind energy systems, robotic vacuum cleaners,
and uninterruptible power supply (UPS) units [4, 5]. Aside from that, supercapacitors
are safer than batteries and have low maintenance costs [6]. Therefore, supercapacitors,
in other words, electrochemical capacitors (ECs) or ultracapacitors, can be used in vari-
ous applications such as electric vehicles, memory backups in information systems, and
power supplies. Also, compared to batteries, supercapacitors can work at higher tem-
peratures [1, 7]. Supercapacitors have a long cycle life of almost 500,000 cycles, which is
high compared to batteries because of their charge transfer mechanisms. Since superca-
pacitors do not have a charge storage mechanism governed by dominant chemical reac-
tions, as in batteries, supercapacitors can endure high charge and discharge cycles [1, 3,
8-12].

2.1 Charge storage mechanism of supercapacitors

Supercapacitor charge storage mechanisms are classified into three main types: electric
double-layer capacitors (EDLCs), pseudocapacitors, and hybrid supercapacitors, as in
Fig. 2 [1, 11]. In EDLC type supercapacitors, charge storage occurs through the forma-
tion of a Helmholtz double layer at the electrode—electrolyte interface. This process is
driven by the adsorption and desorption of ions, resulting in high power density and
excellent cycle stability [1, 3, 6, 11, 13—15]. The EDLC supercapacitors provide higher
energy density than traditional capacitors because of their electrode surface area and
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Fig. 2 The types of supercapacitors are classified based on charge transfer mechanisms.

Reprinted from An Overview of the Emerging Technologies and Composite Materials for Supercapacitors in Energy
Storage Applications, Adedoja et al. [18].

smaller charge separation distance [1, 13]. The electrochemical performance is affected
by several parameters, such as the size of the electrode surface and the thickness of
the formed Helmholtz layer. Due to the high porous morphology of carbon materials
and their derivatives, such as graphene, graphite, carbon nanotubes (CNTs), and acti-
vated carbon, and their large surface area that is 500-4000 m?g™!, outstanding electrical
conductivity, their usage as an electrode material is highly preferable in EDLC types in
supercapacitors [1, 13, 14, 16, 17]. In pseudo capacitors, the charge is stored via Faradaic
redox reactions of the electroactive species on the electrode and higher energy densities
are achieved with a short cycle life [1, 6, 13-15, 17]. In contrast, hybrid supercapacitors
combine both EDLC and pseudocapacitive charge storage mechanisms, integrating the

advantages of each to enhance overall performance [1].

2.2 Carbon-based materials as electrode materials

Carbon-based materials are prevalent since they are easily accessible, non-toxic, highly
chemically stable, and can be used in an expanded temperature range [1, 9, 13, 14, 18].
Carbon materials are also chemically stable in acidic and basic solutions [18]. Over the
past decade, carbon has emerged as one of the most widely utilized active electrode
materials in both supercapacitors and fuel cells [6, 19]. Carbon materials having meso-
pores and micropores generally provide high energy densities in EDLC [20]. The cru-
cial factor for achieving high capacitance lies in the use of conductive electrodes with a
high specific surface area that effectively block ion penetration while facilitating charge
storage [7]. Among carbon materials, activated carbons (ACs) are among the most used
carbon materials as electrodes in supercapacitors due to their low cost, simple synthesis
route, and high surface area [2, 11, 13, 14, 17, 20]. Activated carbons (ACs) are produced
from carbon-rich precursors through a process known as carbonization, which involves
heat treatment in an inert atmosphere. This is typically followed by selective oxidation
using activating agents such as CO,, KOH, or water vapor to develop the porous struc-
ture [2]. There is significant interest in utilizing biowaste materials for supercapacitor

applications, as illustrated in Fig. 3.
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Fig. 3 The number of research studies based on the use of biowastes in supercapacitors [21]

In this paper, we aim to review the biowaste materials that can be used as carbon-rich
precursors in synthesizing activated carbons as electrode material in supercapacitors.
Therefore, a brief review is provided based on activated carbons and the synthesis meth-
ods that can be applied, and the potentially activated carbons derived from biowastes
that can enhance the supercapacitors are given in a detailed table.

3 Activated carbon (AC)

ACs gained attention due to their high porosity and large surface areas [1, 9, 14, 16, 17].
One of the popular activated carbons stems from the capacitive charge storage and is
processed at the micropores (<2 nm), which may hinder the movement of electrolyte
ions due to tiny size of the pores and can prevent the electrolyte ions from reaching the
whole electrode/electrolyte interface [6]. The ineffective mismatch of the pore size ver-
sus the electrolyte ions can lead to low specific capacitance and energy density values
[22]. Therefore, there is a need to control the pore size, structure, and the ratio of the
mesopores to micropores [1]. Surface area and porosity are widely acknowledged as two
essential factors that directly impact the energy storage performance of synthesized car-
bon nanostructures.

Although bio-derived carbons typically exhibit high surface areas, their supercapaci-
tive performance is often hindered by insufficient porosity. Limited research has been
reported on the systematic tuning of porosity in these materials, despite its significant
role in enhancing the efficiency of energy storage devices such as supercapacitors [23].
There is a wide range of application areas for using porous carbons, including water
desalination methods, energy storage applications, use as a catalyst, and gas separation
membranes [24]. Recently, there has been a higher number of research based on syn-
thesizing AC based on waste materials such as plant, animal, industrial, and household
to alter the need for fossil fuels, reducing the toxicity and environmentally hazardous
properties of fossil fuels and lead a more circular economy as summarized in Fig. 4 [1, 9,
14-16].
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Fig. 4 The representation of biowastes that can be used as carbon-rich precursors that can be used to derive
activated carbon with their advantages as electrode material in supercapacitors

3.1 Porous characteristics of different forms of activated carbon

These pores are categorized into three groups based on size: micropores (diam-
eter <2 nm), mesopores (diameter between 2 nm and 50 nm), and macropores (diam-
eter >50 nm). Porous characteristics refer to the size, distribution, and arrangement of
pores within a material, typically ranging from 2 to 50 nanometers in diameter. Vari-
ous carbon materials, including activated carbon (AC), graphite, and carbon nanotubes
(CNTs), exhibit distinct mesoporous features that play a significant role in determining
their properties and overall performance in different applications.AC is renowned for its
hierarchical porous structure, which is responsible for its exceptionally high surface area
and is composed of interconnected pores varying in size from large to small. The exact
distribution of pores within AC depends on raw materials and the activation process
employed. Rough estimations suggest that most of these pores fall within the micropore
category (60—90%), followed by mesopores and a minority of macropores [2]. The prop-
erties of AC, including its adsorption capabilities and overall device performance, are
primarily determined by micropores. Hence, maximizing the micropore surface area to
enhance the formation of Helmholtz double layers at the interface level increases capaci-
tance. Porosity also directly correlates with the applied voltage of AC, causing pores to
expand or contract and thus influencing material adsorption [25]. Additionally, to extend
the potential window of AC, metal oxides and polymers are incorporated to broaden
the voltage range of the supercapacitor [26, 27]. While this enhances both capacitance
and voltage, it results in a pseudo supercapacitor, where double layers form and faradaic
reactions occur. This situation combines the attributes of electric double-layer formation
and redox reactions at the electrode surface. Yildirim et al. explored how metal oxides
and activated carbon-based electrodes contribute significantly to achieving the highest
power densities [28]. One technique to optimize the energy density in a supercapacitor
involves creating a ‘mass-balanced cell. Each electrode’s capacitance and potential limits
must be measured separately to maximize the performance of the supercapacitor. Even
when constructing a symmetrical supercapacitor with electrodes of the same material,
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it must be corrected to assume that each electrode operates similarly. This can result in
potential asymmetry at each electrode, even if built with the same material [29].

3.2 Activated carbon synthesis methods
Several carbonization techniques, such as pyrolysis and hydrothermal carbonization, can
be employed to convert waste materials into carbon, often in conjunction with chemical
or physical activation methods, as illustrated in Fig. 5. These methods significantly influ-
ence the final electrode properties and the electrochemical performance of supercapaci-
tors [14, 16]. Pyrolysis involves thermally decomposing biowaste in an inert atmosphere
at elevated temperatures. The pyrolysis temperature is crucial in determining the carbon
structure and surface area. Higher temperatures increase carbonization and graphitiza-
tion, enhancing conductivity, but excessively high temperatures can reduce surface area
due to volatile matter loss and pore collapse [11, 15]. During pyrolysis, biowaste materi-
als are heated to elevated temperatures in an oxygen-free environment, typically under
an inert gas such as nitrogen (N,) or argon (Ar). This process promotes the thermal
decomposition of organic components and the release of volatile compounds, resulting
in the formation of a carbon-rich residue known as “char” or “biochar [11].
Hydrothermal Carbonization involves heating biowaste in water at elevated temper-
atures and pressures, producing hydrochar, a carbon-rich material with lower carbon-
ization than pyrolysis. This method is advantageous for biowaste with high moisture
content, avoiding pre-drying. The hydrothermal method is performed at very high

High pressures low
temperatures

High temperatures
under inert
atmosphere

Fig.5 The schematic shows two main carbonization methods
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pressure, originally done in a hydrothermal reactor vessel which is kept at high pressure
via air-tight screws. In principle, the hydrothermal autoclave is heated to a temperature
close to 200 °C with water. The hydrothermal method is primarily selected if a specific
end-structure is asked [11]. There are one-step and two-step carbonization methods,
where several steps propose high-temperature carbonization, pre-carbonization, and
activation processes, respectively. According to the selected activation process, the sizes
of the pores can be tuned and have a prominent effect on the electrochemical properties
[11, 15]. It is important to note that extended activation times and higher temperatures
tend to increase the average pore size of the resulting carbon material.

[2]. During the pre-carbonization process, a low-temperature heat treatment from
300 to 700 °C is applied to biowaste material to eliminate any thermal shock effect and
reduce defects [15]. On the other hand, the high-temperature carbonization process
increases the electrode density but conversely decreases the specific surface area. Acti-
vation enhances porosity and surface area.

3.2.1 Activation procedures of AC
The activation methods can be classified under four, but in the literature, it’s mainly clas-
sified as two main activation methods: physical and chemical, as given in Fig. 6 [30].
Physical Activation In physical activation, the pre-carbonized biowaste is thermally
treated at temperatures between 400 and 1100 °C, followed by exposure to activating
gases such as CO,, air, or steam to enhance porosity and develop the material’s surface
structure [11, 15]. It is important to note that activation with air and steam should be
avoided at high temperatures, as it may lead to structural degradation. In contrast, CO,
is considered the most suitable activating agent for physical activation, as it enables
controlled activation even at elevated temperatures around 800 °C. However, unlike
chemical activation methods, physical activation offers limited control over pore size
distribution [15]. For example, in [31], physical activation was conducted using a quartz
reactor operated at 700, 750, and 800 °C. In this procedure, 20 g of the precursor mate-
rial were placed inside the reactor, with nitrogen gas flowing continuously to serve as
a carrier and to create an inert atmosphere. This nitrogen flow is critical as it prevents
oxidation and ensures that the activation process is purely physical rather than chemical.
Once the reactor reached the desired temperature, deionized water was introduced into

Heat with gas
(N, CO,, H,0)

~ Chemical (H;PO,,
KOH, ZnCl, etc.)

- Heat + Chemical

Microwave
Radiation

Fig. 6 The activation methods can be classified into four categories, but in the literature, there are two main acti-
vation methods: physical and chemical [29]
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the system. This was accomplished using a peristaltic pump, which precisely controlled
the flow rate of the water to match the nitrogen flow. Introducing water vapor at high
temperatures facilitates the physical activation process by promoting the formation of
pores within the precursor material. This steam activation was maintained for 60 min,
allowing sufficient time to develop the desired porosity and surface characteristics in the
activated material.

Chemical Activation Chemical activation has several advantages compared to physical
activation methods, like assuring short activation time, high specific surface area, higher
yield, and comparably low temperatures [15]. Different chemical activation agents are
available, such as potassium hydroxide (KOH),sodium hydroxide (NaOH), zinc chloride
(ZnCl,),and phosphoric acid (H;PO,) [11, 15, 32]. KOH is one of the most used chemi-
cal activation agents, and its activation mechanism is described in the chemical reaction
below.

6KOH + 2C — 2K + 3H, + 2K,CO; )

In principle, during the activation process, the KOH is reduced to free metals such as
potassium (K*) and intercalates into the carbon network, leading to the carbon network
expanding at relatively high temperatures. Free metals can be removed destructively and
lead to the generation of graphitic layers in the carbon network, creating micropores
[15]. For instance, a chemical activation was performed on 1 g of spent coffee grounds
(SCG-P) by combining them with KOH in a 1:1.5 weight ratio. The resulting mixture was
thoroughly homogenized and then placed into alumina crucibles. These crucibles were
subjected to chemical activation in a tubular furnace, where the process was conducted
under a nitrogen atmosphere to ensure an inert environment. The activation took place
at two distinct temperatures, 775 and 850 °C, for 30 min. After heating, the activated
material was allowed to cool down to room temperature. The resulting solid was then
meticulously washed several times with water to remove any residual chemicals, con-
tinuing this rinsing process until it reached a neutral pH, indicating that the material was
free of excess KOH. This step is crucial for ensuring the activated carbon is suitable for
further applications. This method demonstrates a practical approach to recycling waste
materials, such as spent coffee grounds, into valuable activated carbon, which can be
used in various applications, including adsorption, catalysis, and energy storage. Using
KOH as an activating agent, combined with precise temperature control, plays a critical
role in enhancing the porosity and surface area of the final product, thereby improving
its effectiveness in these applications [31]. The choice of synthesis and activation meth-
ods should be carefully considered based on the specific requirements of the superca-
pacitor application. For example, high surface area and specific capacitance may favor
physical activation, while better pore size control and higher power density may favor
chemical activation. For instance, in a study [33], cucumber peel is used as a biowaste
precursor and carbonized and chemically activated. The carbonization and activation
process has been depicted in Fig. 7 for clarification of the protocols.

Despite of KOH, there are a variety of other chemical agents that can be used. For
example, in a study potassium carbonate (K,CO,) is used as a chemical agent as in Fig. 8
[34].
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Fig. 7 The illustration of the synthesis protocol of AC from cucumber peel [33]
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Fig. 8 The synthesis of AC from expired milk [34]

3.3 Novel applications and future directions

The diverse nature of biowaste allows for tailoring the properties of derived activated
carbons to suit specific applications. For example, the high surface area and hierarchical
pore structure of activated carbon derived from fruit peels make it suitable for appli-
cations in portable electronics, where high energy and power densities are crucial. In
contrast, the robust and mechanically strong activated carbon obtained from agricul-
tural waste like coconut shells can be employed in electric vehicles, where high power
delivery and long cycle life are essential. Furthermore, industrial byproducts can be uti-
lized in grid-scale energy storage systems after appropriate pre-treatment and activa-
tion, where cost-effectiveness and long-term stability are paramount. Emerging research
focuses on enhancing the performance of biowaste-derived supercapacitors through
various strategies. Novel activation techniques, such as microwave-assisted activation,
offer faster processing times and improved control over pore structure. Surface modi-
fications, including heteroatom doping and the incorporation of metal oxides or con-
ducting polymers, can significantly enhance the electrochemical activity and stability of
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the electrodes. The development of hybrid materials, combining biowaste-derived car-
bon with other electroactive materials like metal—organic frameworks, offers synergistic
effects that can boost the overall performance of supercapacitors. These developments
open new avenues for creating efficient and environmentally friendly energy storage sys-
tems using biowaste-derived materials.

3.4 Use of bio-based waste materials as carbon precursors

Developing carbon materials suitable for EDLCs requires careful selection of active
material sources. Although raw materials account for only a small portion of total AC
production costs (approximately 1.3-2.9%, depending on the process), using abundant
and locally available resources offers clear benefits for sustainable and cost-effective pro-
duction [35, 36]. Biowaste contains various biopolymers, with cellulose, hemicellulose,
and lignin among the primary components (Fig. 5). Given the increasing trends in food
processing and agricultural production, they are ideal carbon sources. However, the bio-
polymers within these constituents must be disassembled to create porous carbon struc-
tures. In contrast, due to its impure composition, sewage is considered a less favorable
source. Mass-produced biowaste is generally more reliable in terms of purity. Cellulose
and hemicellulose are more prone to decomposition because of their hydroxyl groups
and lower degree of polymerization compared to lignin.Most food waste predominantly
comprises higher proportions of cellulose and hemicellulose than lignin. Pyrolysis of cel-
lulose and hemicellulose occurs at lower temperatures than that of lignin. During the
decomposition of these biopolymers, small hydroxyl groups such as CO, CO,, and H,0O
are released, forming interconnected porous structures. This process results in the cre-
ation of micropores and establishes a 3D hierarchical porous structure.

Given that most food processing, agricultural waste, and industrial plant waste share
a similar composition of lignocellulose, their porous structures’ size and 3D network
resemble one another. This interconnected porous structure facilitates rapid electrolyte
diffusion and enables efficient adsorption of molecules, making it conducive for applica-
tions such as electrode material in supercapacitors.

Raw biowaste often contains impurities such as heavy metals, inorganic salts, and vari-
ous organic compounds, which can adversely affect the electrochemical performance of
the resulting materials. Therefore, thorough pre-treatment and purification processes
are essential to produce high-quality activated carbon. The relative content of cellulose,
hemicellulose, and lignin in the biowaste significantly affects the characteristics of the
final carbon product. Cellulose and hemicellulose, being mainly linear polymers with
hydroxyl groups, decompose at relatively lower temperatures during pyrolysis. This
decomposition promotes the development of micropores and increases surface area—
an important factor for achieving high specific capacitance in supercapacitors, as it
enhances the number of active sites available for ion adsorption. However, the resulting
carbon can be less graphitic and have lower electrical conductivity. Lignin, on the other
hand, is a complex, cross-linked polymer with aromatic rings, providing structural rigid-
ity. Its decomposition requires higher temperatures and leads to a more graphitic carbon
structure with higher electrical conductivity, which is advantageous for efficient charge
transport within the electrode. However, the resulting porosity and surface area are typi-
cally lower compared to cellulose- and hemicellulose-derived carbons. Therefore, the
ideal biowaste source for supercapacitor electrodes would have a balanced composition
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of cellulose, hemicellulose, and lignin to achieve a desirable combination of high sur-
face area, good electrical conductivity, and suitable pore size distribution. For example,
a biowaste source rich in cellulose and hemicellulose might yield activated carbon with
high specific capacitance but lower power density due to limited ion transport. Con-
versely, a lignin-rich biowaste might produce electrodes with higher power density but
lower specific capacitance due to the lower surface area. The optimal balance depends
on the specific requirements of the supercapacitor application. During decomposition
and dehydration condensation reactions, micropores are formed as a result. Lignin, on
the other hand, possesses a different structure. It contains aromatic rings and is known
for its sturdy, nonporous nature. Lignin typically yields less than cellulose and hemicellu-
lose, requiring higher temperatures and harsher conditions for longer durations during
the activation process. The application of heat during treatment causes the decomposi-
tion of biomass, resulting in the loss of mass and water content, along with a decrease
in its biopolymer composition. Carbonization and activation processes contribute to
forming hierarchical porous structures in biowaste. The adjustments during these pro-
cesses determine the proportion of micro, meso, and macropores in the resulting mate-
rial. To gain insight into the surface area of processed biowaste samples, measuring the
BET (Brunauer—Emmett—Teller) surface area is essential. The proportions of different
pores can be determined by assessing the adsorption of molecules of varying sizes. This
aspect could be explored further in future studies. Understanding the structure of ligno-
cellulose is paramount as it enables the tailored creation of porous carbon materials with
desired proportions for efficient adsorption [37].

Bamboo is one of the highly popular biowastes, and the number of researches using
bamboo increased over the years as in Fig. 9 [38]. It is important to note that bamboo
properties are age-dependent, as reported by Azeez and Orege [39], the cellulose con-
tent decreases with increasing bamboo age.

3.5 Biowaste enhanced supercapacitors

Biowaste-enhanced supercapacitors represent an energy storage device that uti-
lizes materials derived from biowaste and offers several potential advantages, includ-
ing reduced costs and enhanced sustainability compared to traditional supercapacitor
electrodes made from synthetic materials. Moreover, biowaste-enhanced supercapaci-
tors can leverage biowaste-derived electrolytes, further improving the sustainability
of these devices. The properties of carbon materials can be tuned not only by precur-
sors, porosity, etc., but also with the heteroatoms involved [40, 41]. Heteroatom dop-
ing is a very efficient way to improve the specific capacitance of carbon materials [13,
41]. Via heteroatom doping using electroactive species, pseudocapacitive behavior is
adopted in the material [19, 41]. Therefore, heteroatom doping of the carbon materi-
als’ capacitive properties can be enhanced [6]. By the insertion of heteroatoms such as
N,, boron (B), and phosphorus (P) into the carbon matrix, pseudo-capacitive behavior
can be induced and used as a way for boosting the ion diffusion on the surface of the
electrodes [10]. The most used heteroatoms are oxygen and nitrogen [40, 41]. Animal
bones, a significant form of biowaste generated in large volumes, hold great potential
for energy-related applications. Their rich content of P, N, calcium (Ca), and sulfur (S)
makes them an excellent source of heteroatoms for the synthesis of in-situ doped porous
carbon materials [42, 43]. Al Haj and Mousavihashemi et al. used cellulose nanocrystals
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Fig. 9 The number of researches that published yearly based on bamboo and the content of bamboo [38]

(CNC) obtained from brewery waste and cross-linked with aluminum ions to form a
transparent hydrogel electrolyte and used animal bone biowaste to use as an electrode
and implemented a flexible symmetric supercapacitor (PC//Al-CNC//PC), which dem-
onstrates impressive energy and power densities, as well as excellent cycling stability.
The device also shows strong mechanical durability under repeated bending, making it
a promising candidate for sustainable energy storage applications. Figure 10 shows the
synthesis protocol of the proposed supercapacitor. The animal bones have been carbon-
ized at 900 °C for 2 h after crushed and activated using HCl at 900 °C for 1 h, and used
as ink in the supercapacitor. The electrochemical performance during bending has been
investigated using CV technique as in Fig. 10a below. All CV curves displayed consistent
behavior with minimal loss in capacitance after the device was returned to its original
position. GCD and EIS results supported the CV findings, showing negligible changes at
different bending angles, which confirms the excellent mechanical stability of the PC//
AI-CNC//PC device. At a 90° bend, the specific capacitance slightly increased by less
than 0.1%, likely due to reduced electrolyte thickness, which shortens ion transport paths
and enhances ionic conductivity. The fitted equivalent circuit model showed an increase
in double layer capacitance (CPE2-T) and a decrease in bulk resistance (R,) at 90°. This
supports this explanation; after straightening, Ry, increased, but performance remained
stable. These findings highlight that the supercapacitor, entirely derived from biowaste,
offers outstanding electrochemical performance along with benefits such as low cost,
non-toxicity, and environmental sustainability, making it highly promising for use in
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Fig. 10 The Synthesis protocol of the proposed flexible supercapacitor showing the electrode and electrolyte
preparation and the Electrochemical Analysis Investigation of the cell’s electrochemical performance under bend-
ing conditions includes: a CV measured at a scan rate of 50 mVs™'; b GCD at a current density of 5 Ag™'; ¢ EIS, with
the inset displaying the equivalent circuit model; and d images of the AI-CNC hydrogel subjected to different
bending angles (0°, 90°, 180°, and — 180°) [42]

wearable electronics. A novel, low-cost, scalable, and single-step approach is explored to
synthesize nitrogen-doped porous carbon nanomaterials with three distinct morpholo-
gies, utilizing different parts of the Bombax malabaricum biowaste as carbon precursors
as in Fig. 11. In summary, three distinct nitrogen-doped porous carbon nanomaterials
(N-HGNS, N-HPC, and N-CMF) were synthesized from different parts of Bombax mal-
abaricum biowaste via a simple carbonization and self-activation process as in Fig. 10.
Variations in inherent organic (C, N) and inorganic (K, Na, P, CI") content led to distinct
microstructures and electrochemical behaviors. Among them, N-HGNS-900 exhibited
superior performance due to its wrinkled graphene-like morphology, high conductiv-
ity, and enhanced ion transport. These results highlight the effectiveness of biowaste-

derived hierarchical porous carbons for high-performance energy storage applications.



Yildinm et al. Discover Electrochemistry

(2025) 2:30

Bombax
y  malabaricum
- seeds
%

~‘b.~ e
’3\

ER = S L
\ i o
_‘ 3 ‘

- -
S

L)

u Aelamine addition and carbonization fir
T00500°C for 2hat Ny

m%moﬁﬁwmhm u

;

- N-HGNSH350. == N-HGHSNaz50,
o Naircasgo, O MHPCHES0,
24 5 N-HGNS-Agarose/NaCl
~@-N-CMF-H3S04 g N-HPC-Agarose/NaCl
1 10 ;
Current density (A q’*.

2
L

Specific capacitance (F g1

1000 10000
Power density (W kg'1n

Fig. 11 The synthesis of electrodes from Bombax malabaricum biowaste and their electrochemical performance
metrics in supercapacitors [76]

Besides hetero-doping, carbons that are derived from biowastes can be used in the
production of composites. It is well known that metal oxides show pseudocapacitive
charge storage. Making composites with carbon can enhance energy storage in super-
capacitors. In a study [44], Activated carbon derived from cabbage leaves was utilized
as a cost-effective, biowaste-based active electrode material. To enhance the mechanical
flexibility and electrical conductivity of the electrodes, reduced graphene oxide (RGO)
sheets and carbon quantum dots (CQDs) were incorporated. The study demonstrated
that at an optimal AC/RGO/CQD ratio, the solid-state supercapacitor achieved maxi-
mum capacitance, along with improved scan rate performance and enhanced bending
stability.

Metal oxides such as MnO, show low electrical conductivity, strong agglomeration,
and poor cycle life, which limits the use of metal oxides in high-capacity storage devices
[45]. However, its electrochemical performance can be improved by producing compos-
ites using carbons derived from biowaste in a simple way, as in Fig. 11 [46].

The acidity or basicity of the porous material is closely dependent on the surface
groups. If the surface contains oxygen groups, it is related to acidity and present at the
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basal planes’ outer surface and affects chemical properties [47]. The basicity is related to
the electrons that resonate at the carbon aromatic rings that attract protons, enabling
the proton binding at the bare surfaces [48] (Fig. 12).

However, the development of biowaste-enhanced supercapacitors comes with its set of
challenges. One notable challenge is the potential inconsistency in the quality and prop-
erties of biowaste-derived materials, which can impact the performance and reliability
of these devices. Additionally, demonstrating the scalability and commercial viability of
biowaste-enhanced supercapacitors is essential. Biowaste-based supercapacitors repre-
sent an innovative approach to storing electrical energy while concurrently mitigating
the environmental impact of biowaste. Furthermore, incorporating biowaste into energy
storage technology can play a pivotal role in diminishing the volume of biowaste dis-
posed of in landfills, thus reducing the overall environmental footprint associated with
biowaste production. In evaluating the performance of supercapacitors, it is crucial to
consider the electrolyte’s stability window or thermodynamic stability. A high stability
window is desirable to ensure supercapacitors’ safe and efficient operation. It is essential
to study how the electrolyte interacts with the electroactive species within the electrode
to determine the optimal electrolyte composition. In Table 1, the electrochemical per-
formance of waste-derived ACs is given.

The structural properties of ACs have been greatly influenced by the carbon precur-
sor, activating agent, and impregnation ratio. Ahmet et al. [49], used discarded pea skin
as a precursor of AC and investigated the effect of varying impregnation ratios on the
final structure. ZnCl, is used as an activating agent to be used as a catalyzer in the Scholl
Condensation reaction to obtain a high carbon yield and a well-developed porous struc-
ture. Nitrogen adsorption and desorption tests were applied, and the hysteresis loops
on the isotherms indicated a combination of meso and microporosity as an imgregna-
tion ratio of AC: ZnCl, varied from 1: 1 to 1: 3. The BET results showed a high surface
area with no trend in the total pore volume and average pore size. However, the yield
decreased (% 28 to 21) as the impregnation ratio of ZnCl, increased. The electrochemi-
cal performance of AC was analyzed using different electrolytes, and the best specific
capacitance was calculated as 192.7 Fg™! in 1 M H,SO,, and the highest energy and
power densities were measured as 17.86 Whkg™ and 57.33 kWkg™! in 1 M LiClO, elec-
trolyte. In another work, the custard apple shell is used as a precursor, and by the same

c
%%’"—) i Sd Ad ™

Biowaste Sun-drying Washing Grinding Sieving
(depending on the

biowaste type) -

Carbonization followed
{ \ by activation

Supercapacitor Slurry AC/MnO,-based Washing
electrodes preparation composite preparation

Fig. 12 A general synthesis protocol of MnO,-AC composites [46]
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Table 1 Electrochemical performance of several AC synthesized from waste materials to be used as
an electrode in supercapacitors
Carbon BET Total Specific Power  Energy Electrolyte Capacitance Ref
Source Surface Pore Capaci- Density Density Retention

Area Volume tance (Wkg') (Whkg™)

(m’g") (emg™) (Fg?)

Pea skin 1253.17 09516 192.7 1700 7.5 1MH,SO, - [49]

Custard 1603.08 2.11 91.1 14,700 12.7 GPE 90% after 25,000 [41]

apple shell Cycles

TeaWaste - - 178.7 - - 6 M KOH 99% after 10,000 3]
Cycles

Tobacco 1296 0.52 148 51 2.66 6 M KOH 100% after 9,000 [9]
Cycles

Mung bean 1214 - 353 872 204 TMNaSO, - [14]

husks

Blackfish 1260 - 302 - 7 6 M KOH - [13]

bone

Marine 1526 0.38 703 1341 0335 SSE@DES 75% after 1,000 [16]

Waste Cycles

Manilkara - - 52222 - - 2 M KOH 95.4% after 3,000 N7

Zapota Peel Cycles

Wood 1364 - 224 - - 1TMH,SO, 86% [19]

Palm kernel - - 222 85.7 279 1 M Na,SO, 93% after 3,300 [51]

shell Cycles

Waste coffee 1019 0.48 368 - 20 1MH,SO, Stable after 10,000  [52]

grounds Cycles

Food waste 7344 0.40 189.7 - - 6 M KOH - [53]

Peanut shell 1348 - 386 1000 5361 TMLSO, - [54]

Mantis 2465.9 - 3003 - - KOH 96.7% after 10,000 [55]

shrimp shell Cycles

Orange peel - - 267 - - 3 M KOH 89% after 5,000 [56]
Cycles

Bamboo leaf - - 290 - - 1 MNa,SO, 93% after 1,000 [81]

and05M  Cycles
KOH

Yellow mus- - - 184 7000 176 1MH,SO,  80% after 1,500 [57]

tard plant Cycles

Cannaindica - 0.308 543 666.5 14.8 1 MNa,SO, 86% after 3,000 [58]
Cycles

Cannabis 1072 - 160 - - 6 M KOH 101% after 3,000 [59]
Cycles

Litchi seeds 1100 0.081 320 - - 6 M KOH - [60]

Wheat bran 186624 142 1433 - - - 94% after 6,000 [62]
Cycles

Shrimp shell 1508 2.874 81.7 248.8 11.23 6 M NaOH  80.5% after 10,000 [61]
Cycles

YP 1631 0.78 19.9 - - - - [63]

American 2187 - 268 10,000 18.6 6 M KOH - [64]

Ginseng

Yellow Mus- - - 198 10,000 - H,S0, - [57]

tard Seed

idea, focusing on the impregnation ratio of ZnCl, and again, the best performance is
achieved by 1:3 AC: ZnCl, [41]. Brandao et al. [16] present work that synthesizes a high
surface area biocarbon using marine waste by glycogen extraction from mussel cook-
ing wastewater. The specific surface area and pore size of the biocarbon are analyzed
by Brunauer-Emmet-Teller (BET), and the electrochemical properties of the biocar-
bon are tested via a three-electrode system in a choline chloride-based deep eutectic
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solvent (DES) as well as an environmentally friendly electrolyte. The surface area of the
biocarbons measured 1526 m? g~!, and the pore volume was 0.38 cm® g~!. The specific
capacitance is calculated as 657 Fg™! at a current density 1 Ag™' Also, the same mate-
rial is tested using a two-electrode system composed of DES-based solid-state electro-
lyte and a specific capacitance of 703 Fg™' measured at 1 Ag™' current density with a
75% capacitance retention over 1000 cycles. Also, an energy density of 0.335 Whkg™*
and a power density of 1341 Wkg ' is achieved. Manikandan et al. [17] synthesized AC
from Manilkara zapota peel using chemical activation with KOH as an agent and hydro-
thermally produced phosphorus-doped manganese dioxide (MnQO,) nanoparticles. The
electrochemical tests show a specific capacitance of 522.22 Fg™' at 0.5 Ag™, a cyclic sta-
bility of 95.4% after 3000 cycles. Song et al. [14], synthesized AC using mung bean husks
via pyrolysis and hydrothermal routes combined with KOH activation, focusing on the
effects on the porous structure. The synthesized AC showed a specific capacitance of
353 Fg'! at 1 Ag™!. Niu et al. [13], proposed a study focusing on synthesizing nitrogen-
doped AC by pyrolysis of waste bones. Several bones, such as pork, blackfish, and eel
bones, were used as carbon sources, and specific capacitance of 263, 302, and 264 Fg™!
were measured, respectively. Chen et al.[50], synthesized AC using tobacco waste via
hydrothermal reaction followed by KOH activation, and a surface area of 112.25 m* g1
was measured using BET analysis.

A specific capacitance of 148 Fg™! is measured at 0.5 Ag™}, and the electrochemical
tests showed that no capacitance fade was observed after 9,000 cycles. Gungor et al. [3],
proposed a work focusing on the carbonization of industrial tea waste using FeCl; as
a chemical activating agent. Ali et al. [51], synthesized AC from palm kernel shell by
impregnating CaO from chicken eggshell waste and produced a highly porous honey-
comb structure and a specific capacitance of 222 Fg™! at 0.025 Ag™. Rufford et al. [52]
synthesized AC from waste coffee grounds with ZnCl, treatment and used it as an elec-
trode in supercapacitors. The electrochemical tests of the supercapacitors showed a
368 Fg~! at 5 Ag™!. Guo et al. [53], proposed a hydrothermal pyrolysis technique applied
to food waste to produce carbon materials used as electrodes in supercapacitors. The
char is produced at 220 °C and chemically activated using KOH as an agent. Also, tube
furnace and microwave pyrolysis are employed to compare the resultant end products.
It is seen that the char produced via microwave pyrolysis is the one that has the larg-
est surface area amongst all, with 734.4 m?> g’l, and showed a specific capacitance of
189.7 Fg' at 1 Ag™! with a capacitance retention of 76.96%. Le et al. [54] produced three-
dimensional (3-D) porous carbon material from agricultural waste material to improve
the electrochemical performance of solid-state supercapacitors. The carbon material
synthesized using peanut shells has a specific surface area of 1348 m’g~!, and the elec-
trochemical analysis using a 1 M Li,SO, electrolyte showed 386 Fg™! at a current den-
sity of 2 Ag™!. Wei et al. [55], synthesized honeycomb-like hierarchical porous carbons
from mantis shrimp shells and reached a 2465.9 m? g™! with a specific capacitance of
300.3 Fg~! at a 0.05 Ag™! current density. Singh et al. [56], focused on the carbonization
of orange peels. They synthesized KOH-activated carbon materials, achieved a specific
capacitance of 267 3 Fg™! at 3 Ag™! current, and showed the potential of biowaste mate-
rials in energy storage.

Kumar et al. [57], synthesized porous carbon from yellow mustard seed plant waste via
a chemical activation process, and a surface area of 563 m’g~! was measured. Also, the
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electrochemical tests show a specific capacitance of 198 Fg™! at 0.25 Ag™!. Navaneethan
et al. [58] synthesized AC from Canna indica via a physicochemical method. A partial
lamellar structure is achieved and tested using the microwave in supercapacitors. A spe-
cific capacitance of 54.3 Fg™' is measured at 0.25 Ag™". Jha et al. [59], produced high sur-
face area AC from Cannabis using H;PO, as a chemical activation agent. They showed
a specific capacitance of 160 Fg™! at a current density of 0.5 Ag™' with a high chemical
stability of 101% after 3000 cycles. Dhakal et al. [60] used litchi seeds biowastes, which
normally takes more than two years to decompose in nature, and synthesized AC to use
in energy storage devices, especially supercapacitors, and measured a specific capaci-
tance of 320 Fg™! at 1 Ag™'. Nanda et al.[61] prepared a cost-efficient and scalable porous
AC using shrimp shell waste. In the study, after grounding the shrimp waste, the shells
were carbonized at 650 °C under a nitrogen atmosphere and activated using KOH. The
presence of CaCOj is used as a self-template, and higher porosity is achieved. The elec-
trochemical properties were analyzed using three different electrolytes: KOH, NaOH,
and Na,SO,. A 225 Fg~! specific capacitance is measured at 1 Ag™! in 6 M NaOH elec-
trolyte. Also, a symmetric supercapacitor cell is assembled, and a specific capacitance
of 81.7 Fg~! is measured. Seredych et al. [19], prepared AC from wood via oxidation,
melamine, and urea treatment and carbonized at 950 °C under an inert atmosphere.
The performed electrochemical tests showed that electrochemical behavior can be
tuned via the existing functional groups, and they have reached 300 Fg! specific capaci-
tances with 86% capacitance retention rate at 1 Ag™' current density. Another research
study [38] shows that the synthesis and performance of a defective mesoporous carbon
(DMC) material for use in supercapacitors. The DMC was created using a hard tem-
plating method and boasts a high specific surface area (1350 m?g™!) and interconnected
porous structure and the schematic representation was given in Fig. 13. The researchers

® KNO3
@ Nano SiO2

@ Sucrose

DMC

SO, : 1M

Redox Added electrolyte

Fig. 13 DMC electrode material synthesis and uses in supercapacitor applications.
Reprinted from Defective mesoporous carbon coupled with a redox additive electrolyte for high-performance
supercapacitor, Khoramjah et al. [39].
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investigated the use of acid orange 45 as a redox additive in the electrolyte (H,SO,). The
addition of this redox mediator significantly improved the supercapacitor’s performance,
increasing the specific capacitance to 324 Fg™! and the specific energy to 11.5 Whkg™!, a
nearly threefold increase compared to using pure H,SO,. The improved performance is
attributed to the Faradaic reactions introduced by the acid orange 45 at the electrode—
electrolyte interface. The DMC electrode also demonstrated good rate capability and
cycling stability. In a different study, wheat bran, straw and barley straw have been used
to synthesize activated carbon and used to build supercapacitors. To analyze the elec-
trochemical performance, GCD curves were recorded at 1 Ag™. The curves show EDLC
peaks without any clear indications of redox reactions. Also, specific capacitances at dif-
ferent current densities are recorded in Fig. 13b to analyze the electrochemical stability
[62]. To compare all these results, a commercial activated carbon coded as YP is also
given in Table 1, highlighting the potential of the proposed precursors and supercapaci-
tors [63].

Several recent studies have demonstrated the potential of biomass-derived activated
carbons for high-performance supercapacitor applications. For instance, a study by [64]
highlights the conversion of American ginseng waste residue into high-performance
activated carbon using precarbonization and KOH activation, achieving a high specific
surface area of 2187 m’g™! and specific capacitance of 268 Fg™!. A symmetric superca-
pacitor fabricated with this carbon exhibited excellent energy (18.6 Whkg™') and power
(10 kWkg!) densities, along with remarkable cycling stability (97.47% retention after
10,000 cycles). Similarly, Kumar et al. [57] reports an inexpensive carbonization process
combined with chemical activation to synthesize mesoporous activated carbon from yel-
low mustard seed plant biowaste, achieving a high specific surface area of 563 m?g™"!
with both amorphous and crystalline characteristics. Sulfuric acid electrolytes were uti-
lized to assemble symmetric supercapacitors, demonstrating excellent electrochemical
performance, delivering a high specific capacitance of 198 Fg™ at 0.25 Ag™" and robust
cyclic stability over 2100 cycles. Devi et al. [65] used walnut shell biowaste to produce
AC using a hydrothermal decomposition method at 200-250 °C, aligning with green
nanotechnology principles. The resulting material showed a high specific surface area of
408.8 m?g ! and delivered a specific capacitance of 204 Fg™! at 1 Ag™! with excellent sta-
bility over 10,000 cycles. Expanding on sustainable materials, Jafari et al. [66] explores
the green synthesis of hierarchically porous carbon from biomass wastes, such as waste-
activated sludge and spent coffee, achieving a high surface area of 1198+60 m?g.
Sodium acetate was used as an environmentally friendly electrolyte, supporting the
development of sustainable supercapacitors. The device exhibited outstanding cycling
stability, retaining 98.4% capacitance after 20,000 cycles at 10 Ag™', and achieved a max-
imum energy density of 15.9 Whkg™' at 0.2 Ag™'. Additionally, using a water-based
binder led to a 76% increase in capacity compared to nonaqueous binders, highlighting
the eco-efficiency of the system. Whereas in [31], ACs derived from spent coffee grounds
after polyphenol extraction, using hydrothermal treatment followed by physical or
chemical activation. Chemically activated samples exhibited highly porous microstruc-
tures with specific surface areas up to 2330 m?g~! and delivered a capacitance of 84 Fg™!
at 1 Ag'in 1 M Na,SO,, maintaining 85% stability over 5000 cycles. In contrast, physi-
cally activated carbons showed lower porosity and less favorable morphology. The find-
ings highlight the potential of coffee-derived secondary biowaste as a viable material for
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sustainable supercapacitor electrodes within a circular economy framework. Comple-
menting these efforts, lemon peel biowaste was carbonized and chemically activated
with ZnCl,, producing activated carbon (ALP-600) with a high surface area of
2120 m?g~! and interconnected porosity. ALP-600 exhibited a capacitance of 180 Fg*,
retained 99.7% capacity after 5000 cycles, and achieved 0.90 F in a symmetric CR2032
coin cell, further confirming the viability of biowaste as a resource for sustainable energy
storage materials [67]. Despite its moderate surface area, ALP-600 demonstrated excel-
lent electrochemical performance (152.14 Fg' in 0.5 M H,SO,), high energy
(4.67 Whkg ™) and power densities (8113 Wkg™), and outstanding cycling stability over
10,000 cycles with 99.5% coulombic efficiency—attributed to its hierarchical porosity
and efficient ion transport. These findings collectively emphasize the viability of convert-
ing various biowastes into functional electrode materials for eco-friendly and high-per-
formance supercapacitors [68]. Mukhiemer et al. [69], used coffee waste (CW) as a
precursor for activated carbon in supercapacitor electrodes, comparing physical activa-
tion with a combined physical-chemical method using ZnCl,. The physical-chemical
activation significantly improved the material’s properties, producing activated carbon
with a higher surface area (~830 m?g! vs. 458 m?g™!) and enhanced electrochemical
performance. The optimized carbon showed a specific capacitance of up to 261 Fg™!, an
energy density of 18.3 Whkg™!, and maintained excellent stability over 5,000 cycles.
These results demonstrate the effectiveness of enhanced activation techniques in
upgrading low-performing biowaste-based carbons for energy storage applications. In
another study, corn stalk waste was used, dehydrated with 1 M sulfuric acid, followed by
chemical activation with 5 M KOH. By optimizing the activator mass ratio (1:3) and car-
bonization temperature (800 °C), the resulting carbon achieved a surface area of
396.2 m?g!, a pore volume of 0.452 cm3g~!, and a dominant microporous structure.
Electrochemical tests revealed a specific capacitance of 129.08 Fg™' in 3 M KOH, along
with an energy density of 15.8 Whkg™ and power density of 2347 Wkg ' —surpassing
the performance of carbon produced by two-stage carbonization. This environmentally
friendly dehydration method is promising for producing high-performance supercapaci-
tor electrodes from agricultural waste [70]. Sugarcane bagasse-derived activated carbon
(SBAC) as a cathode material for lithium-ion capacitors (LICs), revealing its micropo-
rous structure with a high surface area of 1906 m?g~'. When paired with lithium tita-
nate oxide (LTO) in a CR2032 coin cell, the LIC delivered an energy density of
28.4 Whkg™, a power density of 1770 Wkg™', and maintained 75% capacity after 100
cycles, confirming SBAC as a promising carbonaceous cathode material for LICs [71].
Saha et al. [72] showed potential of marine biomass-derived carbon as a sustainable and
high-performance electrode material for electrochemical energy storage (EES) systems.
It examines the global availability and chemical composition of marine biomass, reviews
key synthesis methods, and evaluates the electrochemical and mechanical properties of
the resulting materials. The review also addresses the transition from research to com-
mercialization, outlining the strategic potential of marine biomass in the energy market.
Finally, it discusses current challenges and future opportunities, underscoring the
importance of structural innovations and scalable production for sustainable energy
solutions. In another study [73], Terminalia chebula seed stones were activatated using
ZnCl, and Acs achieving up to 1382.6 m’g! surface area with well-developed micro/
mesoporous structures. The optimized electrode exhibited excellent supercapacitor
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performance with a specific capacitance of 328.6 Fg™'at 1 Ag™! and outstanding cycling
stability of 98.2% over 10,000 cycles. Callistemon viminalis (Bottlebrush plant) leaves
carbonized and activated with KOH at 700 °C, yielding a surface area of 925 m?g". The
material demonstrated strong performance as a supercapacitor electrode with a specific
capacitance of 283 Fg™' and 97% retention, while also showing high efficiency (91.2%) in
methylene blue dye removal, following Langmuir isotherm and pseudo-second-order
kinetics [74]. Haj et al. [42] assembled a flexible supercapacitor using cellulose nanocrys-
tals from brewery waste as a hydrogel electrolyte and porous carbon electrodes derived
from animal bone biowaste. The device exhibits high ionic conductivity, strong mechan-
ical durability, and excellent electrochemical performance with a specific capacitance of
804 Fg !, energy density of 18.2 Whkg™, and 92% retention over 6,000 cycles. An ultra-
high surface area activated carbon (3600 m?g™') was synthesized from brewer’s spent
grains (BSG), an abundant and low-cost brewery byproduct. This BSG-derived carbon
exhibited excellent electrochemical performance, achieving a specific capacitance of
46 Fg! and strong stability in EDLCs and lithium-ion capacitors, with 85% capacitance
retention after 200 h—highlighting its potential as a sustainable and high-performance
material for next-generation energy storage devices [75]. An ultra-high-performance
activated carbon was developed from oil shale semi-coke (OSS), a major byproduct of oil
shale pyrolysis, using a microwave-assisted separation and FeCl;-ZnCl, chemical activa-
tion method. The resulting material exhibited a high specific surface area (1478 m?g?),
optimized pore structure, and enhanced graphitization, delivering a specific capacitance
of 185 Fg'!at 1 Ag™' and excellent cycling stability with 99.5% capacitance retention
after 5000 cycles—offering a promising and sustainable approach for converting indus-
trial waste into low-cost, high-efficiency supercapacitor electrode materials [76]. In [77],
fallen teak leaves were used in a simple, low-cost, and eco-friendly method involving
integrated pyrolysis and activation. The resulting monolithic carbon achieved a high sur-
face area of 489.81 m’g™!. It demonstrated excellent supercapacitor performance with a
specific capacitance of 280 Fg™' in 1 M H,SO,, highlighting its potential as a sustainable
electrode material for energy storage and effective biomass waste valorization.Kusha
grass (Desmostachya bipinnata), a widely available biowaste, was used to synthesize
highly capacitive activated carbon (DP-AC) through a chemical process followed by
KOH activation. The resulting few-layered carbon exhibited excellent electrochemical
performance, including a specific capacitance of 218 Fg™!, an energy density of
19.3 Whkg™, a power density of 277.92 Wkg}, and outstanding cycling stability over
5000 cycles—making it a promising and sustainable electrode material for supercapaci-
tor applications. Purple corncob, an abundant agricultural biowaste, was used to synthe-
size activated carbon via KOH activation followed by thermal treatment at 700 °C under
inert atmosphere, yielding a promising electrode material for supercapacitors. The opti-
mized sample, activated with 10% KOH, exhibited a surface area of 728 m?”g~! and deliv-
ered high specific capacitances of 195 Fg™! in 1 M H,SO, and 116 Fg™'in 1 M KOH at
0.5 A/g, along with 76% capacitance retention after 50,000 cycles—demonstrating the
potential of purple corncob-derived carbon for efficient and durable energy storage
applications [78]. Bio-waste-derived activated porous carbon was synthesized through a
high-temperature KOH activation process under an inert atmosphere, aiming to develop
cost-effective and sustainable energy storage materials. The resulting carbon exhibited a

high specific surface area of 811.8 m’g™!, a mean pore size of 1.81 nm, and an impressive



Yildinm et al. Discover Electrochemistry (2025) 2:30

1 150 150
a b c
. @ (b) wl (©)
—whe s B
124 Tons L 130 & 94.6%
Py
§ g1201 A\ 94.3%
s 120 s
=10
Z 14 2 S 10
g 2110 2 93 %
Sos8 S i 100
>
& 100 & 904 _aps
06 E 8s §_ a0] ——Wn8
@ 901 ——whs 3 ——Whs
0.4 ——WhB 70
80
02

0 20 40 60 80 100 120 140 4 0 1 2 3 4 5 6 7 8 8 10 1 0 1000 2000 3000 4000 5000 6000
Time (s) Current density (A/g) Cycle

Fig. 14 The electrochemical results gathered from activated carbon synthesized from wheat waste.

Reprinted from The Impact of Biowaste Composition and Activated Carbon Structure on the Electrochemical Per-
formance of Supercapacitors, Abdisattar et al. [47].

specific capacitance of 565.2 Fg~!, with 98% capacitance retention over 10,000 cycles. A
solid-state symmetric supercapacitor assembled from this material delivered a high
energy density of 24.5 Whkg™! at a power density of 801.82 Wkg! with 96% capacity
retention. These results demonstrate the material’s strong potential for high-perfor-
mance, eco-friendly energy storage applications [79]. Quercus infectoria (Qui) biomass
was used for the first time to produce activated carbon via carbonization and acid—base
activation, with KOH activation yielding the most effective supercapacitor electrodes.
The KOH-activated carbon (Qui-KOH) demonstrated a threefold increase in capaci-
tance, achieving 89 Fg™' at 1 Ag™l. It also delivered a maximum energy density of
8.46 Whkg™' at a power density of 407.64 W/kg, outperforming other electrodes. These
results confirm Qui-KOH as a low-cost, eco-friendly, and efficient material for high-per-
formance energy storage applications [80] (Fig. 14).

Porous activated carbon electrodes were successfully synthesized from a blend of cas-
sava tubers and bamboo stems using 4 M KOH chemical activation, yielding a micro-
mesoporous structure ideal for enhanced electrolyte ion storage. The resulting electrode
EDLC behavior with a specific capacitance of 43.44 Fg', energy density of 4.81 Whkg?,
and power density of 178.64 Wkg™!, highlighting its potential as a sustainable and effec-
tive material for energy storage applications. Jayachandran et al. [81], synthesized AC
from bamboo leaves using a carbonization process followed by chemical activation using
KOH. The effect of using different electrolytes on the specific capacitance is analyzed,
and it is observed that using a mixed electrolyte composed of 1 M Na,SO, and 0.5 M
KOH, a maximum specific capacitance of 290 Fg~! is measured at 1 Ag~* current density.
Also, the capacity retention is measured as 93% after 1000 cycles at 10 Ag™! and pres-
ents the potential of using mixed electrolytes in supercapacitors. A 3D porous activated
carbon monolith was synthesized from bamboo stem through a two-step carboniza-
tion and chemical activation process, enhancing its suitability as a supercapacitor elec-
trode. The optimized sample demonstrated excellent electrochemical performance, with
a specific capacitance of 168.8 Fg!, an energy density of 23.44 Whkg!, and a power
density of 84.46 Wkg ' —attributes strongly influenced by its hierarchical 3D structure
and well-developed porosity [82]. Nitrogen-doped activated carbon (N-ACC) derived
from Coprinus comatus was synthesized via chemical activation and nitrogen doping,
resulting in a material with a high surface area (976.96 m”g™), elevated nitrogen con-
tent (11.53 wt. %), and excellent hydrophilicity. As a supercapacitor electrode, N-ACC
exhibited outstanding electrochemical performance, including a specific capacitance of
346 Fg'at1 Ag, 75% retention at 10 Ag!, and in a symmetric configuration, deliv-
ered an energy density of 14.63 Whkg™ at 810 Wkg™ with 92% capacitance retention
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after 10,000 cycles—demonstrating its strong potential for high-performance energy
storage applications. Palm frond waste was used to successfully produce porous acti-
vated carbon through a sustainable process combining pyrolysis at 600 °C in nitrogen
and physical activation at 800 °C with steam. The resulting material exhibited a high car-
bon purity (up to 80%), a specific surface area of 356 m?g”’, rich surface nanopores, and
good amorphous structure, achieving a specific capacitance of 86 Fg~'—demonstrating
strong potential for use in energy storage devices, air and water purification systems,
and other eco-friendly applications. Hayashi et al. [83], proposed an innovative method
for fabricating graphene aerogels (GAs) with tailored architectures through the laser
upcycling of hemoglobin, a protein-based biowaste. Laser scanning enables the simulta-
neous induction of localized graphitization and structural patterning along the scanning
path, allowing for the direct fabrication of engineered graphene aerogels (GAs). These
aerogels are enriched with fibrous graphitic structures, which significantly increase their
surface area. This enhancement is largely attributed to the presence of iron in hemo-
globin, which facilitates the formation of iron-based nanoparticles that act as catalysts
for the growth of nanostructured graphene. Due to their high conductivity and distinc-
tive morphology, these laser-derived GAs serve effectively as electrodes in 3D symmet-
rical supercapacitors, delivering a high specific capacitance (~54.9 F g™!) and excellent
cycling stability. This highlights the potential of laser upcycling as a sustainable approach
for developing high-performance energy storage materials.

In parallel, carbon nanoparticles derived from cooking oven biowaste (WCP) are inte-
grated into polyaniline (PANI) through in-situ chemical oxidative polymerization to
enhance their electrochemical properties for supercapacitor use. The resulting WCP-
PANI composite electrodes exhibit superior charge storage performance, benefiting
from the synergistic effect of electric double-layer capacitance provided by WCP and the
pseudocapacitance from PANI. Increasing the WCP content raises the work function of
PANI, leading to improved charge-trapping efficiency and stable areal capacitance even
at high scan rates and current densities—indicating strong rate capability and reduced
diffusion resistance. Additionally, extended polymerization time strengthens the interac-
tion between PANI and WCP, further enhancing charge transfer, leading to over 600-
fold capacitance improvement compared to pure PANI, and a remarkable 550% increase
in power density with only a 1% reduction in energy density. This rational design under-
scores the potential of WCP-PANI composites as high-performance, sustainable elec-
trode materials for next-generation green supercapacitors [84]. Ma et al. [85], used
sunflower heads, which is a readily available agricultural biowaste, for the first time as a
renewable precursor to synthesize porous carbon (PC) for supercapacitor electrodes.
The carbon was prepared through a simple and cost-effective carbonization process fol-
lowed by KOH activation, yielding a material with a hierarchical pore structure, high
surface area (1032 m?g '), and significant oxygen content (21 wt %). These features con-
tributed to excellent electrochemical performance, with the sunflower head-derived car-
bon (SEHCs) achieving a specific capacitance of 345 Fg'at 1 Ag'in 6 M KOH and
retaining 81% capacitance at 20 Ag~!. Furthermore, the SFHC-based symmetric super-
capacitor delivered a high energy density of 9.2 Whkg™! at a power output of 482 Wkg?,
highlighting the promise of this biowaste-derived carbon for sustainable, high-perfor-
mance energy storage devices. De Souza et al. [86], fabricated high-performance super-
capacitor electrodes using acai seed biowaste as a carbon precursor. Porous carbon
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materials were produced via carbonization followed by KOH activation, generating a
hierarchical pore structure with tunable micro- and mesoporosity. The resulting carbons
exhibited high specific surface areas and total pore volumes, contributing to excellent
electrochemical performance with a specific capacitance of 346 Fg™' at 1 mAcm™ and
88% capacitance retention after 5000 cycles at 7 mAcm™ in 1 M KOH. These findings
position acai seed-derived carbons among the top-performing biomass-based materials
for supercapacitors, offering a sustainable solution for large-scale biowaste valorization.
Wen et al. [87], a cost-effective and straightforward strategy to produce high-perfor-
mance porous carbon materials from peanut shell biowaste through CoCl,-catalyzed
graphitization combined with ZnCl, activation. The resulting carbons feature a high
specific surface area (1745-2257 m?g™'), natural nitrogen and oxygen co-doping, and a
hierarchical porous architecture. These properties collectively enable outstanding super-
capacitor performance, including a high specific capacitance of 343 Fg™' at 0.5 Ag™,
excellent cycling stability with 90.9% retention after 10,000 cycles at 10 Ag™ in 6 M
KOH, and an energy density of 42 Whkg! at 375 Wkg! in an organic electrolyte. This
approach effectively balances conductivity and surface area, offering a promising route
for sustainable energy storage materials derived from biomass. Another study [88],
addresses the environmental challenge of banana trunk biowaste by proposing a novel
and scalable method to convert it into uniform carbon fibers for energy storage applica-
tions. These carbon fibers were further functionalized with nanoparticles of Au, Ag,
CeO,, CoFe,0O,, and Au/Fe,O, to enhance their electrochemical properties. CV analysis
revealed that fibers coated with Ag and Au exhibited significantly improved redox
behavior and higher response currents than unmodified fibers. The enhanced perfor-
mance is attributed to the high oxygen functionality of the carbon matrix and the syner-
gistic interaction with the metal nanoparticles, highlighting the potential of this
approach for sustainable electrode material development. Chinese bitter melon (CBM)
biowaste used as a carbon networka and simultaneously incorporated with lanthanum
oxide (La,O,) and tin oxide (SnO,) to form La/Sn-HPCs. The resulting 3D porous
framework, enriched with N/O functional groups and pseudo-capacitive La/Sn centers,
delivers a high specific capacitance of 623 Fgtat1 A g™ in 0.5 M Na,SO,. In the pres-
ence of VO** redox additives, capacitance significantly increases to 1557 F g™ with
strong rate capability (65.1% retention at 30 A g™!). The symmetric La/Sn-HPCs super-
capacitor achieves a peak energy density of 97.6 Wh kg™ at 900 W kg™' and maintains
79.6% capacitance after 14,000 cycles. DFT analysis confirms strong La/Sn—carbon
bonding and enhanced charge redistribution, while VO** additives further boost elec-
tron transport and ionic conductivity, highlighting the promise of pseudo-active HPCs
from biomass for advanced energy storage systems [89]. In another study [90], Kochia, a
traditional Chinese herbal medicine, is often discarded as biowaste after extraction.
However, its high lignocellulose content and tubular structure make it a promising pre-
cursor for carbon materials. After pyrolysis at 800 °C and activation at a 1:5 carbon-to-
base ratio, a hierarchical porous carbon (KAC-5) with a high surface area of
1441.30 m? g"! is obtained. KAC-5 shows excellent electrochemical performance, with a
specific capacitance of 284 Fglat 1 A g™ and 90.31% retention after 10,000 cycles in
6 M KOH. A symmetric supercapacitor based on KAC-5 achieves an energy density of
12.3 Whkg™! and retains 88.83% capacitance over 10,000 cycles, demonstrating its
potential as a sustainable electrode material. Kenaf fibers were carbonized and
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chemically activated with KOH. The resulting AC-800 sample was tested in a superca-
pacitor and exhibited the highest specific capacitance of 100 F g' in 6 M KOH electro-
lyte and showed the potential of a low-cost, lightweight, and sustainable electrode
material for supercapacitor applications [91]. A sustainable electrode design for sym-
metrical supercapacitors using carbon derived from peanut shells is presented in [92].
Freestanding polymer/carbon nanofiber electrodes were fabricated by solution blowing
polyvinylidene fluoride (PVDF) with ultra-high carbon content. The electrodes achieved
excellent electrochemical performance, with areal capacitance up to 1120 mF cm™ in
aqueous electrolytes and retained 91% and 96.4% of their initial capacitance after 10,000
cycles in aqueous and organic electrolytes, respectively. The high conductivity and sur-
face area of the biowaste-derived fibrous architecture make it a promising candidate for
advanced energy storage systems. Cow urine, an animal biowaste, was utilized as a sus-
tainable precursor for the synthesis of carbon-based electrode materials for supercapaci-
tors. Porous, heteroatom-doped carbon materials were prepared through direct
pyrolysis at 700 °C (CCUR-700) and further enhanced via KOH activation
(A-CCUR-700). The A-CCUR-700 sample exhibited a high specific surface area
(2651.7 m?g™1), rich nitrogen and sulfur doping, and improved electrochemical proper-
ties. A specific capacitance of 165 Fg! at 0.5 Ag™! was achieved, and a symmetric
supercapacitor device assembled with A-CCUR-700 delivered an energy density of
22.9 Whkg! and a power density of 5100 Wkg!, with 95.3% capacitance retention
after 5000 cycles. These findings demonstrate that cow urine can be effectively converted
into low-cost, high-performance carbon materials for sustainable energy storage appli-
cations [93]. In study [94], AC produced from sunflower shell biowaste using KOH acti-
vation. The influence of activation temperature and KOH-to-precursor mass ratio on
electrochemical performance was systematically investigated. The optimized sample,
HPCS-800-2, prepared at 800 °C for 2 h, exhibited well-defined graphitic layers
(~0.34 nm spacing) and a reduced ID/IG ratio (0.797), indicating improved graphitiza-
tion compared to non-activated carbon (0.917). A high specific capacitance of 403 Fg™!
at 0.5 Ag™' was achieved. Furthermore, a symmetric HPCS-800—2//HPCS-800—2 super-
capacitor delivered an energy density of 20.84 Whkg™!, outperforming the commercial
YP50-based device (8.18 Whkg™), highlighting its potential for advanced energy stor-
age applications. In study [95], activated carbon (AC) was derived from inexpensive
black seed fennel flower (LcFF) using a chemical activation technique. Among the
resulting materials, the activated fennel flower (Ac-FF) exhibited consistent electro-
chemical performance, which was further enhanced by integrating it with functionalized
graphene oxide (FGO). A ternary nanocomposite (POAP/FGO/Ac-FF) was then devel-
oped by depositing a thin layer of polyorthoaminophenol (POAP) onto the FGO/Ac-FF
structure. SEM and TEM analyses showed a layered morphology that supported
improved ion diffusion. The composite featured a high specific surface area of
2199.2 m?g~! and delivered a specific capacitance of 1400.2 Fg™! at a current density of
2 Aglin a three-electrode setup. Furthermore, it retained 94.4% of its capacitance after
5000 cycles, demonstrating excellent cycling stability. These findings highlight the effec-
tiveness of biowaste-derived nanocomposites for high-performance supercapacitor
applications. In study [96], porous carbon nanosheets were synthesized from pineapple
peel biowaste at various activation temperatures (PP-600, PP-700, PP-800). The PP-800
sample exhibited a high specific surface area and hierarchical pore structure, making it
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suitable for supercapacitor applications. A solid-state symmetric supercapacitor assem-
bled with PP-800 electrodes and PVA gel electrolyte delivered an energy density
of ~43 Whkg' at a power density of ~1 kWkg™, with 83% capacitance retention after
10,000 cycles. These findings highlight the potential of pineapple peel-derived carbon as
a high-performance electrode material for energy storage devices.

3.6 Challenges and limitations

Cycle life is one of supercapacitors’ most critical features, which sets them apart from
batteries. Batteries typically exhibit poor cycle life, with lifespans often limited to hun-
dreds or a maximum of a few thousand cycles. In contrast, supercapacitors demonstrate
exceptional cycle life with very high charge retention. However, it’s essential to note that
when incorporating carbon derived from biowaste with materials such as metal—organic
frameworks, hybrid nanocomposites, metal sulfides, or metal phosphides, there can be a
reduction in charge retention rates. This reduction occurs due to redox reactions that
may change the volume of the supercapacitors and modify the electrode composition,
leading to a change in performance. Nevertheless, it's worth emphasizing that this
reduced charge retention in supercapacitors is still significantly better than typically
observed in batteries [29, 97]. Moreover, the compositions of such biowaste materials
from available sources, including agricultural residues, food processing by-products, and
organic municipal waste, span a broad spectrum. This certainly has implications for the
type of biowaste, conditions under which it was produced, and processes involved in its
conversion into electrode material, all connected with the diversity in its chemical and
physical properties. In most cases, this variability leads to quite a significant inconsis-
tency in the electrodes’ properties from biowaste. These inconsistencies may bring about
variations in conductivity, surface area, and electrochemical stability, parameters that
are of the essence regarding the performance of supercapacitor electrodes. One of the
primary challenges associated with biowaste-derived electrodes is the presence of impu-
rities. Biowaste materials frequently contain a variety of contaminants, such as heavy
metals, inorganic salts, and organic compounds, that can interfere with the performance
of the electrodes. These impurities can block active sites, reduce conductivity, and cause
degradation of the electrode material, thereby negatively impacting the overall efficiency
and lifespan of supercapacitors. Several methods can be employed to remove or mitigate
these impurities, including washing with deionized water or acid solutions to remove
inorganic salts and heavy metals and thermal pre-treatment to volatilize certain organic
contaminants [50, 98]. More advanced techniques, such as chemical extraction or
adsorption methods, may be necessary for more persistent impurities. The choice of
purification method depends on the specific type of biowaste and the nature of the
impurities present. The effectiveness of the purification process should be carefully eval-
uated to ensure that the resulting activated carbon is of sufficient quality for superca-
pacitor applications [99, 100]. Another tremendous challenge is the absence of standard
order and specification for biowaste-derived material. While traditional material stan-
dards and protocols are very well established, there is an evident lack of uniformity
regarding standard procedures and specifications for producing, characterizing, and
evaluating the performance of biowaste-derived electrodes. This lack of standardization
is bound to result in variability in the research findings and poor comparability of results
from various studies. The same also makes it tough for manufacturers to assure the
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quality and reliability of their products, thus severely hampering diffuse adoption and
integration into commercial products. Compared to traditional electrode materials,
research relating to biowaste-derived electrodes is still in the infant stage. Much more
detailed and systematic studies are needed to understand the properties of these materi-
als and optimize their performance, as promising developments have been reported. The
research efforts must include identifying the most appropriate biowaste types for pro-
ducing electrodes, developing efficient and scalable processing methods, and finding
solutions for impurity and variability problems. Moreover, long-term studies need to be
performed to check the durability and stability of biowaste-derived electrodes under
real-world operating conditions. In a nutshell, even though biowaste-derived electrodes
have great potential for creating sustainable solutions in energy storage applications,
several pertinent problems remain to be attended to before such enormous potential is
tapped. This encompasses the management of variability and impurities of biowaste
materials, developing effective and scalable production processes, ensuring uniform
quality and performance, creating standardized procedures, and undertaking detailed
research to optimize their properties. In light of the challenges discussed above, it will
thus involve a combined effort on the part of researchers, industry stakeholders, and
policymakers to develop innovative solutions and create an enabling environment for
the uptake of electrodes derived from biowaste. Biowaste materials, which originate
from various sources such as agricultural residues, food processing by-products, and
organic municipal waste, exhibit a broad spectrum of compositions. This diversity in
their chemical and physical properties is influenced by factors such as the type of bio-
waste, the conditions under which it was generated, and the specific processing methods
employed to convert it into electrode material. Such variability often results in signifi-
cant inconsistencies in the properties of the electrodes derived from biowaste. These
inconsistencies can manifest in several ways, including variations in conductivity, sur-
face area, and electrochemical stability, all of which are critical for the performance of
supercapacitor electrodes. One of the primary challenges associated with biowaste-
derived electrodes is the presence of impurities. Biowaste materials frequently contain a
variety of contaminants, such as heavy metals, inorganic salts, and organic compounds,
that can interfere with the performance of the electrodes. These impurities can block the
active sites, reduce conductivity, and cause degradation of the electrode material,
thereby negatively impacting the overall efficiency and lifespan of supercapacitors.
Removing or mitigating these impurities often requires additional processing steps,
which can further complicate the production process. Biowaste conversion into usable
electrode materials is a complex and multi-step process. It typically involves several
stages: collection, pre-treatment (such as drying and grinding), chemical or thermal
treatment (such as pyrolysis or hydrothermal carbonization), activation, and finally, fab-
rication into electrode form. Each of these stages can introduce additional variability and
potential points of failure. Moreover, these processes can be time-consuming and costly,
requiring significant energy input and expensive chemicals or specialized equipment.
This complexity poses a substantial barrier to the large-scale production of biowaste-
derived electrodes. Scaling up the production to meet industrial demands introduces
further challenges. Maintaining consistent quality and performance across large batches
is difficult, as small deviations in the processing conditions can lead to significant differ-
ences in the final product. Additionally, the infrastructure required for large-scale
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production is substantial, involving the equipment for processing the biowaste and sys-
tems for quality control, waste management, and logistics. Given the high initial invest-
ment and operational costs, the economic feasibility of such large-scale production is
often questionable. Another significant hurdle is the lack of standardized procedures
and specifications for biowaste-derived materials. Unlike traditional materials with well-
established standards and protocols, biowaste-derived electrodes lack uniform guide-
lines for their production, characterization, and performance evaluation. This lack of
standardization can lead to inconsistencies in research outcomes and hinder comparing
results from different studies. It also makes it difficult for manufacturers to ensure the
quality and reliability of their products, thereby impeding the widespread adoption and
integration of biowaste-derived electrodes into commercial products. Compared to tra-
ditional electrode materials, research on biowaste-derived electrodes is still in its
infancy. While promising developments have been made, much more extensive and sys-
tematic studies are needed to fully understand their properties and optimize their per-
formance. Research efforts must focus on identifying the most suitable types of biowaste
for electrode production, developing efficient and scalable processing methods, and
addressing the issues related to impurities and variability. Furthermore, long-term stud-
ies are necessary to evaluate the durability and stability of biowaste-derived electrodes
under real-world operating conditions. In conclusion, while biowaste-derived electrodes
hold great promise for sustainable energy storage solutions, several significant chal-
lenges must be addressed to realize their full potential. These include managing the vari-
ability and impurities of biowaste materials, developing efficient and scalable production
processes, ensuring consistent quality and performance, establishing standardized pro-
cedures, and conducting extensive research to optimize their properties. Addressing
these challenges will require coordinated efforts from researchers, industry stakehold-
ers, and policymakers to develop innovative solutions and create a supportive environ-
ment for adopting biowaste-derived electrodes.

Biowaste materials, which originate from various sources such as agricultural residues,
food processing by-products, and organic municipal waste, exhibit a broad spectrum of
compositions. This diversity in their chemical and physical properties is influenced by
factors such as the type of biowaste, the conditions under which it was generated, and
the specific processing methods employed to convert it into electrode material. Such
variability often results in significant inconsistencies in the properties of the electrodes
derived from biowaste. These inconsistencies can manifest in several ways, including
variations in conductivity, surface area, and electrochemical stability, all of which are
critical for the performance of supercapacitor electrodes. One of the primary challenges
associated with biowaste-derived electrodes is the presence of impurities. Biowaste
materials frequently contain a variety of contaminants such as heavy metals (e.g., lead,
cadmium, mercury), inorganic salts (e.g., sulfates, phosphates, chlorides), and organic
compounds (e.g., pesticides, herbicides, toxins) that can interfere with the performance
of the electrodes. These impurities can block the active sites, reduce conductivity, and
cause degradation of the electrode material, thereby negatively impacting the overall
efficiency and lifespan of supercapacitors. Removing or mitigating these impurities often
requires additional processing steps, such as washing with acids or chelating agents,
which can further complicate and increase the cost of the production process. For
example, biowaste derived from industrial processes may contain heavy metals, while
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agricultural waste might have pesticide residues. These contaminants necessitate spe-
cific pre-treatment steps tailored to the type of biowaste, adding complexity to the man-
ufacturing process. Furthermore, the inherent variability in biowaste composition makes
it challenging to achieve consistent electrode properties. Even within the same type of
biowaste, variations in factors like the source material’s age, storage conditions, and geo-
graphical location can lead to significant differences in the final electrode characteristics.
This variability necessitates stringent quality control measures throughout production,
adding to the overall cost and complexity. Scaling up the production of biowaste-derived
electrodes to meet industrial demands presents significant logistical and economic hur-
dles. The infrastructure required for large-scale processing, including collection, pre-
treatment, carbonization, activation, and electrode fabrication, is substantial. Ensuring
a consistent supply of biowaste with uniform quality and composition is also a major
challenge. Moreover, the cost-effectiveness of large-scale production needs careful eval-
uation, considering factors such as transportation, storage, and pre-treatment of the
biowaste, as well as the energy consumption and capital costs associated with the vari-
ous processing steps. In conclusion, while biowaste-derived electrodes are promising for
sustainable energy storage solutions, several significant challenges must be addressed to
realize their full potential.

3.7 Economic and environmental considerations

A detailed economic analysis comparing the production costs of biowaste-derived mate-
rials with established methods for supercapacitor electrodes is crucial for evaluating the
commercial viability of this approach. Factors influencing production costs include the
cost of biowaste acquisition (which can range from very low for readily available waste
streams to moderate for purpose-grown biomass), pre-treatment steps, carbonization
and activation processes, and electrode fabrication. While biowaste is often inexpensive
or even free, the overall cost-effectiveness depends heavily on the efficiency and scalabil-
ity of the conversion processes. For example, while effective, chemical activation meth-
ods can involve using relatively expensive activating agents like KOH. Furthermore, the
energy consumption associated with pyrolysis and other thermal treatments can con-
tribute significantly to the overall cost. Direct comparison with other methods, such as
synthesizing activated carbon from petroleum coke or producing graphene-based elec-
trodes, requires careful consideration of all these factors. Such a detailed cost analysis is
an important area for future research.

From an environmental perspective, utilizing biowaste for supercapacitor electrodes
offers several potential benefits. It reduces reliance on fossil fuel-derived materials,
minimizes waste disposal issues, and can contribute to a circular economy. However, it’s
essential to assess the overall environmental impact of the entire production chain. Fac-
tors to consider include the energy consumption and greenhouse gas emissions associ-
ated with various processing steps, the use and disposal of chemical activating agents,
and the potential for water pollution. A comprehensive life-cycle assessment (LCA) is
necessary to quantify these environmental impacts and compare them with those of
alternative electrode materials. While a full LCA is beyond the scope of this mini-review,
it is a crucial area for future investigation to ensure the genuine environmental sustain-

ability of biowaste-derived supercapacitor electrodes.



Yildinm et al. Discover Electrochemistry (2025) 2:30 Page 30 of 33

4 Conclusion

Supercapacitor electrodes derived from biowaste represent an emerging technology
with the potential to offer both environmental sustainability and cost-effectiveness.
These electrodes can be crafted from various biowaste materials, including plant fibers,
food waste, and agricultural residues. This paper reviews multiple activated carbon
samples sourced from biowaste and categorizes them into distinct preparation methods.
Nevertheless, integrating biowaste as an electrode material in graphite or activated car-
bon adds previously hidden value to the economy. This endeavor presents a challenge,
but its benefits lie in harnessing readily available resources and expanding skillsets and
knowledge. It demonstrates an interdisciplinary trajectory, transforming biowaste from
various plant waste sources into electrode materials for energy storage devices. This
paradigm shift illustrates how the energy-harvesting economy can evolve by reutilizing
biowaste.

Additionally, the increased public awareness surrounding organic waste has fueled
demand, further highlighting the potential for implementing biowaste as a resource for
electrode materials. Building a sustainable community dedicated to well-structured and
detailed case studies from institutes, industry stakeholders, and enthusiastic individu-
als through practice and communication will boost this movement. The progress in bio-
waste classification, sourcing, segregation, and treatment will need to be emphasized, as
it sets new standards for the quality of future products in emerging markets. Ultimately,
these factors make biowaste-based supercapacitor electrodes an appealing alternative to
traditional counterparts, offering the potential to contribute to developing more sustain-
able and environmentally friendly energy storage systems.
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